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Highlights 
 

 Novel DyP-type peroxidase was produced from native streptomycete strain 

 Genome mining and functional studies allowed for identification of the peroxidase 

 Stepwise purification process was developed to obtain the purified enzyme 

 Biocatalytic application in the coupling of phenolic monomers 
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Abstract  

The extracellular peroxidase from Streptomyces albidoflavus BSII#1 was purified to near  

homogeneity using sequential steps of acid and acetone precipitation, followed by ultrafiltration.  

The purified peroxidase was characterised and tested for the ability to catalyse coupling reactions  

between selected phenolic monomer pairs. A 46-fold purification of the peroxidase was achieved,  

and it was shown to be a 46 kDa haem peroxidase. Unlike other actinobacteria-derived peroxidases,  

it was only inhibited (27% inhibition) by relatively high concentrations of sodium azide (5 mM) and  

was capable of oxidising eleven (2,4-dichlorophenol, 2,6-dimethoxyphenol, 4-tert-butylcatechol,  

ABTS, caffeic acid, catechol, guaiacol, L-DOPA, o-aminophenol, phenol, pyrogallol) of the seventeen  

substrates tested. The peroxidase remained stable at temperatures of up to 80°C for 60 min and  

retained >50% activity after 24 hours between pH 5.0 – 9.0, but was most sensitive to incubation  

with hydrogen peroxide (H2O2; 0.01 mM), L-cysteine (0.02 mM) and ascorbate (0.05 mM) for one  

hour. It was significantly inhibited by all organic solvents tested (p ≤ 0.05). The Km and Vmax values of  

the partially purified peroxidase with the substrate 2,4-DCP were 0.95 mM and 0.12 mmol min-1,  

respectively. The dyes reactive blue 4, reactive black 5, and Azure B, were all decolourised to a  

certain extent: approximately 30% decolourisation was observed after 24 h (1 M dye). The  

peroxidase successfully catalysed coupling reactions between several phenolic monomer pairs  

including catechin-caffeic acid, catechin-catechol, catechin-guaiacol and guaiacol-syringaldazine  

under the non-optimised conditions used in this study. Genome sequencing confirmed the identity  

of strain BSII#1 as a S. albidoflavus strain. In addition, the genome sequence revealed the presence  

of one peroxidase gene that includes the twin arginine translocation signal sequence of extracellular  

proteins. Functional studies confirmed that the peroxidase produced by S. albidoflavus BSII#1 is part  

of the dye-decolourising peroxidase (DyP-type) family.   

  

Keywords:  
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Introduction 

Peroxidases represent an important class of oxidoreductase enzymes that is characterised by the 

oxidation of organic and inorganic substrates using, primarily, hydrogen peroxide (H2O2) as the 

electron acceptor. Different types of peroxidases occur in nature and their functions are diverse. 

Peroxidases derived mainly from plant and fungal sources have been exploited in a number of 

biotechnological processes that include decolourisation of synthetic dyes [1,2], bioremediation of 

phenolic and related compounds [3-6], and cell encapsulation [7-10]. Furthermore, peroxidases 

(mainly horseradish peroxidase) have been shown to catalyse the coupling of phenolic, substituted 

phenolic, and aromatic amine compounds [11,12].  

 

A relatively new class of peroxidases, the dye decolourising or DyP-type (EC 1.11.1.19), is a promising 

group of peroxidases, that have the ability to not only decolourise anthraquinone derived dyes, but 

to oxidise a wide range of substrates, including veratryl alcohol, -carotene, lignin and Mn2+ [13]. 

Previously, DyP-type peroxidases were classified into four phylogenetically distinct subfamilies, A-D. 

A new classification has since been proposed by Yoshida and Sugano [14]: I, P, and V. Group I solely 

consists of bacterial DyP-type peroxidases that contain a twin arginine translocation (TAT) export 

signal and are typically 395-445 amino acids in length. Group P do not contain any TAT signals and 

are smaller than members of group I (287-350 amino acids). Group V predominantly consists of 

fungal DyP-type peroxidases (with the exception of the DyP-type peroxidases of a cyanobacterium 

and an Amycolatopsis sp. 75iv2) that are more catalytically active than the other two groups, and 

larger in size (469-526 amino acids). This group of microbial peroxidases are of particular interest 

since they are considered viable alternatives to plant peroxidases (e.g. horseradish peroxidase) for 

industrial applications [15]. 

 

Actinobacterial peroxidases may therefore offer novel catalytic properties that could be exploited in  

diverse biotechnological applications. In our previous study [16], Streptomyces sp. BSII#1 was shown  

to be a feasible source for extracellular peroxidase production on medium scale (4.76±0.46 U ml-1  

from 3 L culture volume). The main aim of the current study was to purify and characterise the  

peroxidase from Streptomyces sp. BSII#1 and to investigate its ability to catalyse coupling reactions  

between phenolic monomer residues. In addition, genome sequence analyses were performed in  

order to identify the type of peroxidase(s) produced by strain BSII#1.  

   

Methods and Materials  

Chemicals and Reagents  

All chemicals and reagents used in this study were purchased from Sigma-Aldrich/Merck-Millipore  

(South Africa), unless otherwise specified.  

  

The Enzyme-producing Strain  

The peroxidase-producing strain, Streptomyces sp. BSII#1 [16] was maintained on solid media [Yeast  

extract Malt extract agar (YEME), pH 7.4] [17] and as 20% (v/v) glycerol stocks at -20C and -80C.  

  

Crude Enzyme Preparation  
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Peroxidase production by Streptomyces sp. BSII#1 and preparation of the crude enzyme was carried  

out in bubble reactors as described in Musengi et al. [16]. Centrifugation (10 000 xg for 5 minutes at  

room temperature) was used to remove the cell mass and to harvest the culture medium (crude  

extract).   

  

Assays and Statistical Analyses  

Peroxidase activity was measured using the 2,4-dichlorophenol (2,4-DCP) assay [18] with the  

exception that 100 mM Tris-HCl buffer (pH 8.0) was used as the buffer. The reaction was initiated by  

the addition of H2O2 and the increase in absorbance (ɛ510 = 21.647 mM-1 cm-1) was monitored for 5  

min on a SpectraMax PLUS 384 microtiter plate reader (Molecular Devices, San Jose, California). One  

unit (U) of peroxidase activity was defined as the amount of enzyme required for the oxidation of 1  

µmol of substrate (2,4-DCP) in 1 min. Protein concentration assays were performed in microtitre  

format according to the manufacturer’s instructions for the Bradford’s assay reagent (Sigma). All  

assay readings were performed in triplicate, using two biological repeats. Univariate analysis of  

variance (Univariate ANOVA) followed by Bonferroni post hoc tests were used to compare results  

and test for significance (IBM® SPSS® Statistics, Version 21). Only p-values ≤ 0.05 were considered  

significant.  

  

Purification of Peroxidase  

Unless stated otherwise all enzyme purification steps were carried out at 4°C. The pH of the crude  

extract was adjusted from an initial value of pH 6.8 to pH 2.3 by addition of concentrated HCl. The  

acidified crude extract was incubated at ambient temperature (25±2°C) for 15 min before  

centrifugation at 10 000 g for 10 min. The pellet was resuspended in 5 ml 100 mM Tris-HCl buffer  

(pH 8.0) for complete dissolution of the pellet (‘acid fraction’). Ten volumes of ice-cold acetone were  

added to the acid fraction and the mixture was incubated at -20°C for at least 12 h before  

centrifugation at 10 000 g for 10 min. The resultant supernatant was discarded, and the pellet was  

resuspended in 5 ml 100 mM Tris-HCl buffer (pH 8.0) to enable complete dissolution (‘acetone  

fraction’). The acetone fraction was filtered through Amicon® Ultracel®-30K centrifugal filters  

(30 000 MWCO; 7 500 g for 30 min). The resultant filtrate was designated the ‘ultrafiltrate fraction’.  

  

SDS-PAGE analysis  

Peroxidase samples (20 µl) were mixed with 4 µl 6x sample loading buffer [375 mM Tris-HCl pH 6.8,  

6% (w/v) SDS, 48% (v/v) glycerol, 9% (v/v) 2-mercaptoethanol, and 0.03% (w/v) bromophenol blue].  

The samples were boiled for 15 min and allowed to cool. Gels and running buffers were prepared as  

per the manufacturer instructions for the Mini-PROTEAN Tetra Cell Gel System (Biorad). Samples  

(and PageRuler prestained protein ladder [ThermoScientific]) were loaded in lanes on a 12%  

resolving gel and run at 180 V until the dye front had reached the bottom of the gel. The gel was  

stained with PageBlue™ Coomassie stain (Fermentas). Staining was allowed to proceed on a rocking  

shaker overnight and excess stain was removed by washing the gel with distilled water for at least 10  

min.  

  

Characterisation of Purified Peroxidases  
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All characterisation studies were conducted using the ultrafiltration fraction obtained from the  

acid/acetone purification approach.  

  

Optimum pH, Substrate Range and Optimum Temperature  

The substrate range of the purified peroxidase was determined (at 25±2°C) using the following  

substrates, each at a final concentration of 1 mM and at pH 3, 5, 7 and 9: 2,2’-azino-bis(3- 

ethylbenzothiazoline-6-sulphonic acid) (ABTS), 2,4-DCP, 2,6-dimethoxyphenol (2,6-DMP), 3- 

hydroxyanthranilic acid (3-HAA), 4-methylcatechol, 4-tert-butylcatechol (4-TBC), caffeic acid,  

catechol, guaiacol, L-3,4-dihydroxyphenylalanine (L-DOPA), L-tyrosine, o-aminophenol, p-cresol,  

phenol, pyrogallol, resorcinol and syringaldazine. In addition, the optimum pH for the oxidation of  

2,4-DCP was determined from pH 3 to 9, in increments of 0.5 pH units (sodium acetate buffer pH 3.0  

– 5.5; potassium phosphate buffer pH 6.0 – 7.5 and Tris-HCl buffer pH 8.0 – 9.0). The oxidation of  

2,4-DCP by the partially purified peroxidase at different temperatures (ranging from 5°C to 80°C at  

5°C intervals) was monitored at 510 nm using a UV/VIS Lambda 25 spectrophotometer with a PTP- 

6+6 Peltier system for temperature control (PerkinElmer, South Africa). The peroxidase was  

suspended in 100 mM Tris-HCl buffer (pH 8.0) and the optimum temperature for peroxidase activity  

was determined using the 2,4-DCP assay at pH 8.0.  

  

Thermostability  

The partially purified enzyme was incubated in a Corning LSETM digital dry bath at temperatures  

ranging from 30 to 80°C (10°C increments) for 10, 20, 30 and 60 min, and immediately cooled on ice.  

The control sample was incubated on ice throughout the duration of the experiments and had no  

further treatments applied. The temperature stability of the peroxidase in 100 mM Tris-HCl buffer  

(pH 8.0) and in 100 mM potassium phosphate buffer (pH 8.0) was determined. Once cool, residual  

peroxidase activity was measured at ambient temperature (25±2°C) using the 2,4-DCP assay.  

  

pH Stability  

Sodium acetate buffer (pH 3.0 – 5.5), potassium phosphate buffer (pH 6.0 – 7.5) and Tris-HCl buffer  

(pH 8.0 – 9.0) were used at 0.5 pH unit increments in the specified pH range. The purified peroxidase  

was mixed with equal amounts of each buffer (100 mM concentration) and incubated at 4°C for 24 h  

and the residual peroxidase activity measured using the 2,4-DCP assay at 25±2°C.  

  

Effects of Inhibitors, Reducing Agents, Metal Ions and Organic Solvents  

The ability of the peroxidase to oxidise 2,4-DCP in the presence of 0 to 50 mM of the following  

compounds was assessed: ethylenediaminetetraacetic acid (EDTA), H2O2, L-cysteine, NaCl, p-arbutin,  

sodium ascorbate, sodium azide, sodium dodecylsulphate (SDS) and sodium metabisulphite. The  

effect of metal ions (Ca2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+ and Zn2+; each at 0.1, 0.5, 1, 2, and 5 mM  

concentrations) was also determined. The enzyme sample was incubated in the presence of the  

compound or metal ion for 1 h before assaying for peroxidase activity at 25±2°C and pH 8.0. Results  

were compared to the control enzyme activity where no inhibitor or metal ions were added. The  

effect of organic solvents [ethanol, methanol, acetone, acetonitrile, dimethylsulfoxide (DMSO) and 2- 

propanol] on the ability of the peroxidase to oxidise 2,4-DCP was assessed. The organic solvent was  
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added to the 2,4-DCP assay mix at 10, 20, 30 and 40% v/v concentration prior to performing the  

assay at 25±2°C and pH 8.0. The reference control did not contain an organic solvent.  

  

Enzyme Kinetics  

The kinetic parameters Vmax and Km were determined for the oxidation of 2,4-DCP using non-linear  

regression analysis (Michaelis-Menton). Data was analysed using Prism 8 for macOS (version 8.4.3).  

The enzyme concentration was kept constant at 0.1 U ml-1 and the concentration of 2,4-DCP was  

varied (0-10 mM). Assays were performed at ambient temperature (25±2°C) and pH 8.0.  

  

Spectral Characteristics  

A complete wavelength scan (200 nm to 700 nm) of the peroxidase from Streptomyces sp. BSII#1  

(ultrafiltrate fraction) was performed using a Lambda 25 UV/VIS spectrophotometer (PerkinElmer,  

South Africa).   

  

Dye Decolourisation Assays  

To determine the ability of the peroxidase to decolourise dyes, 100, 75, 50, 25, 10, and 1 M  

solutions of each dye were prepared in 50 mM citrate buffer (pH 3.0), 50 mM sodium acetate buffer  

(pH 5.0), 50 mM potassium phosphate buffer (pH 8.0) and 50 mM Tris-HCl buffer (pH 9.0). Two  

hundred microliters of dye solution and 50 l 50 mM H2O2 (prepared in the respective buffers) were  

dispensed into a 96 well microtitre plate in triplicate and 50 l of a 1 U ml-1 enzyme solution was  

added to each well. The decrease in absorbance was monitored over a period of 90min, as well as 24  

h at ambient temperature (25±2°C). Oxidation of Reactive Blue 4 (anthraquinone dye) was  

monitored at 597 nm (ε = 4 200 M-1 cm-1), Reactive Black 5 (azo dye) at 598 nm ( = 37 200 M-1 cm-1),  

and Azure B (thiazine dye) at 605 nm ( = 8 700 M-1 cm-1).  

  

Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of purified enzyme fraction  

LC-MS analysis was performed on a Dionex HPLC system (Dionex Softron, Germering, Germany)  

equipped with a binary solvent manager and auto-sampler, coupled to a Bruker ESI Q-TOF mass  

spectrometer (Bruker Daltonik GmbH, Germany). The enzyme fraction was separated by reversed  

phase chromatography on a Sunfire C18 column 5 μm; 4.6 × 150 mm (Waters, Dublin, Ireland), using  

gradient elution at a flow rate of 0.5 ml min−1, an injection volume of 10 µl and an oven temperature  

of 40°C. The gradient was set up as follow:  98 % A to 40 % A (60 min); 40 % A to 98 % A (60 - 60.1  

min); 98 % A (60.1 - 80 min), where solvent A refers to 0.1 % formic acid and solvent B refers to  

acetonitrile. MS spectra were acquired in positive mode using the full scan mode with dual spray for  

reference mass solution. Electrospray voltage was set to -3500 V. The dry gas flow was set to 8 l  

min−1 with a temperature of 200°C and the nebulizer gas pressure was set to 17.5 psi.  

  

Genomic DNA isolation, genome sequencing and sequence analyses  

Streptomyces albidoflavus BSII#1 was cultivated in YEME liquid media (10 d at 30°C, 160 rpm) [13].  

Genomic DNA was isolated using the method described by Mandel and Marmur [19]. An Illumina  

MiSeq sequencer was used to sequence the genome (NGS Facility, University of the Western Cape).  

The genome was assembled using the A5-miseq pipeline [20] and annotated using the online server,  

Rapid Annotations using Subsystems Technology (RAST) [21]. This Whole Genome Shotgun project  
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has been deposited at DDBJ/ENA/GenBank under the accession SCDQ00000000. The version  

described in this paper is version SCDQ01000000. To confirm the assignment of strain BSII#1 as a S.  

albidoflavus strain, all S. albidoflavus genome sequences were downloaded from EzBiocloud [22] and  

analysed using the average nucleotide identity (ANI), average amino acid identity (AAI) (http://enve- 

omics.ce.gatech.edu/) [23] and digital DNA-DNA hybridisation online tools (http://ggdc.dsmz.de/)  

[24].   

  

Peroxidase sequence analyses  

The annotated genome was analysed for the presence of genes encoding for peroxidases. The gene  

sequences were submitted to BLAST to confirm their identity and evaluated for signal peptides that  

allow for secretion (PSORTb 3.0 analysis; www.psort.org/psortb/; SignalP 4.0;  

http://www.cbs.dtu.dk/services/SignalP/) [25,26]. SnapGene Viewer 5.1.5 was used to determine  

the amino acid content, MW and pI of the secreted dye decolourising peroxidase (DyP). The  

sequence was also analysed by protein BLASTp [27] to identify related peroxidase sequences. The  

protein sequences of known DyP-type peroxidases were downloaded from NCBI for phylogenetic  

analysis: sequences representing the different DyP-type classes were aligned using the alignment  

function of MEGA 7 [28] and used to generate a Neighbor-Joining tree [29]. In addition, an amino  

acid sequence alignment of representative DyP-type peroxidases (class I only) was performed using  

T-Coffee [30,31] and was visualised using SnapGene Viewer 5.1.5 .   

  

Coupling Reactions and LC-MS Analysis of Coupling Products  

The potential of the partially purified peroxidase to catalyse the oxidative coupling of phenolic  

monomers was evaluated. Reactions consisted of the enzyme (final concentration of 1 U ml-1), two  

phenolic monomer substrates (final concentration 2 mM each and dissolved in ethanol), H2O2 (final  

concentration 0.37 mM) and 100 mM ammonium bicarbonate buffer (pH 8.0) in a total reaction  

volume of 650 µl. The substrates tested consisted of combinations of catechin, catechol or guaiacol  

with trans-cinnamic acid, chlorogenic acid, p-coumaric acid, ferulic acid, cinnamyl alcohol,  

syringaldazine or with each other. The reactions were initiated upon addition of H2O2 and were  

incubated at 30°C for 10 min. The reactions were terminated by the addition of 650 µl ice-cold  

methanol (99.8%) and placed on ice for 30 min before centrifugation at 4°C, 9 500 g for 10 min. The  

supernatant was collected from each reaction tube and stored at 4°C in HPLC glass vials prior to  

analysis by LC-MS.  

  

LC-MS analysis of the coupling products was performed using the gradient system:  98% A to 0% A  

(20 min); 0% A to 98% A (20 - 21 min); 98% A (21 - 25 min); where solvent A was 0.1% formic acid  

and solvent B was acetonitrile. The injection volume was 10 µl, the flow rate was set at 0.8 ml min−1  

and the column oven temperature was set at 30°C. The products were separated by reversed phase  

chromatography on a C18 column 5 μm; 4.6 × 150 mm (Thermo Fischer Scientific, Bellefonte, USA).  

MS spectra were acquired in negative mode using the full scan mode with dual spray for reference  

mass solution. Electrospray voltage was set to +3500 V, and the dry gas flow was set to 9 l min−1 with  

a temperature of 300 °C; nebulizer gas pressure was set to 35 psi.  

  

Results  
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Partial Purification of the Peroxidase  

The crude extracellular enzyme extract was yellow/yellow-brown in colour. After acidification and  

the removal of precipitates, the acid fraction appeared to be red to red-brown, and the final  

ultrafiltrate fraction was reddish-pink. Acidification resulted in doubling of the purification factor  

with only a 10% drop in the yield, while ultrafiltration improved the purity of the acetone fraction  

almost 20 times (Table 1). Even though these purification steps resulted in a great loss of protein, the  

purity was greatly increased allowing for subsequent characterisation and application of the enzyme.  

SDS-PAGE analysis (Figure S1) indicated that purification to at least near homogeneity was  

accomplished and that the enzyme is a dimeric protein with an approximate molecular mass of 50.5  

kDa.  

  

Optimum pH, Substrate Range and Optimum Temperature  

The oxidation of 2,4-DCP by the partially purified peroxidase was tested over the range from pH 3.0  

to 8.5. The apparent maximum 2,4-DCP oxidation occurred at pH 8.0 (Figure 1a). However, there was  

no significant difference in the oxidation rate from pH 5.0 to pH 8.5 (p>0.05), with the exception of  

the anomalous reaction rate at pH 6.0. Apart from 2,4-DCP, the peroxidase was also able to oxidise a  

wide range of substrates (Table 2), with highest activity detected for 4-TBC, followed by o- 

aminophenol and catechol. The optimum temperature for maximum oxidation of 2,4-DCP by the  

peroxidase was tested from 5 to 80°C. There was a large variation in activity between replicates at  

higher temperatures, particularly between 40 and 60°C (Figure 1b), probably due to substrate  

instability. The apparent optimum temperature for the peroxidase appeared to be 60°C but it was  

not possible to statistically determine an accurate optimal temperature for activity. However, it was  

evident that the enzyme was active over a wide temperature range (from 5°C to 80°C).   

  

Thermostability  

The peroxidase was suspended in two buffering systems for the thermostability test: 100 mM Tris- 

HCl buffer (pH 8.0) (Figure 2a) and 100 mM potassium phosphate buffer (pH 8.0) (Figure 2b). ANOVA  

and post-hoc Bonferroni analysis of the results presented in Figure 2a indicated that while there was  

a similar significant decrease in activity (20-30%) of the enzyme suspended in Tris-HCl buffer (pH 8.0)  

after 10 min incubation at all temperatures tested (p<0.05), there was no further loss of activity with  

up to 60 min incubation at temperatures from 30 to 80°C (p>0.05). In contrast, the enzyme  

suspended in potassium phosphate buffer (pH 8.0) (Figure 2b) showed no significant change in  

activity after incubation at temperatures from 30 to 50°C for up to 60 min. However, there were  

significant differences between activity in the control and activity after incubation at 60, 70 and 80°C  

for even the shortest incubation period tested (10min).   

  

pH Stability  

The residual activity of the enzyme was determined after a 24 h incubation period in buffers with  

varying pH (pH 3.0 to pH 9.0). Peroxidase activity appeared to be most stable from pH 5.0 to 9.0 with  

maximum residual activity observed when the enzyme was incubated at pH 9.0, where 81% activity  

was retained after 24 h (Figure 3). There was total loss of activity after the peroxidase was incubated  

at pH 3.0, 3.5 and 4.0, and >90% loss of activity at pH 4.5.   
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Effects of Inhibitors, Reducing Agents, Metal Ions and Organic Solvents  

The partially purified peroxidase was incubated in the presence of various inhibitors, reducing agents  

and metal ions for 60 min, after which the residual activity was measured. The peroxidase was most  

sensitive to its co-factor, H2O2, where complete inhibition was observed at 0.05 mM and significant  

inhibition (42%) was also noted at the lowest concentration tested (0.01 mM) (Table 3). Sodium  

metabisulphite, L-cysteine, sodium ascorbate and p-arbutin were expected to react with groups  

within the protein structure, resulting in either activation or inhibition of peroxidase activity. All four  

compounds resulted in inhibition of peroxidase activity, with complete inhibition occurring after 60  

min of incubation with 0.1 mM L-cysteine (Table 3). However, the peroxidase showed considerable  

resistance to inhibition by sodium azide (Table 3), with no significant loss of activity in the presence  

of up to 2 mM sodium azide and retaining 32% activity after incubation with 50 mM sodium azide for  

60 min. Most of the metal ions tested showed either no effect or an inhibitory action on the activity  

of the peroxidase (Figure 4), except for copper, which enhanced activity. Zinc, calcium and  

magnesium ions had no significant effect on activity of the peroxidase, while cobalt, iron and  

manganese ions had the greatest inhibitory effect. There was a significant decrease in activity  

relative to the control at all concentrations of each solvent tested, even at the lowest solvent  

concentrations used (10% v/v) (Figure 5). The simple alcohols showed the least inhibitory effect at  

low concentrations, while the presence of acetonitrile resulted in the greatest inhibition at all the  

concentrations tested (Figure 5).   

  

Enzyme Kinetics  

The peroxidase from S. albidoflavus BSII#1 was shown to follow Michaelis-Menten kinetics, with  

respect to 2,4-DCP oxidation (data not shown). Analysis of derivative plots of the substrate  

concentration versus velocity curve indicated Km and Vmax values of 0.95 mM and 0.12 mmol min-1,  

respectively (Table S1).   

  

Spectral Characteristics  

The complete wavelength scan of the partially purified peroxidase (Figure S2) indicated an  

absorption peak at 400 nm, corresponding to the Soret band, which is characteristic of haem  

peroxidases. The purified protein was analysed by LC-MS to determine the size. The chromatogram  

showed a single large peak (at 48 min) with only two minor peaks (32 min and 65 min) suggesting  

that the enzyme was almost completely purified (Figure S3a). The 48 min peak (presumed to be the  

peroxidase of interest) was analysed by mass spectrometry (Figure S3b) which showed that the size  

of the protein was 46 kDa as interpreted according to Mann et al. [32].   

  

Dye Decolourisation  

Dye decolourisation was observed for all three dyes tested, with optimal decolourisation taking place  

at pH8. After 24 h of incubation, the peroxidase most effectively decolourised reactive blue 4 (RB4),  

followed by reactive black 5 (RB5) and Azure B (Figure 6).  

  

Genome Sequence Analysis, Peroxidase Sequence Analysis, and Functional Expression  

Streptomyces albidoflavus BSII#1 has a genome size of 7019108 bp (1057 contigs; N50: 11575) and a  

G+C content of 73.01%. Even though the digital DNA-DNA hybridisation tool predicted that strain  
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BSII#1 could represent a novel species (66.5% vs S. albidoflavus NRRL B-1271T), the ANI and AAI  

analysis of the BSII#1 genome sequence and the type strain S. albidoflavus NRRL B-1271T, confirmed  

the assignment of strain BSII#1 as a S. albidoflavus strain (Figure S4; ANI: 96.5%; AAI: 97.41%) [23].  

  

Six peroxidase sequences were identified in the genome of S. albidoflavus BSII#1. SignalP 4.1 analysis  

showed that only the DyP-type peroxidase contains a signal peptide sequence indicating secretion.  

BLASTp analysis also predicted the presence of a TAT sequence, while PSORTb analysis indicated that  

there is a 97.3% chance that this protein is an extracellular protein. The predicted DyP-type  

peroxidase is 414 aa in length, with a predicted MW of 45.39 kDa (which corresponds with the size  

determined by LC-MS) and pI of 6.69. Phylogenetic analysis of known DyP-type peroxidases and the  

BSII#1 DyP-type peroxidase showed that this peroxidase belongs to class I (formerly class A; Figure  

S5). BLASTp analysis showed 100% sequence similarity (and coverage) to other Streptomyces DyP- 

type peroxidases (WP_023418253.1) [14]. Amino acid sequence alignment (Figure S6) confirmed the  

presence of highly conserved amino acid residues involved in haem co-ordination and the formation  

of the hydrogen peroxide binding pocket. In addition, the conserved GXXDG motif is also present  

[14]. To confirm functional expression of this peroxidase under the experimental conditions  

described in this study (see Supplementary Material), total RNA was isolated from the peroxidase- 

producing strain, converted to cDNA and used as a template in PCR using DyP-type peroxidase- 

specific primers. A 352bp amplicon was obtained and confirmed to be the predicted DyP-type  

peroxidase present in the genome of strain BSII#1. The amino acid and nucleotide sequences for the  

BSII#1 DyP-type peroxidase are provided in the supplementary information.  

  

Coupling Reactions  

The ability of the partially purified peroxidase from S. albidoflavus BSII#1 to catalyse the coupling of  

phenolic monomers was assessed under non-optimised conditions. LC-MS results indicated that the  

peroxidase was able to catalyse coupling of a number of different phenolic monomer pairs (Table  

S2). HPLC results indicated that significant coupling occurred between catechin and guaiacol, and  

between catechin and catechol (based on peak areas, data not shown). Based on similar work on  

flavolignans [33-35], the structures of the coupling products between catechin and guaiacol or  

catechol were proposed (Figure 7). However, the work by Gažák et al. [33] also showed that the  

major products were likely C-C dimers due to the stability of C–C bonds [36] and their lower heat of  

formation [37].   

  

Discussion  

Peroxidases are versatile enzymes with numerous uses. Most peroxidase studies have focussed on  

fungal and plant (notably horseradish) peroxidases. However, actinobacteria could be an alternative 

and viable source of industrially useful peroxidases with novel properties [16,38]. While bacterial 

peroxidase production is often lower than fungi, these peroxidases could offer other useful 

characteristics, for example their substrate specificity or different optimal parameters for use. This 

study therefore focused on the production, characterisation, and application of a DyP-type 

peroxidase produced by a S. albidoflavus strain. 
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Common protein purification methods tested (such as salting out) resulted in very low peroxidase  

recovery yields (data not shown). Although acidification has not previously been used to precipitate  

actinobacterial peroxidases, this study showed that it was an effective initial step in purification. The  

ultrafiltration step also proved effective in improving the purity of the enzyme. While the purification  

resulted in a drastic decrease in protein concentration/loss of protein, there was a 20-fold increase  

in purity – which was important for this study in order to show it was the actions of this enzyme that  

catalysed the coupling reactions. The red colour in the ultrafiltrate fraction could be indicative of the  

association of the enzyme with a chromogenic cofactor [39,40]. The characteristic peak (Soret band)  

at approximately 400 nm is attributed to the presence of a haem moiety within the enzyme  

structure. The peroxidase from S. albidoflavus BSII#1 is therefore suggested to be a haem  

peroxidase.  

  

Actinobacterial peroxidases typically exhibit pH optima in the alkaline region and, while the  

peroxidase from S. albidoflavus BSII#1 shows an apparent optimal activity at pH 8.0, it also showed  

similar activity in the pH range 5.0 to 8.5 (i.e. in the acidic, neutral and alkaline range). Typical  

peroxidase substrates such as ABTS, phenol and pyrogallol were oxidised and the enzyme showed a  

wide substrate range. The ability of actinobacterial peroxidases to oxidise a wide range of substrates  

has previously been reported, for example, the peroxidase from Streptomyces albus ATCC 3005,  

showed activity with L-DOPA, 2,4-DCP and several other chlorophenols [18]. The peroxidase was  

most stable after incubation at alkaline pH, which agrees with the general finding that  

actinobacterial peroxidases tend to be more stable under alkaline pH conditions [41].   

  

Contrary to statements made in the majority of publications on DyP-type peroxidases, dye  

decolourisation is not limited to anthraquinone dyes (e.g. RB4 decolourisation by the DyP-type  

peroxidase produced by Rhodococcus jostii RHA1) [42]. Two bacterial DyP-type peroxidases have  

shown the ability to decolourise the azo dye, Mordant black 9 (BsDyP – Bacillus subtilis and PpDyP –  

Pseudomonas putida MET94), while two fungal DyP-type peroxidases (Auricularia auricula-judae and  

Irpex lacteus) and one bacterial (Escherichia coli) DyP-type peroxidase have been reported to  

decolourise the azo dye, RB5 [42]. In the present study, the S. albidoflavus BSII#1 peroxidase showed  

the ability to decolourise RB4, RB5 and Azure B to various degrees.  

  

The concept of ‘optimum temperature of enzymes’ has been challenged as one of dubious validity  

and limited value because the apparent optimum temperature arises from an unknown mix of  

thermal stability and temperature coefficient and is dependent upon assay duration [43]. The  

optimum temperature of an enzyme has been described as a non-intrinsic parameter whose  

dependence on a variety of other factors may not make it a very useful point of reference. In this  

study, the enzyme was relatively stable, retaining >60% activity after incubation at high  

temperatures (up to 80C for up to 60 min) in Tris-HCl buffer (pH 8.0); however, the activity at  

temperatures >40°C was highly variable. The variance may be attributed to instability of the enzyme  

or other reaction components. Since the peroxidase appeared to be stable at temperatures below  

40°C (Figure 1b), the variability was most probably due to non-specific reactions between assay  

components at the elevated temperatures. The instability of the assay mix at elevated temperatures  

in the present study illustrated the point of the limited value of the concept of an optimal  
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temperature. It is more useful to determine the optimal temperature for the specific reaction tested.  

Furthermore, the analyses indicate that while the enzyme is fairly stable at high temperatures, the  

suspension buffer plays a role in the thermostability. The inference is that for higher temperature  

applications (greater than 50°C), using Tris–HCl buffer (pH 8.0) may be preferable over potassium  

phosphate buffer (pH 8.0) as this enhanced the thermostability of the peroxidase. According to  

Reineke et al. [44], the pH of certain buffers is affected with an increase in temperature. While  

phosphate buffer systems seem to be able to maintain their pH with change in temperature, the pH  

of Tris-HCl buffers decreases with increasing temperature, with a pH of approximately 6.8 at 80C  

[44]. This combination of increasing temperature and decreasing pH therefore seemed to result in  

enhancing the thermostability of the enzyme.  

  

Although H2O2 is a cofactor for peroxidases, it inhibited the peroxidase from S. albidoflavus BSII#1  

after incubation with even low (0.01-0.05 mM) H2O2 concentrations (suicide inactivation  

phenomenon) [45]. The duration of the exposure of the enzyme to H2O2 was the most likely reason  

for significant inhibition even at very low concentrations. Evidence for this is that the activity of the  

enzyme was routinely assayed at final H2O2 concentrations of 10 mM (1x103 times the minimum  

inhibitory concentration) without inhibitory effects being observed. EDTA, SDS and NaCl did not have  

any significant effect(s) on peroxidase activity at all concentrations tested (0.01 mM to 50 mM)  

under conditions of the experiment. The other inhibitory compounds tested showed lower levels of  

inhibition compared to L-cysteine, which could be due to the strong reduction potential of L- 

cysteine. Inhibition studies using these compounds with actinomycete-derived peroxidases have not  

been reported and therefore direct comparisons for validation could not be made. Most haem  

peroxidases are readily inactivated by sodium azide [40,46-50]. For example, in a similar experiment  

performed under similar conditions, the peroxidase from Streptomyces sp. strain AH4 retained 40%  

of its activity after incubation with 5 mM sodium azide for 60 min [40]. Furthermore, the peroxidase  

from Streptomyces sp. AD001 exhibited 90% inhibition after 30 min exposure to 1 mM sodium azide  

at 4°C [47]. In this study, the peroxidase from S. albidoflavus BSII#1 showed considerable resistance  

to inhibition by sodium azide (no inhibition after 60 min incubation with 2 mM sodium azide), further  

indicating the atypical properties of this enzyme.   

  

Some metal ions have been shown to pose similar effects on the peroxidases from different  

actinomycetes. The peroxidases from Streptomyces sp. AM2, Streptomyces sp. AH4, and S.  

albidoflavus TN644 were reportedly inhibited to different extents by the presence of 5 mM zinc ions  

but were induced in the presence of 5 mM calcium, manganese or copper ions [40,50,51]. Induction  

of activity by copper ions was reported for the peroxidase from S. albidoflavus TN644 and  

Streptomyces sp. strain AH4, where a residual activity of 108% and 111%, respectively, after 60 min  

incubation in the presence of 5 mM CuCl2, was reported [40,51]. Copper ions also induced the  

activity of the peroxidase from S. albidoflavus BSII#1. In contrast to the peroxidase from  

Streptomyces sp. AH4 [40], zinc, calcium and magnesium ions had no significant effect on the activity  

of the peroxidase from S. albidoflavus BSII#1. The effect of a single type of metal ion on peroxidase  

activity does not appear to be typical for all actinomycete-derived peroxidases and could be  

dependent on the source organism. Alternatively, the atypical characteristics of the peroxidase of  

interest could extend to the effect of metal ions. The ability of a peroxidase to exhibit high activity in  
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the presence of metal ions is considered a useful attribute when considering its potential for 

industrial application [50]. The potential of the peroxidase from S. albidoflavus BSII#1 for use in 

applications that require metal ion tolerance (e.g. dye decolourisation) is therefore dependent on 

the identity and concentration of the particular metal ion. 

 

Organic solvents are often used to solubilise starting reagents for catalysis and the efficacy of 

biocatalytic reactions will depend on the robustness of an enzyme in the presence of organic 

solvents [52]. Optimisation of enzyme stability in organic solvents generally improves catalytic 

performance. The majority of natural enzymes are readily denatured and inactivated in the presence 

of organic solvents [53]. In this regard, the peroxidase under investigation was quite typical. 

 

Comparison of the kinetic properties of the S. albidoflavus BSII#1 peroxidase with that of other 

reported actinobacterial peroxidases, horseradish peroxidase (HRP) and P. chrysosporium peroxidase 

(Table S1) showed that it shares a similar affinity for 2,4-DCP as HRP, which is higher than that of 

peroxidases from other Streptomyces species reported (with the exception of ALiP-P3 and the S. 

albidoflavus TN644 peroxidase; Table S1). The low Km (high affinity) and high Vmax values with the 

substituted phenol substrate are comparable to that of fungal peroxidases and the commercially 

available peroxidase, HRP, which indicate the potential of this enzyme for industrial application. 

 

Several factors affect the successful coupling of phenolic monomers by an enzyme, including steric 

hindrance [54]. Catechol and guaiacol are small molecules with a small number of substituents (two). 

This reduces steric hindrance and increases the chances of coupling. Table S2 shows that the 

majority of coupling reactions took place between catechin and a second substrate. This could be 

due to the fact that upon oxidation, catechin does not readily polymerise, which increases the 

chances of catechin radicals coupling with other molecules. The coupling reactions were performed 

in an ammonium bicarbonate buffer solution and the enzyme was freely suspended in solution. Since 

environmental factors within the system (including temperature, pH, medium components, enzyme 

inhibitors and cofactors) may also influence coupling reactions, optimisation of these factors may 

significantly increase the yield of the coupling products.  

 

With the ever-decreasing costs of genome sequencing, more sequence information is becoming 

available, allowing researchers to gain more insight into the distribution of genetic information. In 

this study, the genome sequencing of strain BSII#1, not only allowed for the identification of the 

strain to species level (S. albidoflavus), but also allowed access to the gene encoding for the 

peroxidase of interest (DyP-type peroxidase – as confirmed by functional expression). Multiple 

sequence alignment of the DyP-type peroxidases found in the S. albidoflavus genomes showed slight 

variations in the amino acid sequences (results not shown). The S. albidoflavus BSII#1 DyP-type 

peroxidase exhibited the same amino acid variations as S. albidoflavus PVA 94-07, a strain isolated 

from the marine sponge Phakellia ventilabrum, Trondheimfjord, Norway [55]. Without more 

information on the physicochemical properties of the two environments the isolates were obtained 

from, it is difficult to explain why these two strains would harbour the same DyP-type peroxidase 

genes. There is still a great lack of understanding about the biochemical characteristics of DyP-type 

peroxidases in general. This is further complicated by the fact that there is no standard set of 
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biochemical analyses recommended for this group of unique peroxidases, making it difficult to assess  

the potential biological roles of this interesting group of peroxidases.  

  

Conclusions  

In this study, a protocol for the purification of the DyP-type peroxidase from S. albidoflavus BSII#1  

involving acidification, acetone fractionation and ultrafiltration steps, was successfully developed.  

While acidification has not previously been used in actinobacterial peroxidase purification, it proved  

to be effective in the purification protocol developed. The purified peroxidase was found to have an  

approximate molecular mass of 46 kDa (LC-MS analysis; 50.5 kDa by SDS-PAGE), which is within the  

size range of the predicted DyP-type peroxidase (45.39 kDa) discovered through genome mining. As  

with other DyP-type peroxidases, it was confirmed that the enzyme is a haem peroxidase, it displays  

characteristics typical of those described for other actinobacterial peroxidases, was found to be  

capable of catalysing coupling reactions between several phenolic monomer pairs, and hence has  

potential for application in organic synthesis. The peroxidase from S. albidoflavus BSII#1 showed  

activity over a wide range of pH and temperature conditions and high tolerance to some typical  

peroxidase inhibitors (e.g. sodium azide), which are useful characteristics in the search for novel  

biocatalysts. Future studies will explore the recombinant expression of this enzyme with the aim of  

exploring application in other fields of organic synthesis and degradation.   
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List of Tables  

  
Table 1: Purification of the DyP-type peroxidase from Streptomyces albidoflavus BSII#1.   

 Total 

Protein 

(mg) 

Total 

Activity 

(U*) 

Specific 

Activity 

(U mg-1) 

Yield 

(%) 

Purification 

Factor 

Crude extract 

Acid fraction 

Acetone fraction 

Ultrafiltration: filtrate 

213.00 

97.93 

71.21 

0.01 

212.80 

192.39 

174.15 

0.67 

1.00 

1.96 

2.45 

46.51 

100.00 

90.40 

81.84 

0.30 

1.00 

1.96 

2.45 

46.51 

*One unit (U) of activity equals the amount of enzyme required for the oxidation of 1 µmol of substrate (2,4-

DCP) in 1 min. 

 
 

 

  

Table 2: Substrate range and optimal pH for the oxidation of ‘typical’ peroxidase substrates (n=3;  

meanSD) by the peroxidase produced by Streptomyces albidoflavus BSII#1. ND = no activity  

detected; N/A = not applicable.  

Substrate Substrate extinction 

coefficient (mM
-1

 cm
-1

) 

Activity 

(U ml
-1

) 

Optimum pH 

2,4-dichlorophenol 

2,6-dimethoxyphenol 

3-hydroxyanthranilic acid 

4-methylcatechol 

4-tert-butylcatechol 

ABTS 

Caffeic acid 

Catechol 

Guaiacol 

L-DOPA 

L-tyrosine 

o-aminophenol 

p-cresol 

Phenol 

Pyrogallol 

Resorcinol 

Syringaldazine 

ɛ510 = 21.647 

468 = 14.8 

452 = 18 

400 = 1.433 

475 = 3.3 

420 = 36 

480 = 1.9 

410 = 0.74 

470 = 26.6 

475 = 3.6 

475 = 3.6 

433 = 9.6 

400 = 1.433 

510 = 7.1 

450 = 4.4 

500 = 32.8 

530 = 65 

1.010.06 

1.130.07 

ND 

ND 

1.600.02 

0.130.00 

0.440.04 

1.450.14 

0.020.00 

0.620.05 

ND 

1.540.11 

ND 

1.210.04 

0.760.05 

ND 

ND 

8.0 

8.0 

N/A 

N/A 

8.0 

3.0 

8.0 

3.0 

3.0 

8.0 

N/A 

8.0 

N/A 

8.0 

8.0 

N/A 

N/A 
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Table 3: Effect of inhibitors on the partially purified peroxidase from Streptomyces albidoflavus 

BSII#1. 

Inhibitor Lowest inhibitor concentration resulting in 

significant inhibition (% inhibition) 

Complete inhibition at: 

H2O2 

L-cysteine 

Sodium ascorbate 

Sodium metabisulphite 

p-arbutin 

Sodium azide 

EDTA 

SDS 

NaCl 

0.01 mM (42.0%) 

0.02 mM (33.9%) 

0.05 mM (39.5%) 

0.5 mM (93.5%) 

1 mM (24.2 %) 

5 mM (26.6%) 

No inhibition 

No inhibition 

No inhibition 

0.05 mM 

0.1 mM 

0.5 mM 

1.0 mM 

Max (66.4%) at 50 mM 

Max (68.4%) at 50 mM 

No inhibition at 50 mM 

No inhibition at 50 mM 

No inhibition at 50 mM 
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List of Figures  
  
Fig. 1: (a) pH profile for the peroxidase from Streptomyces albidoflavus BSII#1 with 2,4-dichlorphenol  
(2,4-DCP) as the substrate. The assays were conducted using 100 mM of the appropriate buffer for  

each pH (n=3; meanSD). (b) Temperature profile of activity for the peroxidase from S. albidoflavus  
BSII#1 using 2,4-DCP. The enzyme was suspended in 100 mM Tris-HCl buffer (pH 8.0) (n=3;  

meanSD).  
  
Fig. 2: The residual activity of the partially purified peroxidase from Streptomyces albidoflavus BSII#1  
suspended in (a) 100 mM Tris-HCl buffer (pH 8.0) and (b) 100 mM potassium phosphate buffer (pH  
8.0) after incubation at a range of temperatures (  control,  30°C,  40°C,  50°C,  60°C,   70°C  

and  80°C) for 10-60 minutes (n=3; meanSD). The initial activity in the control (100%) was 0.12 U  
ml-1. The control was kept on ice for the duration of the experiment. Activity was determined using  
the standard 2,4-dichlorophenol assay (at ambient temperature) after all the tubes had cooled to  
25±2°C.  
  
Fig. 3: Residual peroxidase activities after incubation of the purified enzyme in buffers with different  
pH values.  The buffers ranged from pH 3.0 to pH 9.0 and the enzyme was incubated in each buffer  
at 4°C for 24 h. Activity was determined using the standard 2,4-dichlorophenol assay (n=3;  

meanSD). The initial activity in the pH 8.0 sample (100%) was 0.10 U ml-1.  
  
Fig. 4: Effect of different metal ions on the activity of the partially purified peroxidase from  
Streptomyces albidoflavus BSII#1. The enzyme was incubated in the presence of the metal ions (  no  

metal control,  Ca,  Cu,  Co,  Fe,  Mg,  Mn and  Zn) for 1 hr before assaying (n=3; meanSD).  
The initial activity in the control (100%) was 0.34 U ml-1.  
  
Fig. 5: Residual activities after incubating the partially purified peroxidase in different organic  
solvents:  no organic solvent,  propanol,  methanol,  ethanol,  DMSO and  acetonitrile.  

Solvents were added to the assay mix in the concentrations (% v/v) indicated (n=3; meanSD). The  
initial activity in the control (no solvent added) was 0.32 U ml-1.  
  
Fig. 6: Dye decolourisation of three dyes by the peroxidase produced by Streptomyces albidoflavus  

BSII#1 (n=3; meanSD). RB4: reactive blue 4; RB5: reactive black 5.   
  
Fig. 7: Proposed coupling structures between catechin and guaiacol to form products 1 and 2, and  
between catechin and catechol to form products 3 and 4.   
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