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Abstract 
 

 
Synthetic dyes are xenobiotic compounds widely used in several industries 

from textile, paper, pharmaceutical and food, to leather or cosmetics. During 

the dyeing processes in the textile industry, millions of tons of dyes are 

discharged in industrial effluents causing serious environmental and health 

hazards. The current physico-chemical methods used in the treatment of dye-

containing wastewaters are not cost-effective and may result in the formation 

of hazardous by-products. Therefore, there is an urgent need in the 

development of efficient and environmentally friendly technologies for the 

treatment of dye-containing wastewaters. Enzymatic processes can offer 

several advantages such as specificity to attack the dye molecules while 

keeping intact dyeing additives or fibers, water recycling, easiness of 

engineering to improve their robustness, environmentally friendly nature and 

non-production of sludge. Azoreductases, laccases and peroxidases are 

among the few enzymes reported in the literature with the ability to degrade 

synthetic dyes. Hence, the purpose of this thesis was to study the enzymatic 

properties, mechanisms and toxicity of dye-degradation products of different 

bacterial enzymes to set-up multi-enzymatic systems for cleaning synthetic 

dyes from the environment.   

A new bacterial strain, Pseudomonas putida MET94, was selected among 48 

bacterial strains for its ability to decolourise at high extent structurally 

different synthetic azo dyes. P. putida is an ubiquitous bacterium engaged in 

important metabolic activities in the environment, including element cycling 

and degradation of biogenic and xenobiotic pollutants. Therefore, the 

physiology of synthetic dyes decolourisation processes in growing and 

resting cells of P. putida MET94 was addressed. Whole-cell systems were 

tested and optimized not only towards the reduction of single dye molecules 

but also in the decolourisation of model dye baths with high ionic strengths 

that mimic effluents produced during cotton and wool dyeing processes. We 
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showed that the P. putida system is highly competent in the biological 

degradation of model dyestuff wastewaters. The involvement of an 

azoreductase in the decolourisation process was suggested by in silico 

screening using the genome of P. putida KT2440. To gain molecular insight 

into the bacterial decolourisation system, the gene coding for an 

azoreductase was cloned and expressed in Escherichia coli and the 

recombinant enzyme was produced, purified and characterized at the 

spectroscopic, structural and kinetic level. The P. putida azoreductase 

(PpAzoR) was shown to be a 40 kDa homodimer FMN dependent 

NAD(P)H:dye quinone oxidoreductase with broad substrate specificity for 

azo dye reduction under anoxic conditions. The PpAzoR enzyme was also 

shown to be able to use several quinones as well as O2 as oxidizing 

substrates. A P. putida strain overexpressing the gene coding for the 

PpAzoR enzyme was constructed and exposed to the presence of quinones. 

The results have shown that, most likely the biological role of this enzyme is 

related to providing general protection against the oxidative stress caused by 

quinones. The X-ray crystal structure of the enzyme was determined in 

collaboration with the Crystallography Unit of ITQB showing that the 

monomer adopts a flavodoxin-like fold, with a central twisted β-sheet 

formed by five parallel β-strands connected by α-helices.  

High-performance liquid chromatography was used to identify aromatic 

amines as the PpAzoR azo dye degradation products. With the aim of 

setting-up a non-toxic enzymatic decolourisation system, the toxicity of 

intact dyes and of reaction mixtures treated with PpAzoR was assessed by 

measuring the growth inhibition of Saccharomyces cerevisiae and 

reproduction inhibition of the nematode Caenorhabditis elegans. However, 

the results have shown that PpAzoR degradation products were, in most 

cases, 2 to 3-fold more toxic than the intact dyes themselves. Therefore, it 

was decided to add CotA-laccase, a well-studied enzyme in the lab with 

proven capacity to oxidize aromatic compounds, to the reaction mixtures 
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treated with PpAzoR. The addition of CotA-laccase resulted in a significant 

drop in the final toxicity. As a consequence, a recombinant E. coli strain co-

expressing both ppAzoR and cotA genes was constructed and whole-cell 

assays used in the treatment of model dye wastewaters. Decolourisation 

levels above 80% and detoxification levels up to 50% were obtained. The 

high attributes of this engineered strain, make it a promising candidate for 

both decolourisation and detoxification of azo dye-contaminated effluents. 

In a second stage of my PhD working programme, we have performed the 

cloning, purification and characterization of two new dye-decolourising 

peroxidases (DyPs) from the soil bacteria Bacillus subtilis (BsDyP) and P. 

putida MET94 (PpDyP). DyPs are haem peroxidases belonging to a new 

family of microbial peroxidases. These enzymes are known to successfully 

degrade a wide variety of different substrates including high redox synthetic 

dyes. DyPs have primary sequence, structural and apparently, mechanistic 

features, unrelated to those of other known as “classical” peroxidases. DyPs 

have been classified into four phylogenetically distinct subfamilies on the 

basis of sequence comparison, with bacterial enzymes constituting A-C 

subfamilies and fungal enzymes belonging to D subfamily. The genes 

encoding BsDyP and PpDyP, belonging to subfamilies A and B, 

respectively, were cloned and heterologously expressed in E. coli. The 

purified BsDyP was shown to be a single 48 kDa monomer (Topt 20 – 30ºC) 

whereas PpDyP is a 120 kDa homotetramer with a peculiar flat and broad 

temperature profile (Topt 10 – 30ºC). The results have shown that the two 

enzymes have distinct spectroscopic, kinetic and stability properties. PpDyP 

exhibits higher activities and a wider scope of substrates, including apart 

from synthetic dyes, phenolic and non-phenolic lignin units as well as metal 

ions, showing potential for industrial applications. 

In the literature there are contradictory results regarding the role of distal 

residues in the catalysis of DyPs from different sources, and systematic data 

on the thermodynamic and kinetic properties are needed for the 
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establishment of the structural determinants of DyPs catalytic mechanism. 

Therefore, the structural determinants that underlie the mechanistic 

properties of PpDyP and BsDyP enzymes were studied by using site directed 

mutagenesis. The distal residues (Asp, Arg, Asn) were substituted and a 

combination of transient and steady-state kinetics, spectroscopic and 

electrochemical approaches allowed to assess the impact of the point 

mutations on structural, redox and catalytic properties of the enzymes. In 

BsDyP, none of the studied residues was shown to be individually 

indispensable for promoting the (de)protonation of hydrogen peroxide and 

the cleavage of peroxide group. In contrast, our data point to the importance 

of the distal arginine in the catalytic mechanism of PpDyP, as also observed 

in other B-type DyPs, but not in DyPs from A and D subfamilies. Clearly 

more members of DyP-type peroxidase superfamily need to be thoroughly 

characterized and more solid kinetic, thermodynamic and structural 

information provided for the full understanding of the molecular 

determinants of catalytic mechanisms of DyPs. These insights will allow us 

to fully exploit quite unique properties of DyP-type peroxidases in 

biotechnological applications. 

Overall it is expected that the use of azoreductases, laccases and dye-

decolourising peroxidases, alone or combined in multi-enzymatic systems, 

are valuable solutions for decolourisation and detoxification of dye-

containing effluents and contribute to the creation of a circular economy for 

the valorization of resources. 
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Resumo 
 

 
Os corantes sintéticos são compostos xenobióticos amplamente usados em 

várias indústrias, desde a indústria têxtil, farmacêutica e alimentar até à 

indústria dos cosméticos e dos cortumes. Na indústria têxtil, durante os 

processos de tingimento, milhares de toneladas de corantes são libertados 

para os efluentes industriais. A presença de cor é o primeiro indicador de 

contaminação das águas residuais e, desta forma, a libertação de substâncias 

fortemente coradas sem qualquer tratamente prévio, podem causar sérios 

problemas ambientais de saúde pública. Os métodos fisico-químicos que 

existem actualmente para tratar águas residuais contaminadas com corantes, 

para além de caros, não são totalmente eficazes, devido à complexidade e 

elevada estabilidade das estruturas químicas que os corantes apresentam. 

Assim sendo, existe uma grande necessidade de desenvolver métodos mais 

eficientes e ambientalmente sustentáveis para o tratamento de águas 

residuais contaminadas com corantes. Os processos enzimáticos, poderão ser 

uma solução interessante neste contexto. Este tipo de processos apresentam 

inúmeras vantagens, nomeadamente a sua especificidade para as moléculas 

de corante, mantendo intactos outros componentes do corantes, tais como 

aditivos ou fibras, permitir a reciclagem de água, a facilidade de aplicação de 

técnicas de engenharia com vista ao seu melhoramento, e a sua natureza 

ambientavelmente sustentável. As azoreductases, as lacases e as peroxidases 

são das poucas enzimas descritas na literatura como sendo capazes de 

degradar corantes sintéticos. O objectivo desta dissertação foi estudar as 

propriedades e mecanismos enzimáticos, e a toxicidade dos produtos de 

degradação dos corantes de forma a estabelecer sistemas multi-enzimáticos 

eficazes para remover corantes sintéticos do meio ambiente. Uma estirpe 

bacteriana nova, Pseudomonas putida MET94, foi seleccionada pela sua 

demonstrada capacidade de descolorar, a um nível considerável, corantes 

sintéticos do tipo azo. A P. putida é uma bactéria ubíqua envolvida em 
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diversas actividades metabólicas no meio ambiente, incluíndo, sequestrar 

elementos nocivos poluentes biogénicos e xenobióticos do meio ambiente, 

degradá-los e libertá-los novamente para o meio ambiente. Estudámos a 

fisiologia dos processos de descoloração de corantes sintéticos em células 

em crescimento e em células inteiras (em fase estacionária) da estirpe P. 

putida MET94. Sistemas de células inteiras foram testados e optimizados 

não só para a redução de moléculas de corantes simples individualmente, 

mas também para a degradação de misturas-modelo de corantes com elevada 

força iónica que mimitizam efluentes reais produzidos durante os processos 

de tingimento de algodão e de lã. Mostrámos que o sistema P. putida, é 

altamente competente na degradação biológica de modelos de águas 

residuais contaminadas com corantes. O envolvimento de uma azoreductase 

no processo de descoloração foi sugerido por rastreamento in silico usando o 

genoma da estirpe P. putida KT2440. Com o objectivo de analisar em maior 

pormenor o sistema de descoloração bacteriano, clonámos e expressámos o 

gene que codifica para a azoreductase em Escherichia coli e produzimos, 

purificámos e caracterizámos ao nível espectroscópico, cinético e estrutural a 

enzima recombinante. A azoreductase de P. putida (PpAzoR) mostrou ser 

uma oxidoreductase homodimérica de 40 kDa, dependente de FMN e de 

NAD(P)H, mostrando uma especifidade alargada para diferentes tipos de 

corantes azóicos em condições de anaerobiose, revelando um mecanismo 

reaccional ping-pong bi-bi. A enzima PpAzoR revelou também ser capaz de 

usar várias quinonas e O2 como substratos oxidantes. O papel biológico desta 

enzima deverá estar maioritariamente relacionado com uma função 

protectora genérica contra o stress oxidativo causado, por exemplo, por 

substâncias como as quinonas. A estrutura de cristal por raios-X da enzima 

foi obtida em colaboração com a Unidade de Cristalografia do ITQB, e 

revelou que a forma monomérica da proteína adopta um enrolamento do tipo 

flavodoxina com folhas β centrais enroladas formadas for 5 filamentos β 

ligados por hélices α. Usando a técnica de cromatografia líquida de elevada 
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performance (HPLC), os produtos de degradação resultantes da acção 

enzimática da PpAzoR revelaram ser aminas aromáticas. Numa tentativa de 

estabelecer e desenvolver um sistema de descoloração enzimática, avaliámos 

a toxicidade dos corantes e dos produtos de degradação, quantificando a 

inibição do crescimento da levedura Saccharomyces cerevisiae e inibição de 

reprodução do nemátode Caenorhabditis elegans. Os resultados mostraram 

que, para a maioria dos corantes testados, os produtos de degradação 

enzimática, eram cerca de 2 a 3 vezes mais tóxicos que o corante inicial. 

Desta forma, às misturas reaccionais com a enzima PpAzoR, decidimos 

adicionar uma outra enzima muito bem estudada no nosso laboratório com 

capacidade comprovada na oxidação de compostos aromáticos, a CotA-

lacase. Esta sequência resultou num decréscimo significativo dos valores de 

toxicidade finais. Como consequência, construímos uma estirpe 

recombinante de E. coli a co-expressar os genes ppAzoR e cotA e usámos 

células inteiras deste sistema para tratar modelos de águas resisuais 

contaminadas com corantes. Usando este sistema, obtivémos níveis de 

descoloração acima de 80% e níveis de destoxificação acima dos 50%. Os 

elevados atributos desta estirpe “engenheirada” tornam-na numa promissora 

candidata para descolorar e destoxificar efluentes contaminados com 

corantes. 

Numa segunda etapa do meu Doutoramento, endereçámos a clonagem, 

purificação e caracterização de duas novas peroxidases capazes de 

descolorar corantes (“dye-decolourising peroxidases”, DyPs), uma da 

bactéria do solo Bacillus subtilis (BsDyP) e a outra da bactéria P. putida 

MET94 (PpDyP). As DyPs são peroxidases hémicas que pertencem a uma 

nova família de peroxidases microbianas. Estas enzimas são conhecidas pela 

sua capacidade de degradar uma grande variedade de substratos diferentes, 

incluíndo corantes sintéticos de elevado potencial de oxidação-redução. As 

DyPs apresentam uma sequência primária, estrutura tridimensional e 

características mecanísticas aparentemente distintas das outras peroxidases 
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clássicas. As DyPs foram classificadas em 4 subfamílias filogeneticamente 

distintas, sendo que as enzimas bacterianas constituem as subfamílias A a C 

e as enzimas fúngicas pertencem à subfamília D. Os genes que codificam  

para as enzimas BsDyP e PpDyP, pertencentes à subfamília A e B, 

respectivamente, foram clonados e heterologamente expressos em E. coli. A 

proteína BsDyP purificada revelou ser um monómero de 48 kDa com 

temperatura óptima entre 20 e 30°C, enquanto que a proteína PpDyP é um 

homotetrâmetro com 120 kDa e com um perfil de temperatura particular e 

abrangente desde 10 a 30°C. Os resultados revelaram que as duas enzimas 

apresentam propriedades espectroscópicas, cinéticas e de estabilidade, 

distintas. A PpDyP apresenta actividades catalíticas mais elevadas e é capaz 

de oxidar uma maior variedade de substratos incluíndo corantes 

antraquinónicos e azóicos, unidades fenólicas e não-fenólicas da lenhina e 

ainda iões ferro e manganês, mostrando o seu potencial para aplicações 

industriais. Existem resultados contraditórios no que respeita ao papel dos 

resíduos distais na catálise das DyPs de diferentes origens, sendo necessário 

recolher mais dados acerca das propriedades termodinâmicas e cinéticas 

destas enzimas, para estabelecer quais são os determinantes estruturais no 

mecanismo catalítico das DyPs. Foram assim estudados os determinantes 

estruturais para actividade das proteínas BsDyP e PpDyP. Para tal, 

substituímos os resíduos distais destas enzimas (Asp, Arg, Asn) por técnicas 

de mutagénese dirigida e estudámos o impacto destas mutações ao nível 

estrutural, cinético e potencial de oxidação-redução usando uma combinação 

de técnicas cinéticas, espectroscópicas e electroquímicas. No caso da enzima 

BsDyP, os nossos resultados indicam que nenhum dos resíduos estudados é 

individualmente indispensável para promover a (des)protonação do peróxido 

de hidrogénio e a clivagem do grupo peróxido. Em contraste, no caso da 

proteína PpDyP, os nossos resultados apontam para a importância da 

arginina distal no mecanismo catalítico, tal como anteriormente observado 

com outras proteínas da subfamília B, mas não em DyPs das subfamílias A e 
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D. Estes resultados mostram claramente, ser necessário uma caracterização 

mais aprofundada de mais membros da superfamília das DyP-peroxidases, 

para que exista um conhecimento alargado acerca dos determinantes 

moleculares do mecanismo catalítico das DyPs. Esta informação, é essencial 

à exploração deste tipo de peroxidases DyP com vista à sua aplicação 

biotecnológica. 

Em suma, é esperado que a utilização de azoreductases, lacases e “dye-

decolourising” peroxidases seja uma solução favorável para a descoloração e 

destoxificação de efluentes contaminados com corantes e assim contribuir 

para a criação de uma economia circular para a valorização de recursos.   
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Thesis outline 

The diversity and complexity of synthetic dyes mixtures present in dye-

containing effluents poses serious problems on the design of technically 

feasible and cost-effective treatment methods. The characterization of 

enzymes that make a discernible contribution to the degradation of synthetic 

dyes paves the way for the improvement of multi-enzymatic systems, 

through protein engineering strategies, to maximize their biodegradation, 

biotransformation and also valorization potential. Therefore in this thesis we 

have studied enzymes that are known to be involved in degradation of 

synthetic dyes: the azoreductase PpAzoR from P. putida MET 94, the CotA-

laccase from B. subtilis and the dye-decolourising peroxidases PpDyP from 

P. putida MET94 and BsDyP from B. subtilis.  

This Doctoral Thesis is composed by six chapters. 

In Chapter 1 the state of the art on dyes and their degradation methods and 

mechanisms is presented.   

In Chapter 2 we have focused in i) the screening for dye decolourisation 

using a collection of 48 bacterial strains and the selection of Pseudomonas 

putida MET94 strain on the basis of its superior ability to degrade dyes with 

high efficiency; ii) the cloning, expression, production and kinetic and 

structural characterization of a potential enzyme responsible for 

decolourisation activity in the strain P. putida MET94, the azoreductase 

PpAzoR. 

In Chapter 3 the set-up of a multi-enzymatic system for the decolourisation 

and detoxification of dye-containing effluents is described. The toxicity of 

aromatic amines produced after enzymatic treatment with PpAzoR is in most 

cases superior to the toxicity of the initial dye compounds. We show that 

addition of CotA-laccase to the final reaction mixtures treated with PpAzoR 

resulted in a decreased toxicity. Therefore, this sequential enzymatic system 

was tested with three model wastewater baths that were designed to mimic 
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real dye-containing wastewaters. Finally, an E. coli strain co-producing both 

PpAzoR and CotA-laccase enzymes was constructed, and a whole-cell 

system was developed for decolourisation and detoxification of the model 

dye-containing wastewater baths. 

In Chapter 4 the study of bacterial dye-decolourising peroxidases (DyP-type) 

was addressed. We have performed the cloning, expression, production, 

purification and characterization of two new bacterial DyPs: one from P. 

putida MET94 (PpDyP) and the other from B. subtilis (BsDyP). The results 

show that the two enzymes have distinct spectroscopic, kinetic and stability 

properties. The B subfamily PpDyP, is a more versatile and in general, a 

more active biocatalyst, than BsDyP from subfamily A. The spectroscopic 

data suggested distinct haem microenvironments in the two enzymes that 

might account for the distinct catalytic behavior.  

In Chapter 5 we describe the structure-function relationship studies intended 

to elucidate the molecular determinants that govern the catalytic mechanisms 

of the DyPs. We have engineered the distal residues of both A-type BsDyP 

(Chapter 5.1) and B-type PpDyP (Chapter 5.2) and used a set of 

complementary experimental approaches that involve fast kinetic (stopped 

flow), vibrational and UV-Vis spectroscopy, electrochemistry and steady 

state kinetics to probe catalytic intermediates, thermodynamic and structural 

properties and catalytic efficiency of the variants towards different 

substrates. We showed that in BsDyP none of the distal residues was 

individually essential for the catalytic activity, while in PpDyP, the results 

pointed to the importance of the distal arginine in the catalytic mechanism. 

Finally, in Chapter 6, the major findings of the previous chapters are 

organized and discussed and suggestions for future work are given.
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Introduction 

 

Environmental pollution is one of the major and most important problems of 

the modern world. In order to fulfill the needs and demands of the 

overgrowing human population, developments in agriculture, medicine, 

energy sources, and all chemical industries are necessary (Ali 2010). Over 

the last century, the increased industrialization and continued population 

growth led to an augmented production of environmental pollutants that are 

released into air, water, and soil, with significant impact in the degradation 

of various ecosystems (Ali 2010, Khan et al. 2013). Xenobiotics are 

characterized as non-natural compounds foreign to specific ecological 

systems at unusually high concentrations (Kandelbauer & Guebitz 2005, 

Varsha et al. 2011). The potential health hazard of xenobiotics is a function 

of its persistence and toxicity in the environment. Munitions waste, 

pesticides, organochlorides, polychlorinated biphenyls, polycyclic aromatic 

hydrocarbons, wood preservatives, synthetic polymers and synthetic dyes are 

recalcitrant compounds that mostly contribute to environmental pollution 

(Ali 2010).  

Synthetic dyes 

Synthetic dyes are compounds widely used in various industries such as 

textile, leather, tannery, paper and pulp, colour photography, food, 

pharmaceutical, and cosmetic. There are more than 100,000 commercially 

available dyes and over 7 × 105 tons of dye-stuff are produced annually 

(Robinson et al. 2001, Ali 2010, Khan et al. 2013). A dye can generally be 

described as a coloured substance that absorbs in the visible range of the 

electromagnetic spectrum at a certain wavelength. Dyes are classified 

according to their chemical structure and application (Table 1.1). They are 

composed of a group of atoms responsible for the dye colour, called 
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chromophores, as well as electron withdrawing or donating substituents that 

cause or intensify the colour of the chromophores, called auxochromes. 

Common chromophores include azo (–N=N–), carbonyl (–C=O), methane  

(–CH=), nitroso (NO or N–OH), nitro (–NO2 or NO–OH), and sulphur 

(C=S). The most important auxochromes include amine (–NH3), carboxyl   

(–COOH), sulfonate (–SO3H) and hydroxyl (–OH) (dos Santos et al. 2007, 

Pereira & Alves 2012). These auxochromes can belong to the classes of 

reactive, acid, direct, basic, disperse, or mordant dyes, among others 

(Rodriguez-Couto 2009). Additionally, dyes are composed by an aromatic 

structure, typically benzene, naphthalene or an anthracene ring, called 

chromogen.  

Azo dyes that are characterized by the presence of one or more azo bonds       

–N=N– show considerable structural diversity (more than 3000 different 

varieties (Fig. 1.1)) and account for the majority of all textile dyestuff 

produced (around 70 %) since these colourants are simpler and more cost 

effective to synthesize in comparison to other dyes and encompass a wide 

variety of colours compared to natural dyes (Chengalroyen & Dabbs 2013). 

It has been estimated that more than 10-15 % of the total dyestuff used in 

dye manufacturing and textile industry (the largest consumer of dyestuffs) is 

released into the environment during their synthesis and dyeing processes 

(Rai et al. 2005, Sarayu & Sandhya 2012). The complex chemical structures 

presented by dye molecules are designed to resist fading on exposure to 

light, temperature or chemical attack rendering them highly recalcitrant to 

degradation. The release of these compounds into effluents, even at 

concentrations lower than 1 mg/L, causes abnormal colouration of surface 

waters capturing the attention of both the public and the authorities and 

causing serious environmental and health hazards (Rai et al. 2005, Rodriguez 

Couto 2009, Ali 2010, Sarayu & Sandhya 2012, Khan et al. 2013). 
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Table 1.1. Classes, chemical types and applications of dyes adapted from (Husain 

2006). 

 

Class Chemical types Applications 

Acid 
Azo, nitro and nitroso, 

triphenylmethane, azine, xanthene 

Nylon, wool, silk, 

paper, inks, leather 

Basic 
Azo, cyanine, azine, triarylmethane, 

acridine, oxazine, anthraquinone 

Paper, nylon, polyester, 

inks 

Direct Azo, phthalocyanine, stilbene, oxazine 
Cotton, rayon, paper, 

leather, nylon 

Disperse Azo, anthraquinone, nitro 
Polyester, polyamide, 

acrylic, plastics 

Mordant Azo, anthraquinone Wool, leather 

Reactive Azo, anthraquinone, phthalocyanine 
Cotton, wool, silk, 

nylon 

 

 

Figure 1.1 

Representative chemical structures of synthetic azo dyes. 
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In fact, apart from the aesthetic problems, the greatest environmental 

concern with the dye-containing effluents is their absorption and reflection 

of the sunlight entering the water, affecting severely the photosynthetic 

activity which leads to a decrease in dissolved oxygen concentration and 

water quality, which can result in acute toxic effects on aquatic flora and 

fauna (Pearce et al. 2003, Rodriguez Couto 2009, Ali 2010, Saratale et al. 

2011, Khan et al. 2013). In addition, many synthetic dyes and their 

metabolites are toxic, carcinogenic or mutagenic, leading to potential health 

hazard to humankind due to possible accumulation in the food chain (Rai et 

al. 2005, Khan et al. 2013). Health disorders such as nausea, hemorrhage, 

ulceration of skin and mucous membranes, kidney, reproductive system, 

liver, brain, and central nervous system damages, constitute some of the 

harsh side effects that have been reported (Sarayu & Sandhya 2012). Thus, it 

is clear that dye-containing wastewaters must be treated prior to their 

discharge into natural environments. 

 

Traditional physico-chemical methods of dye removal from dye-

containing wastewaters 

In recent years, a great need to develop economic and effective treatment 

processes of dyeing waste have been required considering the ever-

increasing production activities. Government legislation is becoming more 

and more stringent, especially in developed countries, regarding the 

environmental control of dyes present in wastewaters. Therefore a wide 

range of methods has been developed with this purpose (Forgacs et al. 2004).  

Traditionally, the removal of dyes from effluents have been performed 

through the application of physico-chemical processes (Rodriguez-Couto 

2009) (Fig. 1.2). 
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Figure 1.2 

Physico-chemical and biological treatment methods for  

the removal of dyes from dye-containing wastewaters.  

Adapted from (Saratale et al. 2011). 

 

 

 

Oxidative processes are the most commonly used methods for 

decolourisation due to the simplicity of their application. These methods 

enable the destruction or decomposition of dye molecules by using oxidizing 

agents, such as ozone (O3), hydrogen peroxide (H2O2) and permanganate 

(MnO4).  Among these, ozonation was found to be very efficient for the 

decolourisation of synthetic dyes. This method uses the highly unstable O3 as 

oxidizing agent and shows as an advantage the unaltered volume of reaction 

mixture due to its gaseous state. However, the short half-life of O3 (20 min) 

in addition to its ineffectiveness towards disperse dyes and its high cost, 

constitute the major drawbacks for its applicability (Robinson et al. 2001, 

Forgacs et al. 2004, Anjaneyulu et al. 2005, dos Santos et al. 2007, Saratale 

et al. 2011). The Fenton reaction, in which H2O2 is added to an acidic 

solution (pH 2-3) containing Fe2+ ions resulting in the production of free 

hydroxyl radicals (Fe2+ + H2O2  Fe3+ + HO + HO-) has been applied for 

colour removal. In comparison with ozonation, this method is cost-effective, 

however it generates high quantities of sludge (Robinson et al. 2001, dos 



Introduction | 8 

 

Santos et al. 2007). The use of sodium hypochloride (NaOCl) initiates and 

accelerates the azo bond cleavage, however, it results in the generation of 

aromatic amines and undesired high concentrations of chlorine (Cl) (Slokar 

& Le Marechal 1997). The photochemical methods degrade dye molecules 

to CO2 and H2O by UV treatment in the presence of H2O2, with the 

concomitant production of high concentrations of hydroxyl radicals; the 

H2O2 photolysis follows the reaction: H2O2 + UV  HO∙ + HO∙ but leads to 

a low efficiency in colour removal especially for highly coloured 

wastewaters (de Moraes et al. 2000). Noteworthy, more than 95% 

decolourisation is achieved using this method in the treatment of reactive, 

basic, acid and direct dyes at pH 5, but low decolourisation yields were 

achieved for disperse dyes (Yang et al. 1998). The application of electrolysis 

is also a powerful technique very effective in destroying organic compounds 

and producing non-hazardous products. The principle relies on the 

application of an electric current to an electrochemical cell resulting in a 

reduction/oxidation process. However, its application is limited by its 

relatively high costs (Pereira & Alves 2012). Dyes can be removed from 

effluents through separation processes such as filtration, 

coagulation/flocculation or adsorption (Fig. 1.2). In the textile industry, the 

use of membrane filtration provides interesting possibilities for the 

separation of dyestuff and dyeing auxiliares. This method, depending on the 

pore size and molecular weight cutoffs, encompasses ultrafiltration (1 000-

100 000 MWCO), nanofiltration (500-15 000 MWCO) and reverse osmosis 

(<1000 MWCO) (Porter 1997). The selection of the type and porosity of the 

filter depends on the chemical composition of the wastewater and the 

specific temperature required for the process. However, membranes show as 

limitations, high investment costs, potential membrane fouling and the 

production of a concentrated dyebath which needs further treatment (dos 

Santos et al. 2007). Coagulation/flocculation of dyes are mainly effective 

for the removal of disperse dyes, but are inappropriate for acid, direct or 
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reactive dyes. These methods consist in the destabilization of electrostatic 

interactions that exist between dye molecules and water through the addition 

of a coagulant. Noteworthy, that are some reports in literature showing 

decolourisation levels above 90% employing Al2SO4, FeCl3, MgSO4, MnCl2, 

as coagulants (Hsu et al. 1998, Venkat et al. 1999, Tan et al. 2000). 

Flocculation reagents are synthetic polymers with a linear structure that used 

along with chemicals such as aluminium sulphate, ferrous and ferric 

sulphate, ferric chloride, copper sulphate, allows for colour removal which is 

accomplished by aggregation/precipitation and sorption of colouring 

substances onto the polynuclear coagulant species and hydrated flocks 

(Alinsafi et al. 2005). However, in addition to the low colour removal 

efficiency, the large amount of sludge produced limits the application of this 

technique (Saratale et al. 2011). Adsorption methods for colour removal are 

based on the high affinity of dyes for diverse adsorbent materials. The 

selection of an adsorbent is based not only in the affinity for target 

compounds but also on the possibility for its regeneration. The use of 

activated carbon is by far, the most commonly used method with confirmed 

success for removal of mordant and acid dyes and lower effectiveness for 

disperse, direct and reactive dyes (Robinson et al. 2001). However, activated 

carbon has to be regenerated offsite and is relatively expensive. To make the 

process economically feasible, some efforts on low-cost adsorbents 

materials, like peat, bentonite clay, fly ash, polymeric resins, ion exchangers, 

and many biological materials, such as corn/maize cobs, maize stalks, and 

wheat straw, were reported (El-Geundi & Aly 1992, Ho & Mckay 1998, 

Janos et al. 2003, Wang et al. 2005, Hu & Qiao 2006). However, the 

practical application of these adsorbents has been limited by problems 

associated with their regeneration or disposal, high sludge production, long 

contact time and low adsorption capacity (Gupta & Suhas 2009).  

Overall the current physico-chemical methods available for the treatment of 

dye-containing effluents, are not completely satisfactory due to high costs, 
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formation of hazardous by-products or intensive energy or chemical 

requirements (Stolz 2001, Husain 2006). This reinforced the interest in the 

use of biological systems for the treatment of dye-containing wastewaters 

(Stolz 2001). Therefore, microbial or enzymatic decolourisation and 

degradation become very attractive alternatives to physico-chemical 

processes as they produce less sluge, are eco-friendly and cost-competitive 

(Rai et al. 2005, Saratale et al. 2011, Leelakriangsak 2013).  

 

Biological degradation methods of dye removal from dye-containing 

wastewaters: microorganisms and enzymatic systems 

The use of microorganisms and their enzymatic systems (Fig. 1.2) for the 

removal of synthetic dyes from industrial effluents offers considerable 

advantages. The process set-up and the running costs are relatively 

inexpensive, thus biodegradation is a promising approach for the remediation 

of dye-containing wastewaters (Forgacs et al. 2004, Pandey et al. 2007, Ali 

2010). Biological methods involve the utilization of fungi, algae, yeast or 

bacteria that are able to decolourise and even completely mineralize 

synthetic dyes under selected environmental conditions (Pandey et al. 2007, 

Sarayu & Sandhya 2012). Azoreductases, laccases and peroxidases are 

reported as the mainly responsible enzymes for dye decolourisation in 

microbial cells (Kandelbauer & Guebitz 2005).  

White-rot fungi represents the group of microorganisms that seems to be the 

most efficient in the degradation of complex aromatic dyes (Pointing 2001). 

Fungal cultures such as Trametes versicolor (Yemendzhiev et al. 2009), 

Trametes hirsute, Marasmius sp. (Jadhav et al. 2010), Phanerochaete 

chrysosporium (Ghasemi et al. 2010), Bjerkandera adusta (Anastasi et al. 

2011), Aspergilus niger (Ali et al. 2009) are able to decolourise dyes at 

levels above 90%. Fungi decolourisation capacity is attributed to the 
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unspecific nature of their extracellular ligninolytic oxidoreductive degrading 

enzymatic systems, such as peroxidases (lignin peroxidase (LiP), manganese 

peroxidase (MnP) and versatile peroxidase (VP)) and laccases (Kandelbauer 

& Guebitz 2005, Rodriguez Couto 2009). However, the long growth cycle 

and time for complete decolourisation constitute the major impairments for 

their utilization as decolourisation agents (Khan et al. 2013).  

Microalgae are also suitable for the bioremediation of coloured wastewaters 

(Solís et al. 2012). Microalgae such as Spirogyra sp. (Mohan et al. 2008), 

Chlorella vulgaris, Chlorella ellipsoidea, Chlorella kessleri, Scenedesmus 

bijuga, Scenedesmus bijugatus and Scenedesmus obliquus (Omar 2008) were 

reported to possess azoreductases and other oxidative enzymes responsible 

for the decolourisation of dyes. Yeast strains showing high growth rates and 

ability to resist unfavourable environments are also good candidates for 

decolourisation purposes (Ali 2010, Solís et al. 2012, Khan et al. 2013). Dye 

degradation processes have been associated with the yeast growth 

metabolism and are thus dependent on the presence of glucose or other easily 

metabolized carbon and energy source (Lucas et al. 2006, Yang et al. 2008). 

The presence of azo dyes induces the production of oxidoreductases such as 

MnP, azoreductases and laccases and, some yeast strains such as 

Trichosporon beigelii (Saratale et al. 2009), Galactomyces geotrichum 

(Jadhav et al. 2008), Candida krusei and Pseudozyma rugulosa (Yu & Wen 

2005), have been reported as capable of degrading dyes at considerable 

levels. 

Bacteria are the most frequently applied microorganisms for the 

bioremediation of textile effluents since they are easy to cultivate and grow 

rapidly under aerobic or anaerobic conditions. A few strains are able to grow 

at extreme conditions of salinity, pH and temperature (Solís et al. 2012). It 

has been reported that mixed cultures are particularly useful for dye 

decolourisation purposes under anaerobic conditions (Bras et al. 2001, 

Pearce et al. 2003). However, their study can only provide an average 
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microscopic view of what is happening in the system, and the results are 

often not reproducible leading to difficulties in the interpretation of the 

results (Pearce et al. 2003). Efforts to isolate pure bacterial cultures capable 

of degrading azo dyes started in the 1970s with reports of Aeromonas 

hydrophila (Idaka et al. 1978), B. cereus (Horitsu et al. 1977) and B. subtilis 

(Wuhrmann et al. 1980) strains. The use of a pure culture system ensures not 

only better interpretation of experimental observations, but also allows to 

assess detailed mechanisms of biodegradation using biochemistry and 

molecular biology tools, and this information can be useful to regulate and 

improve the enzymatic systems involved (Pearce et al. 2003). Therefore, in 

recent years, there has been an increased interest in the isolation of good 

decolourising species, especially bacteria, either in pure cultures or in 

consortia of known composition, for the treatment of dye containing 

wastewaters from several different locations (Table 1.2). In general, the 

mechanism of microbial degradation of azo dyes involves the reductive 

cleavage of azo bonds (–N=N–) with the help of NAD(P)H-dependent 

azoreductases under anaerobic conditions. Most azo dyes have sulphonated 

substituent groups and a relative high molecular weight and are unlikely to 

pass through cell membranes. Therefore, the reducing activity is not likely 

dependent on their intracellular uptake. One hypothesis involves the 

reduction of azo dyes in the extra-cellular environment using NAD(P)H-

dependent azoreductases localized in the outer membrane of the bacterial 

cells (in the case of gram-negative bacteria) (Fig. 1.3) (Pearce et al. 2003). 

Low molecular weight redox mediators compounds can act as electron 

shuttles between the azo dye and the azoreductase. These mediator 

compounds can be either formed during the bacterial metabolism or can be 

exogenously provided (Russ et al. 2000). 
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Table 1.2. Bacterial strains capable of dye decolourisation. 

Strain Location Reference 

Bacillus sp. SF, 

Pseudomonas sp. SUK1  

Wastewater drain of a 

textile finishing industry 

(Maier et al. 2004, 

Kalyani et al. 2009) 

Xenophilus azovorans 

KF46F, Pigmentiphaga 

kullae K24 

Soil after a prolonged 

enrichment with carboxy-

Orange II or carboxy-

Orange I as sources of 

carbon and energy 

(Blümel et al. 2002, 

Bürger & Stolz 2010, 

Zimmermann et al. 1982, 

Blümel & Stolz 2003) 

Pseudomonas 

aeruginosa 
Soil near a tannery site  

(Nachiyar & Rajakumar 

2005) 

Enterobacter 

agglomerans 
Dye-contaminated sludge 

(Moutaouakkil et al. 

2003) 

Pseudomonas luteola 

Activated-sludge system 

utilized to treat wastewater 

from a dyeing factory 

(Chang et al. 2001, 

Hsueh & Chen 2007) 

Shewanella 

decolorationis S12 

Activated-sludge of textile-

printing wastewaters  

(Hong et al. 2007) 

Bacillus latrosporus 

RRK1 

Municipal wastewater 

treatment plant 

(Sandhya et al. 2008) 

Aquiflexum sp. DL6, 

Bacillus badius 

Alkaline Crater Lake of 

Lonar 

(Misal et al. 2013, Misal 

et al. 2011) 

Aeromonas hydrophila Fountain springs (Hsueh et al. 2009) 

Bacillus velezensis 
Effluent of a textile 

industry 

(Bafana et al. 2008a) 

Bacillus sp. strain B29, 

Bacillus sp. strain OY1-

2 

Soil 

(Ooi et al. 2009, Ooi et 

al. 2007, Suzuki et al. 

2001) 
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Strain Location Reference 

Shewanella strain J18 

143, Bacillus 

thuringiensis; 

Pseudomonas sp. SU-

EBT 

Soil contaminated with textile 

wastewaters 

(Pearce et al. 

2006, Dave & 

Dave 2009, 

Telke et al. 

2010) 

Lactobacillus casei 

TISTR 1500 

Soil samples from dairy wastewaters 

treatment plants and from dairy food 

industries 

(Seesuriyachan 

et al. 2007) 

Brevibacillus 

laterosporus TISTR1911 

Sediments collected near a 

wastewater effluent outlet of a local 

cotton textile factory 

(Lang et al. 

2013) 

Lysinibacillus 

sphaericus 
Wastewaters of a textile industry 

Misal et al. 

2014) 

Rhodobacter 

sphaeroides AS1.1737, 

Caulobacter 

subvibrioides strain C7-

D 

Bacterial collections 

(Bin et al. 2004, 

Mazumder et al. 

1999) 

 

 

The degradation using these systems involves the transfer of four-electrons 

(reducing equivalents) to the azo linkage, in two stages, resulting in the 

reduction of the chromophore and formation of colourless solutions 

containing aromatic amines (Fig. 1.3) (van der Zee & Villaverde 2005, dos 

Santos et al. 2007, Saratale et al. 2011). Aromatic amines are the products of 

azoreductases reactions. These compounds are biorefractory and highly toxic 

because they can react easily in the blood to convert haemoglobin into 

methaemoglobin, thereby preventing oxygen uptake (Isik & Sponza 2007). 

 

Table 1.2 (Cont.). Bacterial strains capable of dye decolourisation. 
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Figure 1.3 

Proposed mechanism for reduction of  

azo dyes by whole bacterial cells.  

Adapted from (dos Santos et al. 2007) 

 

 

Aromatic amines are difficult to remove via traditional wastewater 

treatments and inevitably tend to be persistent because they are usually not 

further metabolized under anaerobic conditions (Chen et al. 2009, 

Kandelbauer & Guebitz 2005, Khan et al. 2013, Stolz 2001). Further 

mineralization of these compounds has been reported to occur only under 

aerobic conditions (Mendez-Paz et al. 2005). Therefore the combination of 

the anaerobic cleavage of the azo dyes with an aerobic treatment system has 

successfully been implemented (Gonçalves et al. 2005, van der Zee & 

Villaverde 2005, Lourenço et al. 2006).  

Only few reports of aerobic decolourisation are available in the literature in 

contrast to the wide range of organisms that are able to reduce azo 

compounds under anaerobic conditions (Stolz 2001). In fact, oxygen has 
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been often reported to inhibit the azo bond reduction activity. Aerobic 

respiration dominate the utilization of NAD(P)H, which are also electron 

donors of azoreductases (Pearce et al. 2003, Saratale et al. 2011, Solís et al. 

2012). However in the past few years, several bacterial strains that can 

decolourise azo dyes in the presence of O2 were isolated (Table 1.3); in 

particular, Xenophilus azovorans KF46 and Pigmentiphaga kullae K24 were 

reported to have the ability to grow aerobically on azo compounds as the 

sole carbon source (Table 1.3) (Blümel et al. 2001a; Blümel et al. 2001b). 

 

Table 1.3. Various aerobic bacteria capable of dye decolourisation adapted from 

(Sarayu & Sandhya 2012, Khan et al. 2013). 

 

Azo dye Microorganisms Reference 

Acid orange 7 
Enterobacter sp., Pseudomonas 

sp., Morganella sp. 

(Barragán et al. 2007) 

Acid yellow Pseudomonas fluorescens (Pandey et al. 2007) 

Direct black 38 Enterococcus gallinarum (Bafana et al. 2008) 

Methyl red 

Vibrio logei, Pseudomonas sp., 

Bacillus sp., Enterococcus 

faecalis, Klebsiella pneumonia 

RS-1 

(Wong & Yuen 1996, 

Suzuki et al. 2001, Chen et 

al. 2003, Adedayo et al. 

2004) 

Orange I Pigmentiphage kullae K24 (Blümel et al. 2001b) 

Orange II 

Xenophilus azovorans KF46, 

Geobacillus stearothermophilus 

UCP 986  

(Blümel et al. 2001a, 

Evangelista-Barreto et al. 

2009) 

Reactive black 5 

Halomonas sp., Klebsiella sp., 

Shewanella putrefaciens, 

Aeromonas hydrophila 

(Asad et al. 2007, Khalid et 

al. 2008, Elizalde-Gonzalez 

et al. 2009, Hsueh et al. 

2009) 
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Interestingly, azoreductases are involved in site-specific delivery of azo pro-

drugs, which are therapeutically inactive in their intact form and rely on azo 

reduction by azoreductases of intestinal microflora for activation (Liu et al. 

2009; Ryan et al. 2010; Wang et al. 2007). Sulfasalazine, balsalazide and 

olsalazine constitute some of the pro-drugs used to treat inflammatory bowel 

disease (IBD) (Wang et al. 2007). These pro-drugs are most commonly used 

in the treatment of IBD and have been developed with the aim of delivering 

the active anti-inflammatory agent 5-aminosalicylic acid (5-ASA) at the site 

of action being reductively cleaved in situ (Hanauer 1996).  

In conclusion, enzymatic systems are particularly sought for the treatment of 

dye-containing effluents mainly because of their specificity and relatively 

ease of engineering towards improved robustness; enzymes only attack the 

dye molecules, while valuable dyeing additives or fibers are kept intact and 

can potentially be re-used (Kandelbauer & Guebitz 2005). Likewise, new 

recycling technologies will allow the reduction of enormous water 

consumption in the textile finishing industry. Importantly, although dye 

molecules display high structural variety, they are only degraded by few 

enzymes that share common mechanistic features as they all catalyse redox 

reactions exhibiting relatively wide substrates specificities.  

 

Azoreductases 

Azoreductases is the generic name given to enzymes involved in the 

reduction of azo bonds. The vast majority of azoreductases are FMN or FAD 

dependent oxidoreductases that require either NADH or NADPH as electron 

donors (Table 1.4) (Stolz 2001, Blümel & Stolz 2003, Chengalroyen & 

Dabbs 2013, Khan et al. 2013).  

Flavin-dependent enzymes were identified in several microorganisms such 

as Rhodobacter sphaeroides, Enterococcus faecalis, Bacillus sp. SF, 

Pseudomonas aeruginosa, E. coli, Bacillus sp. OY1-2, Staphylococcus 
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aureus, Geobacillus staerothermophilus, Clostridium perfringens and 

Brevibacillus laterosporus TISTR1911 (Bin et al. 2004, Chen et al. 2005, 

Chen et al. 2004, Lang et al. 2013, Maier et al. 2004, Matsumoto et al. 2010, 

Morrison et al. 2012, Nachiyar & Rajakumar 2005; Nakanishi et al. 2001, 

Suzuki et al. 2001). Flavin-free azoreductases were also identified in 

Pigmentiphaga kullae K24 and Xenophilus azovorans KF46F (Blümel et al. 

2002, Bürger & Stolz 2010, Chen et al. 2010a), and more recently in 

Lysinibacillus sphaericus (Misal et al. 2014). Most of these azoreductase 

were heterologously produced in Escherichia coli and kinetically and 

biochemically characterized (Table 1.4). Azoreductases can be broadly 

divided into two groups depending on oxygen sensitivity. Those from 

Enterococcus faecalis (Chen et al. 2004, Chen et al. 2008), Pigmentiphaga 

kullae (Blümel & Stolz 2003), Rhodobacter sphaeroides (Bin et al. 2004, 

Liu et al. 2007a), Xenophilus azovorans (Blümel et al. 2002), Bacillus sp. 

OY1-2 (Suzuki et al. 2001), Escherichia coli (Nakanishi et al. 2001), 

Pseudomonas aeruginosa (Nachiyar & Rajakumar 2005, Wang et al. 2007) 

have been shown to decolourise azo dyes in the presence of oxygen while 

enzymes from Pseudomonas luteola (Chang et al. 2001) and Bacillus sp. 

Strain SF (Maier et al. 2004) degrade azo dyes only under anoxic conditions. 

The flavin-dependent enzymes reduce azo compounds through a mechanism 

ping-pong bi bi that requires two cycles of NAD(P)H-dependent reduction, 

reducing the azo substrates to hydrazines in the first cycle and the hydrazines 

to two aromatic amines in the second cycle (Bin et al. 2004, Blümel et al. 

2002, Deller et al. 2008, Ryan et al. 2010) (Fig. 1.4). 

 



 

Chapter 1 | 19 

 

Table 1.4. Bacteria containing genes coding for azoreductases and characteristics of recombinant azoreductases in Escherichia coli. Adapted 

from (Leelakriangsak 2013). 

Bacteria Gene Molecular mass (kDa) Cofactor(s) Reference 

Bacillus sp. B29 azrA 48 (dimer) FMN, NADH (Ooi et al. 2007) 

 azrB 48 (dimer) FMN, NADH (Ooi et al. 2009) 

 azrC 48 (dimer) FMN, NADH (Ooi et al. 2009) 

Bacillus sp. OY1-2  20 NADPH (Suzuki et al. 2001) 

Bacillus subtilis yvaB (azoR2) 45 (dimer) NADH (Nishiya & Yamamoto 2007) 

 yhdA 76 (tetramer) FMN, NADPH (Deller et al. 2006) 

Brevibacillus laterosporus RRK1  58 NADH (Sandhya et al. 2008) 

Clostridium perfringens azoC 90 (tetramer) FAD, NADH (Morrison et al. 2012) 

Enterococcus faecalis azoA 43 (dimer) FMN, NADH (Chen et al. 2004) 

Enterococcus faecium acpD 23 NAD(P)H (Macwana et al. 2010) 

Escherichia coli acpD (azoR) 46 (dimer) FMN, NADH (Nakanishi et al. 2001) 

Geobacillus stearothermophilus azrG 23 (dimer) FMN, NADH (Matsumoto et al. 2010) 

Pigmentiphaga kullae K24 azoB 22 NADPH (Chen et al. 2010a) 

Pseudomonas aeruginosa paazor1 110 (tetramer) FMN, NAD(P)H (Wang et al. 2007) 

 paazor2 23 NADH (Ryan et al. 2010) 

 paazor3 26 NADH (Ryan et al. 2010) 

Xenophilus azovorans KF46F azoB 30 NADPH (Blümel et al. 2002) 
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Figure 1.4 

Mechanism for reduction of  

azo dyes by azoreductases. Adapted from (dos Santos et al. 2007) 

 

 

Four bacterial azoreductases have the three-dimensional structure solved: the 

azoreductases from E. coli (Protein Data Bank (PDB) code 2Z98) (Ito et al. 

2006), P. aeruginosa (PDB code 2V9C) (Wang et al. 2007), E. faecalis 

(PDB code 2HPV) (Liu et al. 2007b) and Salmonella typhimurium (PDB 

code 1T5B). The azoreductase structures adopt a flavodoxin-like fold (Fig. 

1.5), characterized by an open twisted α/β structure consisting of five parallel 

β stands (β1, β2, β3, β6 and β7) surrounded on both sides by a total of six 

helices (α1-α6). Helices α1 and α6 are located on one side of the β sheet, and 

helices α2, α3, α4 and α5 are located in the opposite side (Ito et al. 2006, 

Wang et al. 2007).  
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Figure 1.5 

Ribbon diagram of the P. aeruginosa azoreductase monomer. 

Each monomer contains one FMN, which is bound to the 

C-terminal end of the β-sheet. β-strands are shown in yellow, 

α-helices in red and loop regions are depicted in green. (Wang et al. 2007) 

 

 

The FMN prosthetic groups bind on the C-terminal end of the central β-sheet 

at the dimer interface (in the case of dimeric proteins). Each FMN cofactor 

binds non-covalently to both monomers; 15 hydrogen bonds are formed with 

one monomer, whereas hydrophobic contacts are made between both 

monomers. The isoalloxazine moiety of FMN interacts with residues 

involved in loops L7 and L11 of one monomer and and loop L3’ of the other 

monomer (Fig. 1.6) (Ito et al. 2006).  

Flavin-dependent azoreductases share strong similarities with regard to 

sequence, structure, and reaction mechanism with the larger family of flavin-

dependent quinone reductases that includes Lot6p from Saccharomyces 

cerevisiae and the mammalian NQO1 presenting quinone reductase activity 

(Deller et al. 2008). 
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Figure 1.6 

Overall structure of the azoreductase from Escherichia coli. 

Ribbon diagram of the homodimer of AzoR. The two subunits 

of a molecule are coloured yellow and green. The loops L7, L11 and L3’ 

containing the residues contacting with the isoaloxazine moiety of FMN 

are highlighted in red. Adapted from (Ito et al. 2006).  
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Quinones, characteristic of two carbonyl groups in an unsaturated six-

member carbon ring, constitute an important class of ubiquitous and 

naturally occurring compounds present in the environment as well as in 

prokaryotic and eukaryotic cells (Deller et al. 2008, Liu et al. 2008a, Sollner 

& Macheroux 2009). Quinones are metabolites that can participate in 

deleterious redox cycling, which can lead to the accumulation of reactive 

oxygen species such as superoxide, hydrogen peroxide and hydroxyl radical, 

and can impair lipids, proteins and nucleotides (Liu et al. 2009). 

Azoreductases with quinone reductase activity may have a protective effect 

against quinone-based oxidative cell damage and may be involved in the 

detoxification of quinones (Liu et al. 2009, Liu et al. 2008a; Sollner & 

Macheroux 2009). Therefore, these enzymes are assumed to take part in the 

organism’s enzymatic detoxification systems; e.g., the azoreductases from E. 

coli and B. subtilis were implicated in the cellular response to thiol-specific 

stress (Leelakriangsak et al. 2008, Liu et al. 2009, Towe et al. 2007) and 

Lot6p, the azoreductase homologue in S. cerevisiae has been implicated in 

the response to oxidative stress (Sollner et al. 2009, Sollner et al. 2007). The 

flavin-containing enzymes were also shown to use other substrates such as 

nitroaromatic substrates (Liu et al. 2007). Further study of the genes coding 

for these xenobiotic-metabolizing enzymes may help to reveal factors that 

govern the horizontal transfer of genetic information among bacterial species 

in the environment. Overall, as additional members of this family of 

enzymes are discovered, the list of transformed substrates will continue to 

grow. 

 

 

Laccases 

Laccases are multi-copper oxidoreductases (MCOs) that are present in all 

domains of life: Archaea, Bacteria and Eukarya (Martins et al. 2015). 

Laccases were first described by Yoshida in 1883 based on the observation 



Introduction | 24 

 

of rapid hardening of the latex from Japanese lacquer trees (Rhus 

vernicifera) in the presence of air (Yoshida 1883). Their catalytic centres 

consist of three structurally and functionally distinct copper (Cu) sites; type 

1 (T1) is a mononuclear centre involved in the substrate oxidation, whereas 

type 2 (T2) and the binuclear type (T3) form a trinuclear centre involved in 

the dioxygen reduction to water (Solomon et al. 1996) (Fig. 1.7). The 

oxidation of four substrate molecules at the T1 copper centre (the primary 

electron acceptor site), leads to the reductive cleavage of dioxygen to two 

molecules of water at the trinuclear site (Solomon et al. 1996). Most MCOs 

are composed of three Greek key β-barrel cupredoxin domains (domains 1, 2 

and 3) that come together to form the three spectroscopically distinct types 

of Cu sites (Solomon et al. 1996, Martins et al. 2015) (Fig. 1.7). The T1 

mononuclear copper centre shows an intense absorption band at ca. 600 nm, 

which is responsible for the blue colour of the protein, and is due to the 

ligand-to-metal charge transfer between the cysteine sulphur and the copper 

atom. This site also shows a characteristic electron paramagnetic resonance 

(EPR) signal that is due to the high covalency at the copper site. The T2 

copper site also exhibits a characteristic EPR signal, but no observable bands 

in the absorption spectra. The pair of T3 copper ions is EPR silent, a fact 

attributed to their antiferromagnetic coupling by the presence of a bridging 

ligand, normally assumed to be hydroxyl. The T3 site also shows an 

absorption band at ca. 330 nm that has been attributed to the charge transfer 

between the hydroxyl bridging group and the copper atoms (OH-  Cu2+) 

(Solomon et al. 1996, Bento et al. 2010). The T1 copper site is in domain 3 

and the T2/T3 trinuclear copper cluster is at the border between domains 1 

and 3, possessing ligands from each domain (Fig. 1.7A). The catalytic 

mechanism of MCOs involves (1) reduction of the T1 Cu site by the 

oxidized substrate, (2) electron transfer from the T1 Cu site to the trinuclear 

centre and (3) O2 reduction by the trinuclear cluster (Martins et al. 2015). 
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Figure 1.7 

Overall three-dimensional structure of Bacillus subtilis CotA-laccase. 

A) Three-dimensional structure of CotA with each cupredoxin domain 
coloured in different colour (domain 1 in blue, domain 2 in green and 

domain 3 in orange). The copper atoms are shown as brown spheres, with the fifth 

regulatory Cu ion identified near the T1 Cu site. 

B) Structural detail of the catalytic copper centres, the mononuclear 
type 1 copper centre (T1) where the copper atom is coordinated by a cysteine 

and two histidines, and the trinuclear centre which comprises a type 2 copper atoms 

(T2) and two type 3 (T3) copper atoms. The cysteine residue (C492) that coordinates 

the T1 copper atom is bound to two of the histidine residues (H491 and H493) that 

coordinate the two T3 coppers in the trinuclear centre. Adapted from (Bento et al. 2010, 

Martins et al. 2015). 

 

 

Laccases are multifunctional enzymes that catalyse the oxidation of several 

aromatic and organic and inorganic compounds (particularly aromatic 

phenols and amines) with concomitant reduction of oxygen to water.  Their 

substrate range can be enlarged in the presence of low molecular weight 

redox-mediators in reaction mixtures (Bourbonnais & Paice 1990). These 

compounds act as electron shuttles, allowing the oxidation of complex 

substrates with steric hindrance to fit the active centre of the enzyme or with 

higher redox potential as compared to the enzyme.  
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The use of laccases for dye decolourisation has been extensively studied 

(Molina-Guijarro et al. 2009, Pereira et al. 2009a, Pereira et al. 2009b, Moya 

et al. 2010, Loncar et al. 2013, Martins et al. 2015). These enzymes 

decolourise azo dyes without direct cleavage of the azo bond through a 

highly nonspecific free radical mechanism, thereby avoiding the formation 

of toxic aromatic amines (Chivukula & Renganathan 1995, Zille et al. 2005a, 

Pereira et al. 2009a, Pereira et al. 2009b). Fungal laccases are the enzymes 

used in the vast majority of the studies but bacterial enzymes shows 

advantages for biotechnological processes due to the lack of post-

translational modifications, their higher yields of production, easiness of 

manipulation and improvement by protein engineering approaches. The first 

study using bacterial laccases for dye decolourisation was performed with 

the recombinant CotA-laccase from Bacillus subtilis, which is a 

thermoactive and intrinsically thermostable enzyme (with half-life of 2 h at 

80°C) showing the predictable robustness for biotechnological applications 

(Martins et al. 2002, Pereira et al. 2009a, Pereira et al. 2009b). The lack of a 

strict requirement for redox mediators exhibited by bacterial CotA-laccase 

constitutes an advantage over other laccases from a technological 

perspective. Indeed, in spite of the proven efficiency of mediators, such as 

2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 1-

hydroxybenzotriazole, violuric acid or 2,2,6,6-tetramethyl-piperidine-1-oxyl 

radical (TEMPO), in the degradation of recalcitrant aromatic compounds 

their application is strongly impeded by its high cost, and generation of toxic 

species leading to biocatalyst inactivation (Astolfi et al. 2005). The 

decolourisation of synthetic dyes was reported for two additional bacterial 

laccases from Streptomyces ipomoea CECT 3341 (SilA) (Molina-Guijarro et 

al. 2009) and Streptomyces cyaneus CECT 3335 (Moya et al. 2010) in the 

presence of the phenolic acetosyringone as redox mediator. According to the 

decolourisation mechanism proposed for laccases (Chivukula & 

Renganathan 1995, Zille et al. 2005a, Zille et al. 2005b) the degradation 
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pathway of the azo dye Sudan orange G (SOG) by CotA-laccase was studied 

in detail (Pereira et al. 2009b) (Fig. 1.8A). The laccase oxidizes the phenolic 

group of the dye with the participation of one electron, generating a phenoxy 

radical, which is sequentially followed by the oxidation to a carbonium ion. 

The nucleophilic attack by water on the phenolic ring carbon bearing the azo 

linkage causes NC-bond cleavage. The one-electron oxidation of SOG 

molecule by the enzyme resulted therefore, in the formation of unstable 

radical molecules and in the concomitant destruction of the dye 

chromophoric structure. The products obtained during the azo dye 

degradation reactions, can undergo further reactions and can be polymerized 

or coupled among them or with the unreacted dye producing a large amount 

of coupled and polymeric products as identified by ESI-MS and MALDI-

TOF MS (Fig. 1.8B) leading to a darkening of the solution (Pereira et al. 

2009b, Mendes et al. 2015c).  

Besides the biotransformation pathway of the azo dye SOG, the 

biotransformation of the anthraquinonic dye acid blue 62 (AB62) by the 

CotA-laccase have also been studied (Pereira et al. 2009a). Anthraquinonic 

dyes are used either as primary or secondary dyes in commercial 

trichromatic dyeing formulations. However, limited information exists on 

their physico-chemical or biological degradation and even less is known on 

the molecular mechanisms of transformation. Nevertheless, this knowledge 

is important, not only for the development of efficient bioremediation 

processes, but also in the search for harmless dyeing compounds to be 

synthesized by green chemistry processes. Therefore, the biotransformation 

products of AB62, by CotA-laccase were identified by NMR, MS/MSn, LC-

MS and GC-MS after purification in the enzymatic reaction mixtures 

(Pereira et al. 2009a). Using 1H NMR and MS/MSn it was possible to 

identify an intermediate product (DAAS) and the final product of the 

reaction (4) (Fig. 1.9). The proposed mechanism of the biotransformation of 

AB62 by laccases is represented in Fig. 1.9, showing the pathway for the 
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formation of an azo bond in (4), responsible for the colour observed in the 

reaction mixtures (Pereira et al. 2009a, Mendes et al. 2015c).  

 

 

Figure 1.8 

Proposed mechanism for the biotransformation of SOG by CotA-laccase (A) and 

proposed structures (1)-(7) for the oxidation products (B).  

The oxidation of azo dyes occurs without the cleavage of the azo bond, through a highly non-

specific free radical mechanism resulting in the formation of phenolic type compounds. 

Following this mechanism, CotA-laccase oxidizes one hydroxyl group of SOG generating the 

phenoxyl radical A, sequentially oxidized to a carbonium ion (B). The water nucleophilic 

attack on the phenolic carbonium, followed by N-C bond cleavage, produces diazenylbenzene 

(C) and the 4-hydroxy-1,2-benzoquinone. The diazenylbenzene (C) can lead to the radical (D) 

and then, to a benzene radical (E) upon loss of a nitrogen molecule. All these radicals were 

involved in further coupling reactions. Adapted from (Mendes et al. 2015c). 
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Figure 1.9 

Proposed mechanism of AB62 biotransformation by laccases. Two oxidative routes are 

possible, since laccases are able to catalyze a single-electron oxidation, either from the 

primary or the secondary amines of the compound 1 (AB62). The reactive radical species 1A 

and 1B are formed, and 1B was sequentially oxidized into an imine, which hydrolyzes leading 

to cyclohexanone (3) and the first intermediate 2 (DAAS).  Compound 2 could be further 

oxidized and the resulted radical (2A) should lead to the formation of the main product of the 

reaction, the azo dimer (4) by cross-coupling reaction with 1A, followed by an oxidative step 

that could also be catalyzed by the enzyme. Similar dimerization processes of radicals 2A or 

1A should end in the formation of compounds 5 and 6, but in a very low extent. The final 

product 4 was identified by both NMR and MS techniques and the formation of compounds 5 

and 6 was supported by LC-MSn analysis of the reaction mixtures. Adapted from (Mendes et 

al. 2015c). 
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Peroxidases 

Haem peroxidases represent a large family of oxidoreductases that are able 

to catalyse the oxidation of a wide variety of organic and inorganic 

compounds in the presence of hydrogen peroxide (H2O2) or organic 

hydroperoxides (R-OOH) as electron accepting co-substrates (Hofrichter et 

al. 2010, Fu et al. 2012). Due to their wide distribution among living 

organisms, multiple physiological roles, multifunctional reactivities and 

broad substrate specificities, peroxidases have attained a prominent position 

in biotechnology and associated research areas such as enzymology, 

biochemistry, medicine, genetics, physiology and histo- and cytochemistry 

(Fu et al. 2012). The catalytic cycle of haeme peroxidases is based on three 

consecutive and distinct redox steps, involving two intermediates: 

Compound I (Cpd I) and Compound II (Cpd II) (Banci 1997, Fu et al. 2012). 

Initially, a molecule of H2O2 binds to the active site and undergoes a two-

electron reduction to water leading to the formation of Cpd I intermediate. 

Cpd I has an oxyferryl iron center and a second oxidizing equivalent stored 

as a radical (Fe(IV)=O•+) to give a formal oxidation state of +5. Then, Cpd I 

oxidizes one substrate molecule to give a substrate radical and forming Cpd 

II intermediate. Cpd II contains only the oxyferryl iron (Fe(IV)=O) center 

(the radical is discharged), giving a formal oxidation state of +4. Finally, 

Cpd II is reduced by a second substrate molecule to the resting ferric state 

(Fe(III)) (Banci 1997, Hiner et al. 2002b) (Fig. 1.10).  
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Figure 1.10 

Catalytic cycle of haem peroxidases.  

 

 

On the basis of sequence similarity, the super-family of fungal, plant and 

bacterial peroxidases has been classified into: Class I (intracellular 

peroxidases) that includes yeast cytochrome c peroxidase (CcP, a 

mitochondrial soluble protein that exerts a protective function against toxic 

peroxides (Dunford 1999, Everse et al. 2011)), ascorbate peroxidase (APX, 

which removes hydrogen peroxide in chloroplasts and cytosol of higher 

plants (Dunford 1999, Everse et al. 2011)) and the bacterial catalase-

peroxidase (KatG, which feature both peroxidase and catalase activities 

(Dunford 1999, Smulevich et al. 2006)); Class II (secretory fungal 

peroxidases) that includes lignin peroxidase (LiP), manganese peroxidase 

(MnP), versatile peroxidase (VP), all involved in the oxidative degradation 

of lignin and the peroxidase from Arthromyces ramous (also known as 

Coprinus cinereus, ARP or CiP) (Banci 1997); and Class III (secretory 

peroxidases from algae and plants) that includes horseradish peroxidase 

(HRP) known to participate in a variety of processes from germination to 
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senescence and protection against pathogens and are also involved in 

different tissue-specific functions, such as removal of H2O2 from 

chloroplasts and cytosol, oxidation of toxic compounds, biosynthesis of cell 

walls and defense towards wounding (Dunford 1999, Hofrichter et al. 2010). 

The peroxidase-cyclooxygenase superfamily evolved independently. It is 

constituted of soluble mammalian peroxidases, such as myeloperoxidase 

(MPO), eosinophil peroxidase (EPO), lactoperoxidase (LPO) and thyroid 

peroxidase (TPO), that are effective antimicrobial oxidants, oxidizing small 

anions such as halides (chloride and bromide), thiocyanate, and nitrate to the 

corresponding oxidation products and take part in the innate immune system 

(Zederbauer et al. 2007, Zamocky & Obinger 2010).  

The interest in peroxidases for industrial applications has been increasing 

rapidly, particularly in ligninolytic peroxidases, harbouring the highest redox 

potential among peroxidases, for the selective delignification of 

lignocellulosic materials (Martinez et al. 2009, Ruiz-Duenas & Martinez 

2009). These enzymes are also suitable for environmental applications 

including the treatment of toxic effluents, such as those containing synthetic 

dyes, generated in various industrial processes. In particular, LiP, VP, MnP, 

horseradish peroxidase (HRP), soybean peroxidase (SBP) are able to oxidize 

dyes leading to bleaching of coloured compounds (Heinfling et al. 1998, 

Moldes et al. 2003, Perez-Boada et al. 2005, Souza et al. 2007, Ruiz-Duenas 

& Martinez 2009, Ali et al. 2013, Kalsoom et al. 2013).   

A new family of microbial peroxidases, known as dye-decolourising 

peroxidases (DyPs), successfully degrade not only high redox 

anthraquinonic but also azo dyes, β-carotene (Scheibner et al. 2008),  

aromatic sulfides (van Bloois et al. 2010), phenolic or non-phenolic lignin 

compound units (Liers et al. 2010, van Bloois et al. 2010, Brown et al. 2012) 

and manganese (Roberts et al. 2011, Brown et al. 2012). Importantly, DyPs 

were first discovered in fungi, but were later identified in a wide range of 

bacterial strains. An overview of DyP peroxidases characterized thus far is 
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shown in Table 1.5. These enzymes show different molecular masses and 

oligomeric states ranging from monomers to hexamers although sharing the 

same non-covalently bound haem (proto-haem IX) as cofactor (Colpa et al. 

2014).  

DyPs have been classified into four phylogenetically distinct subfamilies, 

with bacterial enzymes constituting A-C subfamilies and fungal enzymes 

belonging to D subfamily (Ogola et al., 2009) (Table 1.5 and Fig. 1.11), but 

their physiological function is at present unclear.  

DyPs not only show primary sequence, and structural features unrelated to 

those of other known “classic” plant and animal peroxidases, but also 

apparently show unrelated mechanistic characteristics (Liu et al. 2011, Singh 

et al. 2012, Strittmatter et al. 2012, Sugano et al. 2007, Yoshida et al. 2011). 

A limited number of fungal and bacterial DyP-type peroxidases have been 

characterized (Sugano et al. 2007, Zubieta et al. 2007a, Zubieta et al. 2007b, 

Liu et al. 2011, Roberts et al. 2011, Brown et al. 2012, Strittmatter et al. 

2013a). DyPs show conserved residues in the haem-binding site, in particular 

the characteristic GXXDG motif and an aspartate residue replacing the distal 

histidine, which acts as the acid-base catalyst in classical peroxidases (Colpa 

et al. 2014, Hofrichter et al. 2010, Sugano 2009). Structurally, these DyPs 

comprise two domains that contain α-helices and anti-parallel β-sheets, 

unlike plant and mammalian peroxidases, that are primarily α-helical 

proteins (Colpa et al. 2014). Both domains in DyP-type peroxidases adopt a 

unique ferredoxin-like fold and form an active site crevice with the haem 

cofactor sandwiched in between (Colpa et al. 2014) (Fig. 1.12A). The heme-

binding motif contains a highly conserved histidine in the C-terminal domain 

of the enzyme (the proximal His) functionally similar to the proximal 

histidine of plant peroxidases (Sugano et al. 2007, Zubieta et al. 2007a, 

Zubieta et al. 2007b, Liu et al. 2011) (Fig. 1.12B). 
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Table 1.5. Dyp-type peroxidases from bacterial (A-C subfamily) and fungal (D subfamily) origin characterized thus far. Adapted 

from (Colpa et al. 2014). 

Microorganism Subfamily Protein name Molecular mass (kDa) Reference 

Escherichia coli O157 

A 

EfeB/YcdB 67 (dimer) (Liu et al. 2011) 

Rhodococcus jostti RHA1 DyPA  (Ahmad et al. 2011) 

Thermobifida fusca TfuDyP 46 (monomer) (van Bloois et al. 2010) 

Saccharomonospora viridis DSM43017 SviDyP 45 (monomer) (Yu et al. 2014) 

Rhodococcus jostti RHA1 

B 

DyPB  (Ahmad et al. 2011, Roberts et al. 2011) 

Bacteroides thetaiotaomicron BtDyP 220 (hexamer) (Zubieta et al. 2007b) 

Shewanella oneidensis TyrA 71 (dimer) (Zubieta et al. 2007b) 

Pseudomonas aeruginosa PKE117 DyPPa 64 (dimer) (Li et al. 2012) 

Amycolatopsis sp. 75iv2 
C 

DyP2 308 (oligomer) (Brown et al. 2012) 

Anabaena sp. Strain PCC 7120 AnaPX 209 (tetramer) (Ogola et al. 2009) 
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Table 1.5 (Cont.). Dyp-type peroxidases from bacterial (A-C subfamily) and fungal (D subfamily) origin characterized thus far. 

Adapted from (Colpa et al. 2014). 

Microorganism Subfamily Protein name Molecular mass (kDa) Reference 

Bjerkandera adusta Dec1 (former 

Thanatephorus cucumeris Dec1 and 

Geotrichum candicum Dec1) 

D 

DyP 55 (monomer) (Kim & Shoda 1999, Sugano et al. 2007) 

Auricularia auricula-judae 
AauDyPI (formerly 

labelled AjPI) 
51 (monomer) (Liers et al. 2010, Strittmatter et al. 2013a) 

Mycetinis scorodomius former 

Marasmius scorodonius 

MsP1 (formerly 

MscDyP1) 
150 (dimer)  (Scheibner et al. 2008) 

Mycetinis scorodomius former 

Marasmius scorodonius 

MsP2 (formerly 

MscDyP2) 
120 (dimer) (Scheibner et al. 2008) 

Termitomyces albuminosus  TAP 57 (monomer) (Johjima et al. 2003) 

Pleurotus ostreatus  PoDyP 57 (Faraco et al. 2007) 

Exidia glandulosa a EglDyP 46 (Liers et al. 2013) 

Mycena epipterygia a MepDyP 50 (Liers et al. 2013) 

Irpex lacteus a I.lacteusDyp 57 (monomer) (Salvachua et al. 2013) 

a Potencially subfamily D 
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Figure 1.11 
Phylogenetic tree analysis. Phylogenetic tree showing the relationship between several 

isolated DyPs belonging to subfamilies A–D: SviDyP from Saccharomonospora viridis, 

MYspDyP from Mycobacterium sp., TfuDyP from Thermobifida fusca, Sco3963 from 

Streptomyces coelicolor A3(2), DypA from Rhodococcus jostii, BsDyP from Bacillus subtilis, 

EfeB/YcdB from Escherichia coli, PoDyP from Pseudomonas putida, PaDyP from 

Pseudomonas aeruginosa, TyrA from Shewanella oneidensis, BtDyP from Bacteroides 

thetaiotaomicron, DypB from R. jostii, DyP2 from Amycolatopsis sp., AnaPX from Nostoc 

sp., SavDyP from Streptomyces avermitilis, MxDyP from Myxococcus xanthus, Msp1 from 

Marasmius scorodonius, AauDyPI from Auricularia auricula-judae, TAP from Termitomyces 

albuminosus, and Cpop21 from Polyporaceae sp.. Confidence was evaluated with 1000 

bootstrap replicates (values are indicated at branch points). Adapted from (Yu et al. 2014). 
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Figure 1.12 

Three-dimensional structure of haem-bound EfeB/YcdB DyP from E. coli O157 

monomer (A) and close-up of key amino acids in the haem-surrounding region of DyP 

from Bjerkandera adusta Dec1 (B). (A) Rainbow-coloured scheme representation of the 

EfeB/YcdB-haem complex. 12 α-helices and 8 β-strands are labeled. The haem molecule is 

shown as a stick. The S loop represents a switch loop and is coloured in magenta.  (B) The 

proximal histidine of DyP (His308) as well as catalytically important residues Asp171 and 

Arg329 are shown. The haem cofactor is represented in red. Adapated from (Liu et al. 2011, 

Colpa et al. 2014). 

 

 

There is increasing evidence of the involvement of DyPs in the degradation 

of lignin (Bugg et al. 2011, Salvachua et al. 2013, Singh et al. 2013). Future 

biorefineries need to overcome the lignocellulose recalcitrance to chemical 

and biological degradation and the utilization of enzymes offers an 

environmentally friendly choice for lignin degradation or valorization to fine 

chemicals, plastics, polymers, or surfactants (Martinez et al. 2009). The 

uniqueness of DyP-type peroxidases is therefore interesting both at the 

fundamental and applied perspectives. Moreover, the identification and 

characterization of bacterial enzymes could provide advantage over fungal 
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enzymes both in terms of their production yields and relative simplicity of 

their engineering towards improved properties and have therefore an utmost 

importance in the White Biotechnology. This is particularly the case of DyPs 

which seems to have the potential to replace the high-redox fungal 

ligninolytic peroxidases in biotechnological applications.  

The ability to oxidize synthetic high-redox potential dyes both azo and 

anthraquinonic type, which can hardly be removed by other peroxidases 

makes them interesting for application in wastewater treatments (Kim & 

Shoda 1999). The degradation pathway of an anthraquinonic dye, reactive 

blue 5, by a DyP from Thanatephorus cucumeris Dec 1 was proposed by 

Sugano (Sugano et al. 2009). Analysis of the final enzymatic reaction 

mixtures by NMR and MS techniques showed that the dye reactive blue 5 

was transformed by DyP from T. cucumeris Dec 1 to three reaction products 

detected by their distinct molecular ion signals (Fig. 1.13). The first product 

(1) was identified as phthalic acid by comparison with an authentic sample. 

The second one (2), with a molecular mass of 472 g.mol-1, can be attributed 

to a reactive blue 5 molecule without the anthraquinone frame (see Fig. 

1.13). Finally, the third product (3) can be obtained from compound (2) 

which lost a 2,5-diaminobenzene sulfonic acid (ABS) molecule.  

Based on these results, a reasonable degradation pathway of Reactive blue 5 

by DyP was proposed as shown in Fig. 1.13. The final red-brown colour of 

the reaction mixture of reactive blue 5 biotransformation and the absence of 

o-ABS and m- or p-ABS as final products, suggests the presence of other 

products resulting from the dimerization and polymerization reactions of 

ABS type substrates by DyP action. In fact this was confirmed with the o-

ABS reaction with DyP, leading to the formation of high weight coloured 

products, from which compound 4, containing an azo group, was identified 

(Sugano et al. 2009, Mendes et al. 2015c). 
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Figure 1.13 

Proposed pathway for the biotransformation of reactive blue 5 by DyPs. The presence of 

products (1) and (2) was consistent with an oxidative ring-opening of the anthraquinone frame 

generated by DyP, which appears in this case to behave as a hydrolase or oxygenase rather 

than a peroxidase, although H2O2 was indispensable for the reaction. The formation of 

compound (4) can be explained by a reaction mechanism of a typical peroxidase leading to 

the formation of a radical from o-ABS, which will be further involved in a spontaneous 

chemical reaction.Product (4) was characterized by NMR and ESI-MS techniques and the 

formation of products (1), (2) and (3) was supported by ESI-MS analysis of the final reaction 

mixtures. Adapted from (Mendes et al. 2015c). 
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Chapter 2  

Molecular determinants of azo reduction activity in the 

strain Pseudomonas putida MET94 
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Abstract 

 

In this study, Pseudomonas putida MET94 was selected from 48 bacterial 

strains on the basis of its superior ability to degrade a wide range of 

structurally diverse azo dyes. P. putida MET94 removes, in 24 h and under 

anaerobic conditions, more than 80% of the structurally diverse azo dyes 

tested. Moreover, whole cell assays lead up to 90% decolourisation of dye-

containing bath model wastewaters. The involvement of a FMN dependent 

NADPH: dye oxidoreductase in the decolourisation process was suggested 

by enzymatic measurements in cell crude extracts. The gene encoding a 

putative azoreductase was cloned and expressed in Escherichia coli. The 

purified PpAzoR azoreductase is a 40 kDa homodimer showing a broad 

substrate specificity for azo dye reduction. The presence of dioxygen leads to 

the inhibition of the decolourisation activity in agreement with the results of 

cell cultures. The kinetic mechanism follows a ping-pong bi-bi reaction 

scheme and aromatic amine products were detected by high-performance 

liquid chromatography. Physiological studies using quinonic substrates 

suggest that PpAzoR may have a physiological protective role against 

oxidative stress. The crystal structure of the native azoreductase PpAzoR 

(1.60 Å) was solved. The structure highlights the fine control of access to the 

catalytic site that is required by the ping-pong mechanism, and in turn the 

specificity offered by the enzyme towards different substrates. The topology 

surrounding the active site shows novel features of substrate recognition and 

binding that help to explain and differentiate the substrate specificity 

observed among different bacterial azoreductases. 
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Introduction 

 

A wide range of microorganisms including bacteria, yeast, fungi and algae 

are able to reduce azo compounds to non-coloured products (Pandey et al. 

2007, Solís et al. 2012, Khan et al. 2013, Leelakriangsak 2013). However, 

the fact that most of the dye pollutants persist in the environment emphasises 

the natural inadequacy of microbial activity to deal with this type of 

xenobiotic compounds. Indeed, biological systems need to exhibit not only a 

high catalytic versatility towards the degradation of a complex mixture of 

structurally different dyes but also a superior robustness against the toxic 

effects of the dyes and other substances present in the effluent (salts, 

detergents, surfactants, and metals), often at extreme pHs and high 

temperatures. Because of these requirements, there is currently no simple 

solution for the biologic treatment of dye-containing effluents (Anjaneyulu 

et al. 2005, Chen 2006). 

An increased interest in the isolation of efficient decolourising microbial 

species, especially bacteria, either in pure cultures or in consortia, for the 

treatment of dye containing wastewaters have been pursued in recent years 

(Solís et al. 2012, Leelakriangsak 2013). Therefore, in this work we set out 

to fully characterize for the first time at the physiological and molecular 

level, the decolourisation process of P. putida MET94. P. putida is a player 

in the maintenance of the quality of natural environments mainly because of 

its strong capability in the degradation and biotransformation of biogenic and 

xenobiotic pollutants (Loh & Cao 2008). Moreover, it is considered an 

interesting agent for many potential biotechnological applications as it has a 

robust, rapid growth, ease of lab handling, and amenable to genetic 

manipulation (Timmis & Pieper 1999, de Lorenzo 2001, Nelson et al. 2002). 

A new azoreductase PpAzoR from P. putida MET94 was cloned, 

heterologously expressed, and characterized. The enzyme broad specificity 
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for azo dyes, under anaerobic conditions, points to a major role of PpAzoR 

in the bacterium decolourisation process. Azoreductases are FAD or FMN-

dependent enzymes that utilize a ping-pong bi bi mechanism that requires 

two cycles of NAD(P)H-dependent oxidation to reduce in a first cycle the 

azo substrates to hydrazines and to reduce the hydrazines to aromatic amines 

in a second cycle (Blümel et al. 2002, Bin et al. 2004, Deller et al. 2008, 

Ryan et al. 2010). Quinone reductase activity was reported for azoreductases 

(Deller et al. 2008, Liu et al. 2008a, Sollner & Macheroux 2009). Quinones 

represent a class of metabolites which can create a variety of hazardous 

effects in vivo since they can participate in deleterious redox cycling, which 

leads to the accumulation of reactive oxygen species, or get involved in 

alkylation of crucial cellular proteins and/or DNA (Ryan et al. 2014). 

Therefore azoreductases may have a protective effect against quinone-based 

oxidative cell damage and toxicity (Liu et al. 2008a, Liu et al. 2009, Sollner 

& Macheroux 2009). Finally, we show that whole-cell systems of P. putida 

are very effective in the decolourisation of single-dye molecules and of 

model dye baths composed of a mixture of commercially important dyes at a 

high ionic strength. This work is expected to allow the future design, by 

protein engineering techniques, of optimized microorganisms targeted for 

the biodegradation of dye-containing wastewaters.  
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Material and methods 

 

Bacterial strains, media, and plasmids 

Forty-eight different bacterial strains from different sources were screened 

for their ability to degrade dyes. For the present study, strain P. putida 

MET94 (BCCM/LMG 26299 = CECT 7881 = NCIMB 14727), an offer of 

M. J. Fernandes (ITQB), was used. P. putida MET94 was routinely 

cultivated in Luria Bertani (LB) medium at 30°C. E. coli DH5α and E. coli 

Tuner (DE3) (Novagen) were used as host strains for molecular biology 

work. E. coli strains were routinely cultured at 37°C in LB medium, which 

was supplemented with ampicillin (100 µg·mL-1), if appropriate. The 

plasmid pET-21a (+) (Novagen) was used for the cloning experiments. 

 

Chemicals 

All chemicals were of the highest grade available commercially. The dyes 

tested are listed in Table 2.1. Three different model wastewaters, designed in 

the frame of the European Commission (EC) project SOPHIED to mimic 

effluents produced during wool and cotton textile dyeing processes, were 

prepared: direct bath (for cotton) with DB71, DR80, and DY106 dyes at 1 

g·L-1 each and 5 g·L-1 of NaCl, pH 8; acid bath (for wool) with AY49, 

AR266, AB210, and AB194 dyes at 0.1 g·L-1 each and 2 g·L-1 of Na2SO4, 

pH 4; and reactive bath (for cotton) with RB222, RR195, RY145, and RB5 

dyes at 1.25 g·L-1 each and 70 g·L-1 of Na2SO4, pH 5 (Prigione et al. 2008a). 

All dye solutions were sterilized by tyndallization before use.  
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Isolation of Pseudomonas putida MET 94 clones with higher ability to 

decolourise dyes 

Considering that we have detected an instability in the dye decolourising 

phenotype, the culture of P. putida MET 94 was transferred to fresh solid LB 

agar plates (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar) 

in order to have isolated colonies and incubated at 30C overnight. Two to 

three 96 well-plates were prepared with a mixture of liquid LB medium (10 

g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) and 50 µM of the azo dye 

reactive black 5 in a final volume of 200 µL per well. The peripheral wells 

contained water to avoid evaporation. Isolated colonies were picked with a 

sterile toothpick and transferred to each well of the 96 well-plates previously 

prepared (one clone per well). The plates were covered with a foil and 

incubated at 30C under static conditions. Clones able to decolourise 

(usually only 2 or 3 clones per plate) were visible within 24 or 48 h of 

incubation. The clones that were able to decolourise were then transferred to 

fresh liquid LB medium and used as pre-inoculum. 

 

Culture conditions 

Cultures of P. putida MET94 were grown in LB medium supplemented with 

increasing concentrations of dyes (0–5 mM) under aerobic and anaerobic 

conditions at 30°C. Aerated cultures were grown in Erlenmeyers at 150-rpm 

shaking. Anaerobic cultures were grown under static conditions in 100 mL 

rubber-stopper glass bottles in media previously degassed through nitrogen 

flush. Cell growth was monitored by measuring the turbidity of the cultures 

at 600 nm (OD600). Decolourisation was assessed by measuring the 

absorbance of the culture supernatants at the wavelength of maximal 

absorbance for each dye tested (Table 2.1). 
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Preparation of resting whole cells 

Cells were harvested at the late-exponential phase of growth by 

centrifugation (7,000 g × 10 min, 4°C) and washed twice with a 0.9% (w/v) 

NaCl solution. For the enzymatic assays using resting cells, the washed 

pellets were suspended in Britton-Robinson (BR) buffer (0.1 M phosphoric 

acid, 0.1 M boric acid, and 0.1 M acetic acid titrated to the desired pH with 

0.5 M NaOH), pH 8, to an OD600 = 6, unless otherwise stated. The cell 

concentration was estimated by the standard gravimetric method, cell weight 

(dry weight; g/L) = (OD600 – 0.0117)/1740. 

 

Preparation of cell-free extracts 

Cell suspensions prepared in BR buffer, pH 8, containing 5 mM MgCl2, 10 

g·mL-1 of DNase I, and 2 µL·mL-1 of a mixture of protease inhibitors 

(CompleteTM mini-EDTA-free protease inhibitor mixture tablets, Roche), 

were disrupted in a French press. Cell debris were removed by centrifugation 

(18,000 × g, 2 h, 4ºC), and the supernatants were used for the enzymatic 

assays. 
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Table 2.1. Colour index (C.I.) generic names, C.I. registration numbers, absorption 

maxima, purity, and calculated molar extinction coefficients of the dyes used in this 

studya. 

CI generic name 

CI 

constitution 

number 

Dye 

content 

(%) 

Abs 

max 

(nm) 

ε          

(M-1cm-1) 

Direct blue 1 (DB1) 24410 80 610 - 

Direct red R (DRR) 22120 91 530 35,384 

Direct black 38 (DB38) 30235 50 600 - 

Direct blue 71 (DB71) 34140 NSa 565 - 

Direct red 80 (DR80) 35780 NS 555 - 

Direct yellow 106 (DY106) 1332 >50 420 - 

Reactive red 4 (RR4) 18105 50 530 - 

Reactive black 5 (RB5) 20505 55 600 39,850 

Reactive yellow 145 (RY145) b >50 420 - 

Reactive yellow 81 (RY81) b 45 360 12,991 

Reactive blue 222 (RB222) b NS 600 - 

Reactive red 195 (RR195) b >30 550 - 

Acid Red 299 (AR299) b NS 440 7,280 

Acid black 210 (AB210) 300285 >30 600 - 

Acid yellow 49 (AY49) 18640 50 390 16,369 

Acid black 194 (AB194) b >60 570 11,927 

Acid red 266 (AR266) 17101 <30 470 9,538 

Acid blue 62 (AB62) 62045 100 600 - 

Acid orange 7 (AO7) 15510 20-30 480 9,538 

Sudan orange G (SOG) 11920 98 430 30,154 

Methyl red (MR) 11920 95 430 23,360 

Mordant black 3 (MB3) 14640 30 550 5,569 

Mordant black 9 (MB9) 14855 60-85 550 15,641 

Mordant black 17 (MB17) 15705 50 530 10,351 

 
The dyes were purchased from Sigma-Aldrich (St. Louis, MO, USA), Merck (Darmstadt, Germany), 

Town End (Leeds, UK), DyStar Textilfarben (Germany), Yorkshire Europe (Belgium), and Bezema AG 

(Montlinglen, Switzerland). The absorption maxima were determined in BR buffer (pH 7). The molar 

extinction coefficients were calculated by using the dye purities indicated. If the dye purity was not 

indicated by the supplier, then it was assumed that the preparations consisted of a pure dye.  
aNS, dye purity not specified by the supplier.  
bConfidential. 
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Cloning and overexpression of ppAzoR in P. putida and in E. coli 

Genomic DNA of P. putida MET94 was obtained by centrifuging 200 L of 

a fresh P. putida culture for 1 min at 13,000 rpm. The pellet was washed 

twice and suspended in 50 L of Milli Q water. This sample was boiled for 5 

min, and the DNA was applied as a template for gene-specific primed PCR 

amplification. The ppAzoR gene was amplified by PCR using chromosomal 

DNA and the primers PpaF (5′ GGAGAGTCATATGAAACTGTTGC 3′) 

and PpaR (5′ CAACCAAAGGATCCCTTGATCAGG 3′). For the 

overexpression of ppAzoR in P. putida (ppAzoR+), the amplified 597-bp PCR 

product was digested with SmaI and BamHI and inserted between the 

respective restriction sites of the broad host range plasmid pBBR1-MCS2. 

The construct was introduced into P. putida MET94 to obtain the strain 

LOM530. For the overexpression of ppAzoR in E. coli, the amplified 597-bp 

PCR product was digested with NdeI and BamHI and inserted between the 

respective restriction sites of the plasmid pET-21a (+) to yield pLP-1. The 

construct was introduced into the host expression strain E. coli Tuner (DE3) 

in which the PpAzoR protein was produced under the control of the T7lac 

promoter to obtain the strain LOM528. The LOM530 and LOM528 

recombinant strains were grown in LB medium supplemented with 

kanamycin or ampicillin (10 or 100 g·mL-1, respectively) at 30 or 37°C, 

respectively, in the presence of 250 M isopropyl-β-D-thiogalactopyranoside 

(IPTG) for LOM530. For LOM528, growth was followed up to an OD600 of 

0.6, and at that point, 100 M IPTG was added to the culture medium, and 

the temperature was lowered to 25°C. Incubation was continued for a further 

5 h, and the cells were harvested by centrifugation (8,000 × g, 10 min, 4°C). 

Cells of LOM530 were harvested after 24 h of growth. 
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Effect of quinone on the growth of P. putida wild-type and P. putida 

overexpressing ppAzoR strain  

To test the effect of the addition of increasing concentrations of quinones in 

the growth yields of P. putida strains, overnight cultures of P. putida wild-

type and P. putida overexpressing ppAzoR (PpAzoR+) were used to inoculate 

fresh LB medium to a starting OD600 of 0.05 and 250 M IPTG and 

kanamycin (10 g·mL-1) were added to the PpAzoR+ strain. Both cultures 

were grown at 30°C aerobically until the OD600 reached 0.6. Then each 

culture was split equally into several portions and treated with increasing 

concentrations (from 0 – 1 mM) of 1,4-benzoquinone (BQ) or 

anthraquinone-2-sulfonate (AQS) and cellular yields were measured at 600 

nm after 24 h of growth. 

 

Survival of P. putida wild-type and P. putida overexpressing ppAzoR+ 

strains upon exposure to 1,4-benzoquinone  

Wt and PpAzoR+ strains were grown overnight and then inoculated into 

fresh LB medium with an initial OD600 of 0.05 and 250 M IPTG and 

kanamycin (10 g·mL-1) were added to the PpAzoR+ strain. Strains were 

then cultivated aerobically until they reached an OD600 around 0.6. Cells 

were pelleted by centrifugation, washed once in phosphate-buffered saline, 

and resuspended in the same buffer to give a final concentration OD600 of 

0.1. One millimolar of BQ was added to the cultures. Cell survival was 

monitored by sampling at intervals, serially diluting in phosphate-buffered 

saline, and plating aliquots onto LB plates supplemented with or without 

kanamycin to obtain viable cells. Plates were incubated overnight and 

colonies were counted. Alternatively, after diluting the cells to give a final 

concentration OD600 of 0.1, the sensitivity of both strains to the presence of 

BQ was determined by disc diffusion assays. One hundred microliter 
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suspensions were spread onto LB plates supplemented with or without 

kanamycin to prepare a lawn of cells. Filter paper discs (7-mm diameter) 

containing 10 mM BQ were placed on the lawns, and cells were grown 

overnight. All experiments were carried out at least three times. 

 

Purification of recombinant PpAzoR overproduced in E. coli 

The cell sediment was suspended in 20 mM Tris-HCl buffer (pH 7.6) 

containing DNase I (10 μg·mL-1 extract), MgCl2 (5 mM), and a mixture of 

protease inhibitors, antipain and leupeptin (2 μg·mL-1 extract). Cells were 

disrupted using a French Press and cell debris removed as described above. 

The resulting soluble extract was loaded onto an ion exchange Q-sepharose 

column (bed volume 25 ml) equilibrated with Tris-HCl (20 mM, pH 7.6). 

Elution was carried out with a two-step linear NaCl gradient (0-0.5 M and 

0.5-1 M) in the same buffer. Fractions containing activity were pooled, 

concentrated by ultrafiltration (cutoff of 10 kDa), and equilibrated to 20 mM 

Tris-HCl (pH 7.6). The resulting sample was applied to a Mono-QTM 5/50 

(Amersham Pharmacia Biotech). Elution was carried out with a two-step 

linear NaCl gradient (0-0.5 M and 0.5-1 M). The active fractions were 

pooled and concentrated before applied onto a Superdex 75 HR 16/60 

column (GE Healthcare) equilibrated with 20 mM Tris-HCl buffer, pH 7.6, 

with 0.2 M NaCl. All purification steps were carried out at room temperature 

in an AKTA-purifier (GE Healthcare). 

 

Identification of the prosthetic group 

The purified PpAzoR in 20 mM Tris-HCl buffer, pH 7.6, with 0.2 M of NaCl 

was heated at 100ºC for 10 min in the dark. After cooling on ice, the 

denatured protein was removed by centrifugation (13,000 × g, 10 min, 4°C). 

The resulting supernatant was analysed by high-performance liquid 
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chromatography (HPLC). HPLC analysis was performed in an HPLC Merck 

Hitachi with a diode-array (DAD) system, using a reverse phase C-18 

column (250 × 4 mm length, 5 M particle size, and pore size of 100 Å from 

LiChrospher 100 RP-18, Merck) as described previously (Lewis & 

Escalante-Semerena 2006). Authentic standards of flavin mononucleotide 

(FMN) and flavin adenine dinucleotide (FAD) were used for comparative 

purposes.  

 

UV-visible spectrum of PpAzoR and molar extinction coefficient 

The UV-visible absorption spectra of the purified enzyme and the released 

FMN cofactor after chemical denaturation with 0.4% (w/v) SDS were 

recorded at room temperature by using a Nicolet Evolution 300 

spectrophotometer from Thermo Industries (Waltham, MA, USA). The 

enzyme extinction coefficient was determined using the following equation: 

455 = FMN × A455/A445, where A455 is the enzyme absorbance at 455 nm, A445 

is the free-FMN absorbance at 445 nm, and FMN is the free-FMN extinction 

coefficient at 445 nm (12,500 M-1·cm-1). Purified enzyme concentration was 

then estimated from its A455 value. 

 

Enzyme assays 

Typically, the initial rates of dye decolourisation were determined by 

monitoring the decrease in dye absorbance on a Nicolet Evolution 300 

spectrophotometer (Thermo Industries) at 30°C in BR buffer, pH 7, unless 

otherwise stated. The bottles containing 0.25 mM nicotinamide adenine 

dinucleotide phosphate-oxidase (NADPH) and 2 mM of the dye were sealed 

with rubber stoppers and made anaerobic by argon bubbling. Reactions were 

initiated by the injection of anoxic-made enzymatic preparations (cell 
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extracts, whole cells, or purified enzyme) through the use of a syringe. 

Samples were withdrawn at different times, diluted, and the absorbance 

measured at the maximal wavelength for each dye (Table 2.1). The molar 

absorbance of the dyes in BR buffer, pH 7, is listed in Table 2.1. The 

dependence of purified PpAzoR activity on pH (in the range of 4–10) and 

temperature (in the range of 20–40°C) was measured by monitoring the 

decrease in the absorbance of 0.5 mM of methyl red. One unit (U) of 

enzymatic activity was defined as the amount of enzyme required to reduce 1 

µmol of the substrate per minute. The apparent kinetic parameters of 

NADPH or NADH oxidation were followed in the reactions monitored at 

340 nm (ε = 6200 or 6220 M-1·cm-1 for NADH and NADPH, respectively) in 

the presence of 2 mM RB5. The apparent kinetic parameters for azo dyes 

(0.05–5 mM) were determined by following the decrease in absorbance at 

the maximal wavelength for each dye (Table 2.1) in assays containing 0.25 

mM NADPH and different concentrations of the dye. The apparent kinetic 

parameters of quinone reductase activity were measured 

spectrophotometrically by monitoring the NADPH (0.01 – 1 mM) or NADH 

(0.01 – 1 mM) consumption using 0.1 mM of quinones. Quinone (1,4-

benzoquinone (BQ) and anthraquinone-2-sulfonate (AQS)) substrates were 

prepared as 10 mM  stock solutions in ethanol and subsequently diluted in 

the appropriate buffer. The apparent kinetic parameters Km and kcat were 

determined by fitting the kinetic data directly using the Michaelis-Menten 

equation (Originlab software, Northampton, MA, USA).  All enzymatic 

assays were performed at least in triplicate. The second-order kinetics were 

measured by monitoring the oxidation of NADPH in anoxic reactions 

containing the BR buffer, pH 7, by varying the concentration of RB5 (from 

0.25 to 2 mM) or BQ (0.005-0.06 mM) or NADPH (from 0.03 to 0.5 mM), 

while the concentration of the other substrate was kept constant 

(NADPH/RB5 or NADPH/BQ). The kinetic parameters Km and kcat for the 

reduction of RB5 or the oxidation of NADPH were determined from the 
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Lineweaver–Burk double-reciprocal plots. For the oxygen inhibition assays, 

a saturated solution of dioxygen (465 nmol∙mL-1) was prepared by bubbling 

with oxygen, and different volumes of this solution was added to the 

oxygen-free reaction mixtures to give the final concentration of dioxygen in 

solution. The deaerated reaction mixtures contained 0.1 mM RB5 and 0.25 

mM NADPH in BR buffer, pH 7. The initial rates of the reaction were 

monitored by following RB5 reduction. Oxygen consumption by PpAzoR 

was determined in the presence of 0.25 mM NADPH by using an oxygen 

electrode (Oxygraph). The oxygen electrode was calibrated at 30C using 

buffer saturated with air. The initial concentration of dioxygen in solution 

(20 – 200 nmol/mL) was controlled by flushing the reaction vessel with a 

mixture of nitrogen and oxygen with the aid of two flow meters. Hydrogen 

peroxide was detected upon addition of catalase to the reaction assay and the 

observation of oxygen produced. Hydrogen peroxide formation was also 

detected at pH 7, by monitoring 2,2’-azino bis 3-ethylbenzthiazoline-6-

sulfonic acid; ABTS) oxidation at 420 nm (ɛ = 36,000 M-1cm-1) after adding 

horseradish peroxidase (Sigma) and ABTS to the PpAzoR reaction mixture 

containing NADPH. 

 

Analysis of reductive and oxidative half-reactions by stopped-flow 

spectroscopy 

Absorbance spectra were obtained using a Hi-Tech SF-61DX2 stopped-flow 

apparatus coupled to a diode array for signal detection. The cell path length 

was 1 cm. The stopped-flow instrument was placed inside a MBraun 

MB150-GI anaerobic glove box and the O2 inclusion was prevented by a 

stream of N2 gas through the system. Enzyme and substrate solutions in 20 

mM Tris-HCl buffer, pH 7.6, were made anaerobic by flushing with purified 

argon in bottles sealed with rubber stoppers. For the analysis of the reductive 

half-reaction of PpAzoR, anaerobic enzyme preparations were mixed with 
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NADPH (0.010 – 1 mM after mixing). Reaction traces were collected at 455 

nm at 16°C. Kinetic traces were fitted to two exponentials using the Kinetic 

Studio software (TgK Scientific). Absorbance spectra were collected from 

300 to 600 nm from 0.75 to 1 s with intervals of 3.01 ms. For the analysis of 

the oxidative half-reaction, anaerobic enzyme preparations were reduced by 

titration with 38 equivalents of dithionite. The reduced enzyme was then 

mixed with various concentrations of anaerobic 1,4-benzoquinone (0.005 – 

0.5 mM after mixing) at 16°C, and flavin oxidation was monitored at 455 

nm. Kinetic traces were fitted to a single exponential using the Kinetic 

Studio software (TgK Scientific). The rate constant was determined by 

fitting kobs versus quinone concentration to a line (Origin-Lab software, 

Northampton, MA, USA). 

 

Identification of azo dye products 

Analysis of enzymatic dye products was carried out by HPLC (Merck 

Hitachi with a diode-array (DAD) system), using a reverse phase C-18 

column (250 × 4 mm length, 5 M particle size, and pore size of 100 Å 

(LiChrospher 100 RP-18, Merck). The samples were eluted isocratically at a 

flow rate of 0.2 mL·min-1. The mobile phase consisted of 25 mM phosphate 

buffer (pH 7.5) and acetonitrile (4:6, v/v) (Moutaouakkil et al. 2003). 

Authentic standards of N,N′-dimethyl-p-phenylenediamine, 2-aminobenzoic 

acid, aniline, and 4-aminoresorcinol were used for comparative purposes. 

 

Crystallization  

Crystallization screens using the vapour diffusion method and the sitting-

drop technique were prepared by Cartesian robot in 96-well plates. Each 

drop, containing 100 nL of protein solution and 100 nL of the reservoir 

solution, was equilibrated against the reservoir solution at 293K. Once 
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crystalline material was identified (G1 solution from Classics Suite form 

NeXtal), scale up of the process was undertaken in 48-well plates with 3 L 

drops (1.5 L of protein solution plus 1.5 L of the reservoir solution) in 

order to obtain well diffracting crystals. PpAzoR crystals suitable for data 

collection were obtained after ca. ten days, from a protein solution with a 

concentration of 28 mg/mL (by the Bradford assay with bovine serum 

albumin as standard) with 2 mM of FMN, and a reservoir containing 4% 

PEG 400, 2 M of ammonium sulphate and 0.1 M of Hepes at pH 7.0 at 

293K.  

 

 

Data collection and structural determination 

The crystals were briefly soaked in a cryo-protectant solution composed of 

1:3 glycerol: mother liquor prior to snap-cooling in liquid nitrogen. All 

diffraction data were collected under cryogenic conditions at 100 K, at 

beamlines ID14-eh1, ID14-eh4 and ID23-eh1 at the European Synchrotron 

Radiation Facility (Grenoble, France). Data were integrated with iMOSFLM 

v0.5.2 (Battye et al. 2011) , and reduced and scaled with SCALA (Evans 

2011) from the CCP4 suite (Winn et al. 2011). The three-dimensional 

structure of the native PpAzoR was obtained by molecular replacement with 

the program PHASER (Read 2001) using the 1.4 Å resolution structure of 

oxidised azoreductase from E. coli as the search model (PDB code 2Z9D; 

(Ito et al. 2008)). Iterative model building and refinement was performed 

with COOT (Emsley & Cowtan 2004) and PHENIX (Adams et al. 2011). 

Model validation was performed with MOLPROBITY (Chen et al. 2010b). 

Structure figures were prepared with PyMOL (DeLano 2002). Data and 

coordinates for native PpAzoR was deposited with the following PDB code: 

4C0W. 
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Other methods 

The sequence of the first five amino acids at the N-terminus of the purified 

recombinant PpAzoR was determined by stepwise Edman degradation in a 

pulse-liquid automated Applied Biosystem protein sequencer (Model 477A) 

coupled with HPLC at the Instituto de Tecnologia Química e Biológica 

microsequencing facility. The molecular mass of PpAzoR protein was 

determined on a gel filtration Superose 12 10/300 GL (GE Healthcare Bio-

Sciences, Sweden) column equilibrated with 20 mM Tris-HCl buffer, pH 

7.6, containing 0.2 M NaCl. Thyroglobulin (670 kDa), γ-globulin (158 kDa), 

ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa) were 

used as standards (Bio-Rad Laboratories).  
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Results and discussion 

 

Screening for dye decolourisation 

The decolourisation screening using different bacteria (Table 2.2) was 

assessed during growth in LB medium at 30°C at static or stirred conditions 

(150 rpm) in the presence of 30 ppm of the following dyes: AB62, AR299, 

RB19, RB5, RR4, RY81, DRR, DB1, and DB38. From this pre-screening, 

10 strains were selected for a second round of screening at higher 

concentrations of the dyes (from 30 to 1000 ppm). P. putida strain MET94 

was selected from the other bacterial strains tested for its ability to 

decolourise at higher extent all the azo dyes tested after 24 h of growth (Fig. 

2.1 and 2.2). 

 

 
 
 

Figure 2.1 

Screening for decolourisation of reactive red 4 (RR4),  

acid red 299 (NY1), reactive black 5 (RB5),  

direct blue 1 (CSB) and direct black 38 (CB)  

at increasing concentrations using growing cells of P. putida MET94.  

The arrows indicate the wells were bacterial cells were added. 
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Table 2.2. Bacterial strains screened for decolourisation of synthetic dyes. 

 

Bacterial species Strain Origina/Reference 

Pseudomonas M1 P. M. Santos 

     Pseudomonas sp. CF600 P. M. Santos 

     Pseudomonas sp. HT-04-1B A. M. Fialho 

     P. marginalis Lab stock (Fialho et al. 1990) 

     P. suttzeri SF-03-12B (Fialho et al. 1990) 

     P. viridiflava Lab stock (Fialho et al. 1990) 

     P. pseudoalgaligenes KF707 P. M. Santos 

     P. aeruginosa 7NSK2 M. J. Fernandes 

     P. fluorescens 006 M. J. Fernandes 

     P. fluorescens ANP15 M. J. Fernandes 

     P. fluorescens ST P. M. Santos 

     P. fluorescens PC25 P. M. Santos 

     P. fluorescens PC29 P. M. Santos 

     P. fluorescens PC30 P. M. Santos 

     P. fluorescens W4F1607 (Fialho et al. 1990) 

     P. fluorescens 13525 (Fialho et al. 1990) 

     P. fluorescens SBW25 T. M. Timmis-Wilson 

     P. fluorescens Pf0-1 M. Silby 

     P. fluorescens JBMF1 M. J. Fernandes 

     P. putida KT2440 P. M. Santos 

     P. putida mt2 K2440/TOL P. M. Santos 

     P. putida NCIMB 8248 P. M. Santos 

     P. putida F1 P. M. Santos 

     P. putida PRS2000 P. M. Santos 

     P. fluorescens AR41 M. J. Fernandes 

     P. putida pPG1 P. M. Santos 

     P. putida S12, Lab stock P. M. Santos 

     P. putida UWC1 M. J. Fernandes 

     P. fluorescens JBMF1 M. J. Fernandes 

     P. putida PC16, Lab stock P. M. Santos 

     P. aeruginosa MPB1 M. J. Fernandes 

     P. putida UWC3 M. J. Fernandes 

     P. putida UWC9 M. J. Fernandes 

     P. putida MET94, Lab stock M. J. Fernandes 
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Table 2.2 (Cont.). Bacterial strains screened for decolourisation of synthetic dyes. 

 

Bacterial species Strain Origina/Reference 

Others   

     Bacillus subtilis MB24 A. O. Henriques 

     Bacillus subtilis 168 T+ I. Sá-Nogueira 

     Bacillus gordonae NCIMB 12553 NCIMB 

     Bacillus benzeovorans NCIMB 12555 NCIMB 

     Alcaligenes eutrophus JMP134 M. J. Fernandes 

     Agrobacterium tumefaciens Dsn 30150 M. J. Fernandes 

     Alcaligenes eutrophus AE815 M. J. Fernandes 

     Sphingomonas elodea ATCC 31461 A. M. Fialho 

     Sphingomonas aromaticivorans DSM 12444 DSMZ 

     Sphingomonas xenophaga DSM 6383 DSMZ 

     Bulkholderia sp. LB400 P. M. Santos 

     Xanthomonas maltophila 024 M. J. Fernandes 

     Alcaligenes eutrophus AE104 M. J. Fernandes 

     Comamonas acidivorans EE723 M. J. Fernandes 

 
aBacterial strains were obtained from public collections or kindly supplied by Pedro M. 

Santos, Arsénio M. Fialho  (Instituto Superior Técnico, Universidade Técnica de Lisboa, 

Lisboa, Portugal), Maria João Fernandes, Adriano Henriques, Isabel Sá-Nogueira (Instituto de 

Tecnologia Química e Biológica, Universidade Nova de Lisboa, Oeiras, Portugal), Mark Silby 

(Center for Adaptation Genetics and Drug Resistance, Department of Molecular Biology and 

Microbiology, Tufts University School of Medicine, Boston, USA) and Tracey M. Timms-

Wilson (CEH-Wallingford, Oxfordshire, UK). 
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Figure 2.2 

Screening for dye decolourisation 

by growing cells of P. putida MET94. 

Cells were grown in LB medium supplemented  

with 150 μM of dye under anaerobic conditions at 30 C.  

Decolourisation was monitored after 24 h of growth. 

 

Effect of oxygen and dye concentration on growth and decolourisation 

parameters 

To assess the physiology of dye decolourisation by P. putida MET94, 

cultures were grown under different aeration conditions and in the absence 

or presence of the 2 structurally simple azo dyes, methyl red and Sudan 

orange G. Decolourisation was mostly observed in anaerobically grown 

cultures in a growth-associated manner (Fig. 2.3A, B). Increasing the 

concentration of the dyes in the culture media led to lower specific growth 

rates, especially in aerobically grown cultures, most likely reflecting the 

toxicity that dyes exerted over cell physiology (Fig. 2.3C, D). The rates of 

decolourisation shown by the growing cells increase with increasing dye 
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concentrations up to values where they become independent of the dye 

concentration, in a pattern that suggests enzymatic dye degradation. Indeed, 

after culture centrifugation, cell pellets were colourless, indicating the 

inexistence of dye adsorption to the bacterial cell wall. Enzymatic 

decolourisation reactions using cell crude extracts showed increased rates 

upon addition of NADH or NADPH to the assay mixture (5- and 30-fold, 

respectively), clearly pointing to the involvement of oxidoreductase activity 

in the decolourisation process (Table 2.3). Moreover, slightly higher 

activities were obtained upon addition of FMN, but not FAD, to the reaction 

mixture, which associate the activity of a soluble FMN-dependent 

oxidoreductase in the enzymatic decolourisation system of P. putida 

MET94. Crude extracts from cultures grown in the presence or absence of 

oxygen, with or without dye, were able to decolourise at similar rates all the 

azo dyes tested, suggesting that the enzymatic systems involved are 

constitutively expressed in P. putida cultures (Table 2.3 and data not shown). 

This is not surprising considering that anthropogenic synthetic compounds 

are not cognate substrates in an original physiological context. Indeed, the 

observed oxygen inhibition by growing cells of dye decolourisation is 

exerted at the level of the enzymatic activity, as shown by kinetic 

measurements performed with whole cell systems or cell-free extracts. 
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Figure 2.3 

Growth and dye decolourisation under aerobic (A) 

or anaerobic conditions (B) and effect of increasing  

concentrations of methyl red in culture grown in 

aerobic (C) or anaerobic conditions (D). 

Growth was followed at 600 nm (white square) and  

decolourisation of methyl red (black square) and  

Sudan orange G (black circle) at 430 nm. Specific growth 

rates are represented by closed symbols and decolourisation  

rates by open symbols. 
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Table 2.3. Azoreductase activity using crude-cell extracts of P. putida MET94 grown at 

different physiological aeration conditions in dye-supplemented and non-supplemented 

media. 

 

 Specific activity for methyl red (mU/mg) 

 Growth conditions 

 Aerobic 

without dye 

Anaerobic 

without dye 

Anaerobic 

with dye 

CE 5 ± 2 7 ± 2 7 ± 2 

CE + NADPH 172 ± 3 177 ± 1 166 ± 5 

CE + NADH 29 ± 3 32 ± 5 30 ± 4 

CE + NADPH + FAD 170 ± 18 187 ± 1 191 ± 2 

CE + NADPH + FMN 221 ± 8 222 ± 6 220 ± 2 

CE crude extract 

 

Decolourisation using resting whole cells 

The application of azoreductases such as PpAzoR in biodegradation 

processes requires the addition of cofactors such as NAD(P)H in reaction 

mixtures, which is prohibitively expensive. Therefore, we tested P. putida 

MET94 whole cells for dye decolourisation since the use of these systems 

lower the costs associated with enzyme purification and cofactors, providing 

simultaneously, protection to the biocatalyst from the harsh process 

environment. Indeed, we showed that the whole cells enzymatic activity is 

independent of the addition of exogenous cofactors such as NADH or 

NADPH (data not shown) and the reaction rates with the model dye MR 

increase linearly, following first-order kinetics, with the biomass 

concentration, with an optimum at around pH 8 (Fig. 2.4).  
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Figure 2.4 

pH profile and dependence of  

decolourisation rates on the biomass concentration.  

(A) pH profile of methyl red decolourisation by P. putida  

MET94 whole cells. (B) Dependence of decolourisation rates  

on the biomass concentration.  

 

 

Model dye-containing wastewaters were designed to mimic effluents 

produced during cotton or wool textile dyeing processes containing additives 

and salts in addition to dyes. The dyes selected are representative of different 

structural dye types and are widely applied in the textile industry. The 

whole-cell decolourisation of the 3 model dye wastewaters (OD600 = 20) 

(Fig. 2.5) show decolourisations ranging from 50 to 90% as measured at 400, 

500, and 600 nm and after 48 h of reaction (Fig. 2.5). These are promising 

results as whole cell catalysis is considered one of the most appropriate 

biosystems in biodegradative processes and P. putida has been certified as a 

biosafety strain, being the preferred host for the cloning and gene expression 
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of Gram-negative soil bacteria. Furthermore, whole microbial cell processes 

are flexible approaches prone to further self-optimization through the use of 

molecular biology techniques. For these reasons, we have decided to pursue 

our studies in the characterization at the molecular level of the 

decolourisation system of P. putida. 
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Figure 2.5 

P. putida MET 94 whole cell decolourisation.  

Whole cell decolourisation of direct (white bars), acid (dark grey bars) 

or reactive model baths (dashed bars) after 24 and 48 h (light grey bars) 

of reaction.  

 

Identification of the P. putida azoreductase gene 

A Basic Local Alignment Search Tool search of the P. putida KT2440 

genome was performed using template sequences from bacterial 

azoreductases with known 3-dimensional structures (Ito et al. 2006, Liu et al. 

2007b, Wang et al. 2007). A 612-bp ORF (acpD, GeneID 1042781) 

encoding a 203 amino acid residue, putative acyl carrier phosphodiesterase 

protein, was clearly recognized on the basis of the amino acid sequence 

identity (around 54.2%), (Fig. 2.6). This sequence contains all the conserved 
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motif patterns of flavin-dependent azoreductases: i) the sequence P-M-Y/W-

N-F/L involved in the binding of FAD/FMN cofactors; ii) the sequence L-

G/N-F-I-G-I/V, which is part of the helices α5, putatively involved in the 

dimerisation of the 2 monomers of the enzyme; and iii) the possible putative 

NAD(P)H binding motif located in a glycine-rich region (Wang et al. 2007) 

and was therefore renamed PpAzoR (Pseudomonas putida azoreductase).  

 

 

Overproduction and purification of recombinant PpAzoR 

The ppAzoR gene was cloned into the expression vector pET-21a (+) to 

make pLP-1, and the final construct was transformed into E. coli Tuner 

(DE3) to obtain the strain LOM528, in which expression of the ppAzoR gene 

could be driven upon IPTG induction of the T7lac promoter. SDS-PAGE 

analysis of crude extracts from recombinant E. coli revealed that the addition 

of IPTG to the culture medium resulted in the accumulation of an extra band 

at ~23 kDa (Fig. 2.7A). The recombinant protein was purified by using 3 

chromatographic steps to apparent homogeneity, as determined by SDS-

PAGE analysis (Table 2.4 and Fig. 2.7B). The N-terminal sequence, 

MKLLH, confirmed the ppAzoR product. Size exclusion chromatography 

yielded a native molecular mass of 39 ± 2 kDa, demonstrating that the 

recombinant enzyme forms a homodimer in solution, as most of the 

described flavin-dependent azoreductases that are either dimeric or 

tetrameric enzymes (Nakanishi et al. 2001, Chen et al. 2004, Deller et al. 

2006, Ooi et al. 2007, Wang et al. 2007, Ooi et al. 2009, Matsumoto et al. 

2010, Morrison et al. 2012). 
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Figure 2.6 

Sequence alignment of flavin-dependent azoreductase from P. putida with azoreductases from E. coli (1V4B), S. typhimurium  

(1T5B), E. faecalis (2HPV), and P. aeruginosa (2V9C). The alignment was generated by using CLUSTAL X. Similar residues are 

 highlighted by shading and conserved residues are indicated by white lettering on a black background. 
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Spectroscopic properties of the recombinant protein  

The absorbance spectrum of the purified enzyme shows a typical 

flavoprotein signature with 2 distinct peaks with absorbance maxima at 377 

and 455 nm (Fig. 2.7C). The release of the flavin by chemical denaturation 

with 0.4% (w/v) SDS produced a down-shift of both absorbance maxima to 

372 and 445 nm, respectively, indicating its non-covalent association with 

the protein. The molar extinction coefficient (455) of 11,733 M-1·cm-1 shows 

a flavin:protein ratio of approximately 1:1. The extracted flavin after heat 

denaturation of the protein was analysed by HPLC, revealing retention times 

identical to the FMN standard (Fig. 2.7D) and indicating that the prosthetic 

group of PpAzoR is FMN.  

 

 

Table 2.4. Chromatographic purification of recombinant PpAzoR. 

 

 
Protein 

(mg) 
Activity 

Yield 

(%) 

Purification 

factor 

  Total     

(U) 

Specific 

(U/mg) 
  

Crude extract 191 25 0.1 100 1 

Q-sepharose 87 13 0.2 52 1.1 

Mono-Q 44 14 0.3 53 2.3 

Superdex 6 9 1.5 38 11.5 
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Figure 2.7 

SDS-PAGE analysis of PpAzoR overproduction and purification, UV-visible spectrum 

and HPLC analysis of PpAzoR cofactor.  

(A) SDS-PAGE analysis of the heterologous overproduction of PpAzoR: supernatant of the 

crude extracts of IPTG-induced (1) and non-induced (2) recombinant E. coli cultures.  (B) 

SDS-PAGE analysis of the purification steps of recombinant PpAzoR: crude extract (1), 

active fractions after Q-Sepharose (2), Mono-Q (3), and Superdex 75 (4). M Molecular mass 

markers. (C) - UV-vis spectrum of PpAzoR before (solid line) and after SDS denaturation 

(dashed line). (D) - HPLC analysis of PpAzoR flavin or FAD/FMN standards. 
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Enzymatic properties of PpAzoR 

The enzyme shows an optimum at pH 7 and 32°C (Fig. 2.8). The substrate 

specificity of PpAzoR was investigated by measuring the initial rates of 

reduction of a set of structurally different azo dyes by using NADPH as the 

electron donor (Table 2.5). Interestingly, the enzyme reduces at similar rates 

all the dyes tested, with reactive yellow 81 and reactive black 5 representing 

the proeminent substrates and mordant black 9 and acid orange 7 

representing the less efficiently used substrates. Therefore, PpAzoR was 

shown to be particularly unspecific with regard to the azo dyes that can use 

as substrates when compared with those of other characterized bacterial 

azoreductases, even if the rates measured for some dyes are relatively low 

(Bin et al. 2004, Chen et al. 2004, Wang et al. 2007, Chen et al. 2008, Liu et 

al. 2008a). The function that relates the rate of reaction versus Sudan orange 

G concentration is a non-hyperbolic curve (data not shown), indicating 

enzyme inhibition at high substrate concentration (Ki = 0.13 mM), as 

reported previously using CotA-laccase and sudan orange G and using 

Orange II azoreductase and Orange II (Zimmermann et al. 1982, Pereira et 

al. 2009b). Most of the dyes tested have –OH or –NH2 groups at the ortho 

position and electron withdrawing groups, such as SO3 and Cl, at the para 

position relatively to the azo bound, requisites previously reported for 

azoreductase activity (Zimmermann et al. 1982, Chen 2006, Hsueh & Chen 

2007). It is noteworthy that reactive yellow 81, showing the highest rate of 

reduction, does not obey those conformational requirements. Additionally, 

two synthetic quinone substrates, 1,4-benzoquinone and anthraquinone-2-

sulfonate, were tested as PpAzoR substrates in order to evaluate the quinone 

oxidase activity of this enzyme (Table 2.6). 
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Figure 2.8 

pH (A) and temperature (B) profile of PpAzoR. Reactions were performed under anaerobic 

conditions using 2 mM of dye in the presence of 0.25 mM of NADPH.  

 

 

 

Table 2.5. Apparent steady-state catalytic parameters of purified recombinant 

PpAzoR for the reduction of structurally diverse azo dyes (0.05 – 5 mM) by using NADPH 

(0.25 mM) as the electron donor in BR buffer at pH 7. 

Substrate 
Vmax          

U mg-1 

Km app   

mM 

kcat app      

min-1 

kcat/Km        

M-1s-1 

Ki                     

mM 

MR 1.0 ± 0.1 0.4 ± 0.1 21 ± 1 8.9 × 102 - 

SOG 0.20 ± 0.03 0.10 ± 0.07 4 ± 1 7.1 × 102 0.13 ± 0.04 

RY81 3.0 ± 0.3 4 ± 1 64 ± 4 2.7 × 102 - 

AR266 1.0 ± 0.1 1.8 ± 0.5 21 ± 2 1.9 × 102 - 

MB9 0.6 ± 0.1 4 ± 1 13 ± 1 0.5 × 102 - 

AO7 1.4 ± 0.2 4 ± 1 30 ± 4 1.2 × 102 - 

AB194 1.3 ± 0.2 1.8 ± 0.6 28 ± 2 2.5 × 102 - 

MB17 1.0 ± 0.1 0.9 ± 0.1 21 ± 3 3.9 × 102 - 

MB3 0.6 ± 0.1 0.7 ± 0.1 13 ± 1 3.0 × 102 - 

RB5 2.2 ± 0.1 1.4 ± 0.2 47 ± 1 5.5 × 102 - 
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PpAzoR has the interesting feature of using both NADH and NADPH as 

electron donors with catalytic efficiencies approximately of the same order 

of magnitude (Table 2.6). BQ shows higher specificity (kcat/Km) than AQS, 

with values similar to those determined for other quinone reductases such as 

Lot6p from Saccharomyces cerevisiae (Sollner et al. 2007) and ChrR from 

P. putida (Gonzalez et al. 2005). The recombinant azoreductase AZR from 

Rhodobacter sphaeroides overexpressed in E. coli, did not show any 

detectable activity with BQ, while the kinetic parameters for AQS are within 

a similar order of magnitude with those observed for PpAzoR (Liu et al. 

2008). Consistent with our values are those determined for E. coli AzoR 

using NADH as electron donor, with a kcat at 1.1 ± 0.3 s-1 and kcat/Km of 1.36 

× 105 M-1s-1 (Liu et al. 2009). 

 

Table 2.6. PpAzoR kinetic parameters for BQ and AQS quinones using NADPH or 

NADH as electron donor. 

 

Substrates 
Vmax   

(U/mg) 

Km app   

(mM) 

kcat app 

(s-1) 

kcat/Km      

(M-1s-1) 

BQ / NADPH 117 ± 7 0.08 ±0.01 42 5 × 105 

AQS / NADPH 49 ± 3 0.07 ± 0.01 17 2 × 105 

BQ / NADH 73 ± 4 0.09 ± 0.02 30 3 × 105 

AQS / NADH 29 ± 3 0.08 ± 0.02 10 1 × 105 

 

To further characterize the properties of PpAzoR, initial rates of RB5 

reduction were measured as a function of dioxygen concentration, and the 

results obtained show that O2 acts as an inhibitor of the dye reduction 

reaction (Fig. 2.9A). The enzyme inhibition by O2 is in conformity with the 

low levels of dye decolourisation by growing or resting cells of this 

bacterium under aerobic conditions. However, we found that the O2 is not an 
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enzyme inhibitor, but it is a PpAzoR substrate, in fact a more efficient 

substrate than azo dyes with a catalytic efficiency two orders of magnitude 

higher than for azo dyes (3 × 104 M-1s-1). The oxygen consumption was 

followed using an oxygraph (Fig. 2.9B) in a reaction mixture containing 

buffer and NADPH and upon addition of PpAzoR, the oxygen is consumed. 

When catalase was added, the concentration of dioxygen in the mixture 

increased to the double, proving that indeed oxygen is consumed and 

peroxide is produced, because catalase will use the hydrogen peroxide 

produced by the PpAzoR reaction to form new molecular oxygen (Fig. 

2.9B). When catalase was added at the beginning of the reaction, only half of 

the possible concentration of oxygen produced was attained (Fig. 2.9B). 

Time (min)

0

20

40

60

80

100

120

0 1 2 3 4 0

%
 O

2

1 2 3 4 5

Time (min)

PpAzoR

Catalase

PpAzoR + Catalase

0

20

40

60

80

100

120

0 100 200 300 400 500

O2 (nmol/mL)

%
 A

ct
iv

it
y

A B

 

Figure 2.9 

Inhibition of PpAzoR by dioxygen (A) and consumption of O2 (B).  

(A) Inhibition of PpAzoR by dioxygen. Reactions were monitored 

by following RB5 reduction. A half maximal inhibitory concentration  

(IC50) of 117 nmol/mL was determined by fitting the activity decay  

of PpAzoR to a single first-order process.  

(B) O2 consumption was measured with a “Oxygraph” equipped  

with a Clark oxygen electrode. The total chamber volume of 1 mL contained 

0.25 mM of NADPH in 20 mM Tris-HCl pH 7.6 buffer. Reaction was initiated by the  

addition of 3.5 µM PpAzoR; 1500 units of Catalase were added as shown by the arrows. 
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The catalytic mechanism of PpAzoR 

The reaction mechanism for PpAzoR was investigated by steady-state 

kinetic analysis. Initial velocity measurements performed in the presence of 

NADPH as the electron donor and RB5 or BQ as the electron acceptor 

resulted in a family of parallel lines in a double reciprocal plot, indicating a 

ping-pong bi-bi mechanism (Fig. 2.10) as reported for other azoreductases 

(Liu et al. 2007b, Sollner et al. 2007, Liu et al. 2008b, Sollner et al. 2009). 

This shows that PpAzoR reduces azo dyes and quinones in 2 distinct steps: 

first, a complete reduction of the FMN cofactor; and second, transfer of these 

electrons from the flavin to the dye or quinone substrate resulting in the 

formation of the corresponding putative hydrazo or semiquinone derivatives. 

This reaction cycle proceed a second time and delivers the necessary 4 

electrons in order to obtain a complete reduction of the azo dyes to amines 

and quinones to hydroquinones (Bin et al. 2004, Ryan et al. 2010). This 

mechanism was supported by the detection of aromatic amines, the expected 

reduction products of the reaction of 2 structurally simple model dyes, 

methyl red and sudan orange G, in stoichiometric amounts in the HPLC 

chromatograms of the reaction assays (Fig. 2.11).  
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Figure 2.10 

Double-reciprocal plots against 1/[NADPH] and 1/[RB5] or 1/[BQ]. 

(A) 1/NADPH (black square), 0.25 mM (white square), 0.5 mM (black circle), 1 mM (white 

circle), 2 mM RB5; 

(B) 1/RB5 (black circle), 0.03 mM (white circle), 0.04 mM (white triangle), 0.06 mM (black 

triangle), 0.5 mM NADPH;  

(C) 1/NADPH (white triangle), 0.005 mM (black square), 0.01 mM (white square),  

0.015 mM (black circle), 0.03 mM (white circle) and 0.06 mM BQ; (D) 1/BQ (black circle), 

0.05 mM (white circle), 0.1 mM (black square), 0.125 mM (white square), 0.15 mM (black 

triangle) and 0.2 mM NADPH. 
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Figure 2.11 

Proposed mechanisms for the biotransformation of azo dyes by PpAzoR and HPLC 

chromatograms.  

Reaction mixtures with Sudan orange G (A) or methyl red (B) after 24 h of reaction with (thin 

line) or without (thick line) PpAzoR. Products of the reaction were identified, in comparison 

to the standards: aniline (1), 4-aminoresorcinol (2), 2-aminobenzoic acid (3), and N,N′-

dimethyl-p-phenylenediamine (4). 
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The reaction mechanism of PpAzoR was investigated by stopped-flow. For 

studying the reductive half-reaction, the anaerobic-made enzyme was mixed 

in a stopped-flow instrument with various concentrations of NADPH and the 

FMN reduction was monitored by the decrease in absorbance at 455 nm 

(Fig. 2.12A). No transient absorbance changes were observed above 500 nm, 

which indicates the nonexistence of flavin semiquinones or of charge 

transfer complexes formation, as described elsewhere (Suske et al. 1999). 

The reduction of PpAzoR by NADPH could only be fitted by a two-

exponential function, indicating that the reaction was biphasic, in contrast to 

what was described, e.g, for the Lot6p protein (Sollner et al. 2009). This 

finding could be explained by the presence of two distinct enzyme 

populations in the absence of substrate (Arunachalam et al. 1994, Suske et 

al. 1999). According to that model the rate constants for reduction were 

obtained by extrapolating the observed rate constant to infinite. A maximum 

first-order rate at an infinite NADPH concentration of 47 ± 12 s-1 was 

calculated for the fast process, whereas a maximum rate constant at infinite 

NADPH concentration of 4 ± 1 s-1 was calculated for the second and slowest 

process (Fig. 2.12B).  There is a good match between the reduction rates of 

the free enzyme and the turnover rates of the NADPH oxidation (Table 2.6), 

which indicates that the flavin reduction is the rate-limiting step in the 

catalytic mechanism (Suske et al. 1999). For studying the oxidative half-

reaction, the anaerobic enzyme preparations were mixed with various 

concentrations of 1,4-benzoquinone and FMN oxidation was monitored at 

455 nm. The observed rate constants varied linearly with quinone 

concentration for values up to 0.2 mM with a second order rate constant of 

16 × 105 M-1s-1, but above this, it seems that the rates become more or less 

independent of the quinone concentration (Fig. 2.12C). 
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Figure 2.12 

Anaerobic reduction of PpAzoR by NADPH and 

anaerobic oxidation of PpAzoR by 1,4-

benzoquinone. The experiments were performed at 

16C in the stopped-flow spectrophotometer. (A) 

Spectral changes observed during the reduction of 17 

µM PpAzoR with 0.1 mM NADPH. Original diode 

array mode spectral scans are shown from 0.75 s to 1 

s with intervals of 3.01 ms. Thick solid line 

represents the fully oxidized enzyme in 20 mM Tris-

HCl at pH 7.6 buffer before being rapidly mixed with 

0.1 mM of NADPH in the same buffer. Inset: 

Absorbance decrease at 455 nm upon anaerobic 

reduction of a solution of 17 µM free enzyme by 0.1 

to 1 mM NADPH in 20 mM Tris-HCl at pH 7.6. (B) 

Observed rate constants of enzyme reduction as a 

function of NADPH concentration. Closed and open 

symbols represent the fast and slowest processes, 

respectively. The data were obtained from separate 

reduction experiments at different NADPH 

concentrations.      

(C) The anaerobic enzyme (17 µM after mixing) was 

reduced by titrating with 1 equiv of dithionite. 

Subsequently, reduced enzyme was mixed with 

various concentrations of 1,4-benzoquinone (0.02, 

0.04, 0.07, 0.1, 0.15, 0.2, 0.3, 0.4 and 0.5 mM) at pH 

7.6, and flavin oxidation was monitored at 455 nm. 

The observed rate constants varied with quinone 

concentration with a second order rate constant of 16 

× 105 M-1s-1. 
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Crystal analysis  

PpAzoR crystals (Fig. 2.13) cryo-protected with paraffin oil were flashed 

cooled under liquid nitrogen and the initial crystal characterization was 

undertaken using in house equipment (Proteum X8 diffractometer), at 110K. 

The crystals diffracted up to 2.2Å resolution and belong to the orthorhombic 

space group F222, with unit-cell dimensions of a=59.82 b=59.82 and 

c=81.47Å. These contain one molecule per asymmetric unit that corresponds 

to a Mathews coefficient of 2.78 Å3Da-1 and a solvent content of 56% 

(Matthews 1968). 

 

 

Figure 2.13 

Crystal of PpAzoR. The crystal was obtained from  

a reservoir solution containing 4% PEG 400,  

2M of ammonium sulphate and 0.1M of Hepes 

at pH 7.0 at 293K, showed an average dimension of 

0.2 x 0.1 x 0.05 mm. 
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Overall structure of the native enzyme 

The crystal structure accounts for the majority of the protein sequence with 

the exception of the final 3 residues (Ala201, Ala202 and Ala203), for which 

no electron density was visible.  The overall structure of PpAzoR is shown in 

Figure 2.14A,B. The monomer adopts a flavodoxin-like fold, with a central 

twisted β-sheet formed by five parallel β-strands connected by α helices.  

Superimposition over all Cβ atoms of the PpAzoR structure over the AzoR 

structure from E. coli revealed the main chain carbons of 188 of the 200 

residues overlapping with a rmsd of 1.36 Å (PDB code 2Z98 (Ito et al. 

2008)). The secondary structural arrangement is equally conserved with 

other AzoR structures reported: Pseudomonas aeruginosa (rmsd 1.48 Å, 

PDB code 2V9C (Wang et al. 2007)), Enterococcus faecalis (rmsd 1.52 Å, 

PDB code 2HPV (Liu et al. 2007b)) and Salmonella typhimurium (rmsd 1.43 

Å, PDB code 1T5B). The dimer contains two separate active sites that are 

located at the interfaces between the two monomers (Fig. 2.14B,C). The 

interface involves anti-parallel side-to-side packing between helices α4 and 

α5 of each monomer, corresponding to residues 97-109 and 148-164, 

respectively. It also includes residues 43 to 51, composing loop 3 (preceding 

α2) that interact with the same stretch of residues on the other monomer. 

Both monomers contribute as a scaffold for the catalytic centre; additionally 

the contact area is 1193 Å2, strongly suggesting that the dimer is the 

biologically relevant configuration. Inspection of the dimer interface 

revealed a complex net of hydrogen bond interaction. Approximately 75% of 

the FMN molecule is buried in the protein, nested between loops L7 and L11 

on the C-terminal end of the central β sheet, and the isoalloxazine ring is 

near to planar, adopting a slightly twisted conformation. The majority of 

residues coordinating the FMN are conserved when compared to those 

involved in the prosthetic group binding of E. coli AzoR (Ito et al. 2006, Ito 

et al. 2008). 
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Figure 2.14 

Overall structure of PpAzoR and amino acid sequence. 

(A) Amino acid sequence of native PpAzoR with secondary structure elements displayed 

above the sequence. Residues involved in the binding of the FMN prosthetic group are in 

bold.  

(B) Overall structure of the PpAzoR monomer as a ribbon diagram; secondary structure 

assignments are labelled on the model; the FMN molecule and the poly (ethylene glycol) 400 

molecule are in stick representation.  

(C) Representation of the PpAzoR dimer oriented along the crystallographic twofold axis. The 

two subunits are in blue and orange. The prosthetic FMN molecules are represented by a stick 

model, with carbon atoms in yellow, oxygen atoms in red, nitrogen atoms in blue, and 

phosphorus atoms in orange. The poly(ethylene glycol) 400 molecules (one in each active 

site, stacked over the FMN) are in stick representation, with carbon in green and oxygen in 

red.  

(D) A side view of the dimer rotated by 90º relative to the twofold axis. 
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The active site: comparison and conformational differences 

The surroundings of the FMN exposed to the solvent are quite hydrophobic 

in nature. The hydrophobic residues, provided by both monomers, are 

conserved as compared with AzoR1 from E. coli (Ito et al. 2006, Ito et al. 

2008) both sequentially and structurally (Phe98, Tyr179; and from the 

cognate monomer, Phe50', Leu55', Phe118', Tyr120', Phe160', and Phe163') 

with an exception for Leu55’. This residue, although sequentially aligned 

with Leu54 in E. coli AzoR1 (not shown here), is structurally aligned with a 

valine (Val55) in the E. coli structure due to an insertion in PpAzoR in this 

region. In spite of these striking similarities, there are a few differences in 

the vicinity of the active site in relation to the AzoR1 from E. coli, that may 

influence substrate specificity, regarding both size and access, and possibly 

affecting product release. The most noteworthy is relative to the loop 

between helix 2 and helix 3, spanning residues Gly59 and Ala67 

(corresponding in E. coli AzoR1 to residues Arg59 to Pro67) (Fig. 2.14A). In 

PpAzoR this loop is bent away from the active site, compared to the 

equivalent loop in E. coli where some residues offer the possibility to 

interact with a substrate (Ito et al. 2008). The three residues involved in the 

turn of their respective loops are distanced approximately by ~11 Å from 

each other (Fig. 2.15). This loop in PpAzoR is not expected to be mobile, as 

is confirmed in the structures complexed with AQS and RB5 (not shown). A 

further clue supporting the importance of the referred loop comes from 

another reported structure of an azoreductase, P. aeruginosa PaAzoR1 (pdb 

code 2V9C (Wang et al. 2007)). This structure shows the equivalent loop 

(residues Phe60 to Ser68) more proximal to the FMN prosthetic group, 

resulting in a smaller active site, unable to accommodate bulky substrates 

(Fig. 2.15). 
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Figure 2.15 

Topology of the active site: zoom-in view of the  

active site of native PpAzoR (in dark blue with no transparency).  

The FMN molecule is in stick representation: C, yellow; N, blue; O, red.  

The symmetry-related molecule composing the dimer is in faded dark blue,  

and superimposed with EcAzoR (light yellow, PDB code 2Z9D) and  

PaAzoR1 (light green, PDB code 2V9C), both equally faded.  

The divergent loops are indicated by arrows.  

 

Another pivotal feature of the active site topology is the flap comprising 

sheets β4 and β5. This structural element (from the second monomer) places 

itself over the (non-covalently bound) FMN of the first monomer, and helps 

to assemble the pocket of the active site. Superimposition of the PpAzoR 

structure with that of E. coli AzoR shows these elements to be entirely 

superimposable; however, with P. aeruginosa PaAzoR1 the overlay shows a 

shorter flap in PpAzoR, producing a more open and solvent accessible active 

site (Fig. 2.15). This structural element holds an important residue, Tyr120, 

which aligns structurally with Tyr120 from E. coli AzoR, and corresponds 

functionally to Tyr131 in P. aeruginosa PaAzoR1, and was suggested to 

play a role in substrate specificity and architecture of the catalytic pocket 

(Ryan et al. 2010, Wang et al. 2010). 
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Putative physiological role of PpAzoR in P. putida MET94 

It is reported that quinone reductases might be involved in protecting from 

oxidative stress (Gonzalez et al. 2005, Liu et al. 2008a, Liu et al. 2009). 

Therefore, in an attempt to understand the PpAzoR physiological role in P. 

putida MET 94 we have constructed a PpAzoR overexpressing strain. The 

gene was cloned in a broad host range plasmid and expressed in P. putida 

MET94 under induction with IPTG. Cultures of P. putida Wt and P. putida 

overexpressing ppAzoR, PpAzoR+ strain, were grown in the presence of 

increasing concentrations of quinones under aerobic conditions. As shown in 

Figure 2.16A, in the absence of exogenous 1,4-benzoquinone (BQ) or 

anthraquinone-2-sulfonic acid (AQS) in the culture media, no major 

differences were observed in final OD values (after 24h of growth) of the 

cultures of both Wt and PpAzoR+ strains, in fact, a slightly lower OD was 

measured in this latter strain. The addition of increased concentrations of 

quinones (up to 1 mM) to the culture media affects severely the final ODs 

(i.e. growth yields) of both strains. However, in PpAzoR+ cultures, at all the 

concentrations tested, higher cell yields were attained than in the wild type 

strain (Fig. 2.16A), showing a clear protective effect of PpAzoR in P. putida 

MET94 when exposed to this environmental insult. Moreover, in survival 

experiments, i.e. upon exposure of exponentially grown cells to 1 mM of 

BQ, the number of viable cells of PpAzoR+ is kept constant for 4 h while cell 

viability of Wt strain dropped 50% during the time course of the experiments 

(Fig. 2.16B). Disc diffusion assay revealed an inhibition halo observed in the 

Wt in the presence of 10 mM of BQ that could not be observed with the 

overexpressing strain (Fig. 2.16C). Therefore our results show that the 

overexpression of ppAzoR leads to increased resistance to the presence of 

quinones (most probably by reducing these more efficiently to 

hidroquinones) and we conclude that PpAzoR might be involved in cellular 
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general detoxification systems as a response to oxidative stress caused by 

quinones.  

 

 

Figure 2.16 

Effects of quinones on growth and survival of P. putida wild-type (Wt)  

and P. putida overexpressing ppAzoR, PpAzoR+ strain. 

(A) Effect of increasing concentrations of 1,4-benzoquinone (BQ) 

or anthraquinone-2-sulfonic acid (AQS) on the growth yields of  

Wt and ppAzoR+ strains assessed after 24h of growth.  

(B) Survival of Wt and PpAzoR+ strains upon 

exposure to 1 mM of BQ. 

(C) Sensitivity of Wt and PpAzoR+ strains to 10 mM BQ 

as determined by disc diffusion assay.  
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Quinones can rapidly react and directly alkylate and oxidize a variety of 

nucleophiles including proteins and DNA via non-enzymatic Michael 

addition leading to genotoxic effects. However, it is reported that, at the 

same time, cytoprotection can be observed from quinone formation due to 

the induction/activation of stress response gene expression and synthesis of 

detoxification enzymes such as NAD(P)H:quinone oxidoreductase (NQO1) 

(Bolton 2014). 
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Chapter 3  

Synergistic action of azoreductase and laccase leads to 

maximal decolourisation and detoxification of model 

dye-containing wastewaters 
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Sónia Mendes, Ana Farinha, Christian G. Ramos, Jorge H. Leitão, Cristina A. 

Viegas and Lígia O. Martins (2011). Synergistic action of azoreductase and 

laccase leads to maximal decolourization and detoxification of model dye-

containing wastewaters. Bioresour. Technol. 102, 9852–9859. 
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Abstract 

 

The azoreductase PpAzoR from P. putida MET94 shows a broader 

specificity for decolourisation of azo dyes than CotA-laccase from B. 

subtilis. However, the final products of PpAzoR activity exhibited in most 

cases, a 2 to 3–fold higher toxicity than intact dyes themselves. We show 

that addition of CotA-laccase to PpAzoR reaction mixtures lead to a 

significant drop in the final toxicity. A sequential enzymatic process was 

validated through the use of 18 representative azo dyes and three model 

wastewaters that mimic real dye-containing effluents. A heterologous E. coli 

strain was successfully constructed co-expressing the genes coding for both 

PpAzoR and CotA. Whole-cell assays of recombinant strain for the 

treatment of model dye wastewaters resulted in decolourisation levels above 

80% and detoxification levels up to 50%. The high attributes of this strain, 

make it a promising candidate for the biological treatment of industrial dye 

containing effluents. 
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Introduction 

 

Azoreductases are enzymes extremely efficient in the degradation of azo 

dyes since they act on the reduction of the azo linkage which is the 

chromophoric group of the coloured compounds. However, azoreductases 

require the addition of expensive cofactors such as NAD(P)H as electron 

donors for the reductive reaction and the products released are aromatic 

amines which are potentially toxic. In contrast, laccases are oxidoreductases 

that have a great potential in various biotechnological processes mainly due 

to their high non-specific oxidation capacity, the lack of a requirement for 

cofactors, and the use of readily available oxygen as an electron acceptor 

(Kandelbauer & Guebitz 2005). Laccase dye degradative processes are 

considered environmentally friendly since the oxidation occurs through a 

highly non-specific free radical mechanism, forming phenolic type 

compounds and thus, avoiding the formation of toxic aromatic amines 

(Chivukula & Renganahathan 1995, Zille et al. 2005b, Pereira et al. 2009a). 

A recent study using a laccase from B. subtilis, the CotA-laccase, has shown 

that this enzyme is able to oxidize primary aromatic amines leading to the 

formation of aminyl radical intermediates that couple resulting in dimers and 

oligomers as final reactions products (Sousa et al. 2013). The objective of 

the present study was to assess both the enzymatic degradation of azo dyes 

and the final toxicity of the reaction mixtures in order to contribute for the 

set-up of an eco-friendly biological treatment for dye-containing 

wastewaters. The enzymatic degradation of an array of 18 azo dyes and of 3 

model dye baths was tested with 2 enzymes with proven ability to degrade 

synthetic dyes, recombinant FMN-dependent NADPH azoreductase 

(PpAzoR) from P. putida MET94 (Mendes et al. 2011 (in chapter 2)) and 

recombinant CotA-laccase from the bacterium B. subtilis (Martins et al. 

2002, Pereira et al. 2009a,b). These enzymes show different catalytic 
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mechanisms and lead to structurally different degradation products (Mendes 

et al. 2011 (in chapter 2), Pereira et al. 2009a). The toxicity of dyes and 

reaction products was measured by using yeast- and nematode-based 

bioassays (Papefthimiou et al. 2004; Anderson et al., 2001). Saccharomyces 

cerevisiae is an important microbial eukaryotic model and the nematode 

Caenorhabditis elegans has recognized relevance as a test organism for soil 

and aquatic ecotoxycological studies. The worm model complements the 

data obtained with the yeast model, by comprising effects on reproduction 

and development, neurotoxicity and xenometabolism (Leung et al. 2008). 

Whole microbial cell processes are the most appropriate bio-systems for 

biodegradative processes as they allow lowering of costs associated to 

enzyme purification or cofactor supply. Therefore, an E. coli strain co-

expressing ppAzoR and cotA genes was constructed where the sequential 

action of PpAzoR and CotA enzymes could be tuned by aeration conditions. 

The development and optimization of a whole cell process for model dye 

baths treatment led to significantly high levels of dye decolourisation and 

detoxification.  
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Material and methods 

 

Chemicals 

All chemicals were of the highest grade available commercially. The dyes 

tested are listed in Table 3.1. Three different model wastewaters, designed in 

the frame of the European Commission (EC) project SOPHIED, to mimic 

effluents produced during wool and cotton textile dyeing processes were 

prepared as follows: acid bath (for wool) with AY49, AR266, AB210, and 

AB194 dyes at 0.1 g·L-1 each and 2 g·L-1 of Na2SO4, pH 5, reactive bath (for 

cotton) with RB222, RR195, RY145, and RB5 dyes at 1.25 g·L-1  each and 

70 g·L-1  of Na2SO4, pH 10 and direct bath (for cotton) with DB71, DR80, 

and DY106 dyes at 1 g·L-1 each and 5 g·L-1 of NaCl, pH 9 (Prigione et al. 

2008a). All solutions were sterilized by tyndallization (three 1 h-cycles at 

80C with 24 h interval between cycles at room temperature) before use.    
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Table 3.1. Colour index (C.I.) generic names, C.I. registration numbers, absorption 

maxima and purity of the dyes used in this studya. 

CI generic name 

CI 

constitution 

number 

Dye 

content 

(%) 

Abs 

max 

(nm) 

Direct blue 1 (DB1) 24410 80 610 

Direct red R (DRR) 22120 91 530 

Direct black 38 (DB38) 30235 50 600 

Direct blue 71 (DB71) 34140 NSb 565 

Direct red 80 (DR80) 35780 NS 555 

Direct yellow 106 (DY106) 1332 50 420 

Reactive red 4 (RR4) 18105 50 530 

Reactive black 5 (RB5) 20505 55 600 

Reactive yellow 145 (RY145) c 50 420 

Reactive blue 222 (RB222) c NS 600 

Reactive red 195 (RR195) c 30 550 

Acid Red 299 (AR299) c NS 440 

Acid black 210 (AB210) 300285 30 600 

Acid yellow 49 (AY49) 18640 50 390 

Acid black 194 (AB194) c 60 570 

Acid red 266 (AR266) 17101 30 470 

Acid blue 62 (AB62) 62045 100 600 

Acid orange 7 (AO7) 15510 20-30 480 

Sudan orange G (SOG) 11920 98 430 

Methyl red (MR) 11920 95 430 

Mordant black 3 (MB3) 14640 30 550 

Mordant black 9 (MB9) 14855 60-85 550 

Mordant black 17 (MB17) 15705 50 530 

 
aThe dyes were purchased from Sigma-Aldrich (St. Louis, MO, USA), Merck (Darmstadt, Germany), 

Town End (Leeds, UK), DyStar Textilfarben (Germany), Yorkshire Europe (Belgium), and Bezema AG 

(Montlinglen, Switzerland). The absorption maxima were determined in BR buffer (pH 7). The molar 

extinction coefficients were calculated by using the dye purities indicated. If the dye purity was not 

indicated by the supplier, then it was assumed that the preparations consisted of a pure dye. bNS, dye 

purity not specified by the supplier. cconfidential. 
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Construction of an E. coli strain co-expressing cotA and ppAzoR 

The ppAzoR gene was PCR amplified from chromosomal DNA of strain P. 

putida MET94 using the primers PpaF 

(5′GCAGGGAATTGCATATGAAACTGTTGCACATCGATTCG3′) and 

PpaR 

(5′CCATAACCTAGGTCAGGCAGCCGCAAACAGCTCGCTGGC3′). 

The resulting 612-bp DNA fragment was purified, digested with NdeI and 

AvrII and cloned between the same restriction sites of the plasmid pETDuet-

1TM (Novagen) to produce pAIF-1. Similarly, for the amplification of cotA 

gene oligonucleotides CotA159D 

(5′CCAGACAAGGACTAGTAATAATTTTGTTTAACTTTAAGAAGGA

GATATACCATGACACTTGAAAAATTTGTGGATGC3′) and 

CotA1892R (5′CGCGGATCCTTTATGGGGATCAGTTATATCC3′) were 

used. The product of the reaction (1539-bp) was digested with SpeI and 

BamHI purified and cloned into pAIF-1 previously digested with XbaI and 

BamHI, to yield pAIF-2. The correct sequence of the inserts was confirmed 

by sequencing. The plasmid pAIF-2 was introduced into the host expression 

strain E. coli BL21star (DE3), producing the strain LOM529, in which both 

genes were expressed under the control of the T7lac promoter. 

 

Overproduction of enzymes in heterologous host 

The recombinant strain LOM529 was grown in Luria Bertani (LB) medium 

supplemented with ampicillin (100 g·mL-1) at 37C. Growth was followed 

until the midlog phase (OD600 = 0.6), at which time 0.1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) and 0.25 mM CuCl2 were added to the culture 

medium and the temperature lowered to 25C. Incubation and agitation 

continued for a further 4 h, after which the agitation was stopped and the 

growth remained static overnight at 25C. Cells were harvested by 

centrifugation (8,000 × g, 10 min, 4C). To measure the enzymatic activity 
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in crude extracts, cell suspensions were prepared in 20 mM phosphate 

buffer, pH 7.6, containing DNase I (10 μg·mL-1 extract), MgCl2 (5 mM), and 

a mixture of protease inhibitors, antipain and leupeptin (2 μg·mL-1 extract). 

Cells were disrupted in a French Press and cell debris was removed by 

centrifugation (18,000 × g, 2 h, 4C). Supernatants were used for SDS-

PAGE analysis and enzymatic assays. Laccase activity was determined using 

ABTS as substrate (Martins et al. 2002). Azoreductase activity was 

measured using NADPH and reactive black 5 azo dye as substrates as 

described before (Mendes et al. 2011 (in chapter 2)).  

 

Enzyme assays using purified enzymes 

The recombinant PpAzoR from P. putida and the recombinant CotA-laccase 

from B. subtilis were produced and purified as previously described (Martins 

et al. 2002, Mendes et al. 2011 (in chapter 2)). For the PpAzoR reactions 

serum bottles contained 0.25 mM NADPH and 3 mM of dye (or 0.5 mM for 

toxicity studies) in Britton Robinson (BR) buffer (0.1 M phosphoric acid, 0.1 

M boric acid, 0.1 M acetic acid titrated to the desired pH with 0.5 M NaOH) 

pH 7, at 30°C. The bottles were sealed with rubber stoppers and made 

anaerobic by argon bubbling. Reactions were initiated by the injection of 

anoxic-made purified enzyme through the use of a syringe. The CotA-

laccase reactions were  assessed using 3 mM of dye (or 0.5 mM for toxicity 

studies) in BR buffer pH 8, 37C. Samples were withdrawn at different 

times, diluted, and the absorbance measured at the maximal wavelength of 

the dyes tested using a discontinuous assay on a Nicolet Evolution 300 

spectrophotometer (Thermo Industries). One unit (U) of enzymatic activity 

was defined as the amount of enzyme required to reduce 1 µmol of the 

substrate per minute. The molar absorbance of dyes is listed at Table 3.1. All 

enzymatic assays were performed at least in triplicate. 
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Enzyme assays using recombinant whole cells 

The recombinant E. coli cells overproducing PpAzoR and CotA were 

harvested at the late-exponential phase of growth by centrifugation (8,000 × 

g, 10 min, 4°C) and washed twice with a 0.9 % (w/v) NaCl solution. Cells 

were permeabilized before use, by shaking at 250 rpm, at 30C during 30 

min upon addition of toluene (0.1% v/v) or Triton X-100 (0.1% v/v). The 

permeabilization level was assessed by measuring protein content and 

activity in cells supernatants. For the enzymatic assays, the washed pellet 

was suspended in 20 mM phosphate buffer, pH 8 to an OD600 = 20, unless 

otherwise stated. The cells were added to a sealed serum bottle containing 5 

mL of each model wastewater bath, or 5 mL of 0.5 mM of RB5 in phosphate 

buffer, pH 8, at 30C. The reaction mixtures were previously degassed with 

purified argon, providing the appropriate anoxic conditions for PpAzoR 

catalysis. Samples were withdrawn at different times and the decolourisation 

was monitored spectrophotometrically at three different wavelengths (400, 

500 and 600 nm) after appropriate dilution for the model wastewater baths, 

or at 600 nm for reactive black 5. After this period of time the reaction 

mixtures were made aerobic through shaking at 150 rpm and the temperature 

was increased to 37C; these aerobic conditions inhibited PpAzoR activity 

while promoting CotA laccase oxidative action over dyestuff. 

 

Toxicity analysis 

Toxicity assays were performed based on the inhibitory effects of dyes and 

products of enzymatic degradation on the growth of the yeast S. cerevisiae 

BY4741 (Papaefthimiou et al. 2004, Pereira et al. 2009a, Pereira et al. 

2009b), or on the reproduction of the nematode C. elegans wild type strain 

Bristol N2 (Anderson et al. 2001). Briefly, the yeast cell suspension used as 

inoculum was prepared from a mid-exponential phase culture, which was 
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centrifuged and suspended to OD640nm = 0.15 in a triple strength minimal 

growth medium that contained (per liter): 1.7 g YNB without aminoacids or 

NH4
+ (Difco, Detroit, USA), 20 g glucose (Merck, Germany), 2.65 g 

(NH4)2SO4 (Merck), 20 mg methionine, 20 mg histidine, 60 mg leucine and 

20 mg uracil (Sigma, USA). For the toxicity tests, 50 l of the standardized 

yeast cell suspension were mixed with 100 l of test or control solutions in 

96-well polystyrene microplates (Greiner Bio-one) that were sealed and 

incubated at 30C for 16 h with constant agitation. Growth of the yeast cell 

population was assessed by measuring the optical density (OD750nm, which 

did not interfere with any of the maximal absorption wavelength of the dyes 

tested) attained after 16 h of incubation. The toxicity was estimated based on 

the percentage of yeast growth inhibition defined as:  

100
1

0

750

750 


nm

X

nm

OD

OD
  

where  
X

nmOD750
 and 

0

750 nmOD  are the absorbance values attained by the 

yeast cell population in the presence and in the absence of each test solution, 

respectively. For the reproduction assays with C. elegans Bristol N2, 

experiments were performed in 48-well polystyrene microplates (Greiner 

Bio-one) by adding a single worm from age-synchronized cultures at the L4 

larval stage, to 50 l of 10× K medium (Anderson et al. 2001), 50 l of E. 

coli OP50 suspension with an OD640nm = 1.5 and 400 l of test or control 

solutions. The plates were incubated at 20C in a FITOCLIMA S600 

(Aralab) incubator. After incubation for 96 h, the number of offspring at all 

beyond the eggs was scored, using a Zeiss Stemi 2000-C stereomicroscope 

(50× magnification). Data reported are average values with standard 

deviations of results from at least 2 independent toxicity experiments 

performed in quadruplicate. 
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Results and discussion 

 

Degradation of dyes using the reductive PpAzoR and the oxidative CotA-

laccase enzymes 

Two well characterized bacterial enzymatic systems were tested, one 

reductive, the recombinant FMN-dependent NADPH azoreductase PpAzoR 

from P. putida MET94 (Mendes et al. 2011 (in chapter 2)) and one 

oxidative, the recombinant CotA-laccase from the bacterium B. subtilis 

(Pereira et al. 2009a). PpAzoR is an oxygen-sensitive azoreductase that 

exhibits a broad range specificity for azo dyes while CotA-laccase is a 

thermoactive and intrinsically thermostable enzyme that does not require the 

addition of redox mediators for the decolourisation of a wide range of 

structurally different dyes. The decolourisation levels of 18 structurally 

different synthetic dyes, representative of the most common classes of dyes 

(direct, reactive, and acid, Table 3.1) were measured after 24 h of incubation. 

The results show that PpAzoR exhibits a broader substrate specificity than 

CotA-laccase with decolourisation levels above 80% for most of the dyes 

tested (Fig. 3.1). CotA-laccase, on the other hand, is able to decolourise at a 

high extent (above 80%) only a few dyes, showing levels of decolourisation 

for the majority of the dyes between 40 and 60%. 

 

Toxicity of azo dyes over S. cerevisiae growth and C. elegans 

reproduction 

The toxicity of the synthetic dyes and enzymatic products was tested based 

on the inhibitory effects on the growth of S. cerevisiae and on the 

reproduction inhibition of C. elegans (Fig. 3.2). In general, the toxicity of 

intact dyes correlates well between the 2 model eukaryotic organisms tested. 

Nevertheless, C. elegans seems slightly more susceptible to the presence of 

intact dyes since some dyes such as DB1, DB38, DR80, AB194, RB5, and 
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RY145 show more than 2–fold higher inhibition for the nematodes 

reproduction than for S. cerevisiae growth (Fig. 3.2A,B). The observed 

differences between the 2 systems probably relate to the different complexity 

of the yeast and the worm cells. Indeed, the assessment of dye toxicity on C. 

elegans may integrate the contributions of their effects not only at 

subcellular and cellular, but also at tissue and organ levels, leading to a 

higher sensitivity for these xenobiotic compounds. A reduction of toxicity in 

more than 50% was observed after the enzymatic treatment (with either one 

or the other enzyme) of dyes belonging to the group showing the initial 

highest levels of toxicity (SOG, Mordant Black dyes, DRR, and MR) (Fig. 

3.2A,B). However, for the majority of the other dyes tested, the enzymatic 

products present a higher toxicity than intact dyes themselves, especially as 

assessed by the S. cerevisiae system. This is particularly evident for the 

PpAzoR products of AR266, AB194, DB38, DR80, and reactive dyes RR4, 

RB5, and RY145, exhibiting 2 to 4–fold higher toxicity than those exhibited 

by the intact dyes (Fig. 3.2A). The results also show that the oxidative 

products of CotA resulted in few cases in a higher toxicity (Fig. 3.2A,B), as 

reported for other laccases (Champagne & Ramsay, 2010, Moya et al. 2010). 

The higher toxicity of the azoreductase products is most likely related to the 

toxic nature of the aromatic amines formed (Pinheiro et al. 2004). Indeed, 1-

amino-2-naphtol (predicted reductive product of MB3, MB17, and AB194), 

benzidine (one of the degradation products of DB38), and 

3,3dimethoxybenzidine (one of the degradation products of DB1) have been 

reported to be highly toxic to humans and carcinogenic (Golka et al. 2004, 

Pinheiro et al. 2004, Mendez-Paz et al. 2005). Aniline, one of the 

degradation products of SOG, has also been described as possibly 

carcinogenic and genotoxic to aquatic life (Pinheiro et al. 2004). In contrast, 

N,N-dimethyl-p-phenylenediamine, was described as non-toxic for plants 

and microorganisms (Parshetti et al. 2010) and consistently, the degradation 

products of MR, that includes this amine (Mendes et al. 2011 (in chapter 2)) 
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showed one of the lowest level of toxicity for both the yeast and worm 

models (Fig. 3.2A,B). 
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Figure 3.1 

Dye decolourisation by the enzymes 

PpAzoR and CotA. 

The decolourisation of PpAzoR (yellow bars) and  

CotA (blue bars) was measured after 24 h of reaction. 
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Figure 3.2 

Inhibitory effects of intact dyes and a 24 h-reaction  

mixtures treated with either PpAzoR or CotA-laccase. 

(A) over Saccharomyces cerevisiae BY4741 growth or, 

(B) Caenorhabditis elegans Bristol N2 reproduction. 

The results are means of two independent experiments with n = 8. 
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Combined sequential enzymatic treatment 

Laccases catalyze the oxidation of ortho- or para-substituted phenolic or 

aminearomatic substrates by one electron abstraction to form free radicals 

that undergo further coupling, polymerization, demethylation, or quinone 

formation (Abadulla et al. 2000, Kandelbauer & Guebitz 2005). In particular, 

toxic aromatic amines, are known to represent good oxidative substrates of 

laccases (Zille et al. 2005b, Franciscon et al. 2010). In order to set-up 

enzymatic processes that lead to maximal decolourisation as well as to 

maximal detoxification levels, the following sequential enzymatic procedure 

was performed: incubation of dyes with PpAzoR for 24 h, under anaerobic 

conditions, followed by the addition of CotA and incubation for an 

additional period of 24 h under shaking conditions. Ten dyes were selected 

among i) the group of the most toxic dyes such as SOG, MB9, MB17, and 

MB3, and ii) the group of dyes for which the enzymatic azoreductase 

products exhibited higher toxicity than the dyes themselves (AR266, AB194, 

DB38, RB5, RY145, and DR80) (Fig. 3.2). Interestingly, this sequential 

enzymatic procedure resulted in 100% decolourisation of all azo dyes tested 

(Fig. 3.3A). More importantly, the dyes that exhibited the highest initial 

toxicity (around 80%), the sequential combined treatment resulted in 

detoxification levels ranging from 50 to 95% and for the remaining of the 

dyes, the final products showed a significantly 2.5–5 fold lower toxicity 

values as compared with the single enzymatic treatments with PpAzoR (Fig. 

3.3B). Considering that autoxidation is very likely to occur with aromatic 

amines bearing hydroxyl substituents (Kudlich et al. 1999, Pinheiro et al. 

2004), such as the products of SOG and mordant black dyes bearing 2 to 3 –

OH groups, we have included a control test without addition of CotA-

laccase. In some cases a reduced toxicity was observed while in others (e.g. 

AR266, DB38, and RB5 products, with only 1 hydroxyl substituent) the 

toxicity of the presumed auto-oxidation products is clearly increased in 

relation to intact dyes (Fig. 3.3B). 
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Figure 3.3 

Dye decolourisation and inhibitory effects over Saccharomyces cerevisiae. 

(A) Dye decolourisation after 24 h of incubation with PpAzoR,  

CotA-laccase, or after the stepwise addition of PpAzoR followed by CotA.  

(B) Toxicity for Saccaromyces cerevisiae BY4741 growth by intact dyes,  

upon 24 h–static PpAzoR treatment, upon 24 h–static PpAzoR treatment followed 

by 24 h–shaking (toxicity for AB194, RY145, and DR80 were not determined), or upon 

the sequential enzymatic treatment with PpAzoR followed by CotA. 
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Sequential enzymatic treatment of model wastewaters 

The major chemical pollutants present in the textile wastewaters belong to 

the class of reactive (~36%), acid (~25%) and direct (~15%) dyes 

(Franciscon et al. 2009), designed to be recalcitrant for long-term use and 

thus resistant to treatment (Hsueh & Chen 2007). Only a very few studies 

have been performed using multi-dye solutions simulating industrial 

effluents (Prigione et al. 2008a, Prigione et al. 2008b, Russo et al. 2009). In 

order to test the appropriateness of the enzymatic PpAzoR/CotA sequential 

approach in a more realistic context, the decolourisation of 3 model 

wastewaters was assessed. These were designed to mimic effluents produced 

during cotton or wool textile dyeing processes containing other additives and 

salts (30–90% of the total weight) in addition to dyes (Prigione et al. 2008a, 

Mendes et al. 2011 (in chapter 2)). The dyes selected are representative of 

commercial important dye types, widely applied in the textile industry. 

Decolourisation was measured spectrophotometrically at 400, 500 and 600 

nm after 24 h of a single-enzyme treatment with either PpAzoR or CotA-

laccase, or after the combined enzymatic treatment that lasted for 48 h. 

Decolourisation of the 3 model wastewater baths with PpAzoR is between 

80–95% while CotA shows a more modest performance with decolourisation 

levels between 20–45% (data not shown). Noteworthy, using the combined 

sequential treatment the decolourisation values reached almost 100% (as 

measured at 500 or 600 nm) (Fig. 3.4A). Moreover, relatively low levels of 

toxicity (≤ 30% inhibition for most of the treated dye baths) were measured 

with both bioassays tested (Fig. 3.4B,C). Therefore, our results show that the 

combined enzymatic system with both PpAzoR and CotA is quite promising 

for the simultaneous degradation and detoxification of multi azo-dye 

mixtures. However, this approach is not economically feasible considering 

that PpAzoR activity is dependent on the exogenous addition of the co-factor 

NADPH, which is quite expensive. Therefore the utilization of whole-cell 
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systems rather than isolated enzymes, providing NADP+ recycling, would 

represent a more economically sustainable solution. 

 

 

Figure 3.4 

Decolourisation of model wastewaters and  

toxicity over yeast cells growth or Caenorhabditis elegans reproduction. 

(A) Decolourisation after 48 h measured at 400, 500 or 600 nm of model  

wastewater baths after treatment with PpAzoR or CotA or after a stepwise  

treatment with both PpAzoR and CotA.  

Toxicity over yeast cells growth (B) or Caenorhabditis elegans reproduction (C) 

of intact model wastewaters baths, reaction mixtures after a 24 h treatment with  

PpAzoR or CotA, and after 48 h of the sequential enzymatic (PpAzoR + CotA). 
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Construction of an E. coli strain co-expressing both ppAzoR and cotA 

genes 

We have decided to construct a host strain co-expressing the genes coding 

for both enzymes of interest, PpAzoR and CotA. The ppAzoR and cotA genes 

were cloned into the expression vector pETDuet-1, yielding pAIF-2. This 

final construct was transformed into E. coli BL21star (DE3), producing 

strain LOM529. E. coli is a convenient host for heterologous protein 

expression. Its advantages include high levels of heterologous gene 

expression and scalability of experiments, low cost and fast growth. SDS-

PAGE analysis of the crude extracts from E. coli LOM529 revealed that the 

addition of IPTG to the culture medium resulted in the accumulation of 2 

extra bands at ~23 kDa and ~65 kDa, consistent with the overproduction of 

CotA and PpAzoR, respectively (Fig. 3.5A). Enzymatic assays for laccase 

activity showed that the levels of expression of cotA in strain LOM529 are 

half of those present in strain AH3517 (with cotA gene, Martins et al., 2002) 

while the ppAzoR expression is similar to the observed for LOM528 strain 

(with the ppAzoR gene, Mendes et al. 2011 (in chapter 2)) (Table 3.2). Cells 

were permeabilised before use, by shaking at 30C during 30 min. Addition 

of toluene (0.1% v/v) or Triton X-100 (0.1% v/v) did not result in increased 

levels of permeabilization as assessed by protein content and activity 

measurements in cells supernatants (data not shown). Whole-cell reactions 

with reactive black 5 showed that reaction rates increase linearly with the 

biomass concentration following a first order reaction with an optimum at 

around pH 8 (as well as shown in previous chapter). The rates of 

decolourisation provided by the whole-cell LOM528 or AH3517 systems are 

comparable (2.7 and 2.4 Abs·h-1, respectively) as well as the decolourisation 

levels (94 and 89%, respectively) after 24 h (Fig. 3.5B). The rates of 

decolourisation by LOM529 either at anaerobic (selecting for PpAzoR 

activity) or aerobic (selecting for laccase activity) are in the same order of 
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magnitude as the individual systems, with decolourisation levels of almost 

100% (Fig. 3.5B and results not shown). However, the decolourisation 

obtained are not only due to the recombinant enzymatic degradation, but is 

also due to intrinsic azoreductase activity of the E. coli strain (Nakanishi et 

al., 2001) (please see Table 3.2) and biosorption of dye onto the biomass 

(Fig. 3.5C). 

Figure 3.5 

SDS-PAGE analysis of PpAzoR and CotA overproduction in Escherichia coli LOM529 

and whole-cell decolourisation. 

(A) SDS-PAGE analysis of PpAzoR and CotA overproduction in Escherichia coli LOM529. 

Total crude extracts of a non-induced (Lane 1) and IPTG-induced (Lane 2) cell culture, 

supernatant of a non-induced (Lane 3) and IPTG-induced (Lane 4) cell culture, purified CotA-

laccase (Lane 5) and purified PpAzoR (Lane 6).  

(B) Whole-cell decolourisation of reactive black 5 by Escherichia coli LOM529 in a two-step 

enzymatic static (PpAzoR)-shaking (CotA) process (■), Escherichia coli LOM528 

(overexpressing ppAzoR) in anaerobic conditions (▲), and Escherichia coli AH3517 

(overexpressing cotA) in aerobic conditions (□).  

(C) Whole-cell decolourisation of reactive black 5 using Escherichia coli BL21star (∆) or 

Escherichia coli LOM529 in a two-step static-shaking process (■). 
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Table 3.2. Azoreductase and laccase activity in crude cell extracts of Escherichia coli 

LOM528 (overexpressing ppAzoR), AH3517 (overexpressing cotA), LOM529 (co-

expressing ppAzoR and cotA). E. coli Tuner (DE3) is the host strain of expression vector 

containing ppAzoR or cotA, while E. coli BL21star (DE3) contain the pETDuet vector co-

expressing ppAzoR and cotA. 

 

Strains Specific Activity mU·mg-1 

 
azoreductasea laccaseb 

E. coli Tuner (DE3) 0.005 ± 0.0004 0.016 ± 0.0002 

E. coli BL21 star (DE3) 0.006 ± 0.0002 0.014 ± 0.0004 

LOM528 13 ± 9 - 

AH3517 - 5100 ± 300 

LOM529 15 ± 2 2900 ± 600 

   
aActivities were measured by following the rate of NADPH oxidation in reactions with 1 mM RB5, in BR 

buffer, pH 7, at 30C under anoxic conditions.   
bActivities were measured by following the rate of ABTS oxidation in BR buffer, pH 4, at 37C under 

oxic conditions. 

 

 
Enzymatic treatment of model wastewaters using whole cells co-

expressing ppAzoR and cotA 

The results of decolourisation experiments with the three model dye-

containing wastewaters using whole-cells co-producing PpAzoR and CotA 

are illustrated in Figure 3.6A. The decolourisation was assessed by following 

a stepwise sequential process; the anaerobic process (first 24 h) followed by 

the aerobic treatment (second period of 24 h) resulted in almost 100% 

decolourisation levels for the acid dye bath and around 80% for both the 

reactive and direct dye baths (Fig. 3.6A). The toxicity of the final products 

after this sequential treatment was significantly reduced for both S. 

cerevisiae model growth (Fig. 3.6B) or for C. elegans reproduction (Fig. 

3.6C). Taken together, the results showed that the genetically engineered E. 

coli strain LOM529 is able to decolourise and detoxify to a significant level 

the three model wastewaters tested highlighting its potential as a degradative 
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Figure 3.6 

Whole cell decolourisation using Escherichia coli LOM529 and toxicity for yeast cells and 

Caenorhabditis elegans. 

(A) Whole-cell decolourisation using Escherichia coli LOM529 (co-expressing ppAzoR and 

cotA) of model wastewater baths measured at 500 nm after 24 h of reaction under anaerobic 

conditions (-O2) and after more 24 h under aerobic conditions (+O2).  

Toxicity for yeast cells (B) and Caenorhabditis elegans (C) of intact model wastewater baths, 

after 24 h treatment under anaerobic conditions with PpAzoR active (-O2), and after additional 

24 h under aerobic conditions with CotA active (+O2).  
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and detoxifying bio-system for the treatment of real dye-containing effluents, 

without the costs associated with enzyme purification and cofactors addition. 
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Chapter 4  

New dye-decolourising peroxidases from Bacillus 

subtilis and Pseudomonas putida MET94: towards 

biotechnological applications 
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decolourising peroxidases from Bacillus subtilis and Pseudomonas putida: 

towards biotechnological applications. Appl. Microbiol. Biotechnol. 

98:2053-2065. 
 
†These authors contributed equally to this work.
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Abstract 

 

This work provides spectroscopic, catalytic and stability fingerprints of two 

new bacterial dye decolourising peroxidases (DyPs) from B. subtilis 

(BsDyP) and P. putida MET94 (PpDyP). DyPs are a family of microbial 

haem-containing peroxidases with wide substrate specificity, including high 

redox potential aromatic compounds such as synthetic dyes or phenolic and 

non-phenolic lignin units. The genes encoding BsDyP and PpDyP, belonging 

to subfamilies A and B, respectively, were cloned and heterologously 

expressed in E. coli. The recombinant PpDyP is a 120 kDa homotetramer 

while BsDyP enzyme consists of a single 48 kDa monomer. The optimal pH 

of both enzymes is in the acidic range (pH 4-5).  BsDyP has a bell-shape 

profile with optimum between 20 and 30C whereas PpDyP shows a peculiar 

flat and broad (10-30C) temperature profile. Anthraquinonic or azo dyes, 

phenolics, methoxylated aromatics and also manganese and ferrous ions are 

substrates used by the enzymes. In general, PpDyP exhibits higher activities 

and accepts a wider scope of substrates than BsDyP; the spectroscopic data 

suggest distinct haem microenvironments in the two enzymes that might 

account for the distinctive catalytic behaviour. However the Bs enzyme with 

activity lasting for up to 53 h at 40°C is more stable towards temperature or 

chemical denaturation than the PpDyP. The results of this work will guide 

future optimization of the biocatalyst towards their utilization in the fields of 

environmental or industrial biotechnology. 
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Introduction 

 

DyPs represent, to a certain extent, the bacterial equivalent of fungal 

ligninolytic peroxidases (i.e. extracellular, class II peroxidases) due to their 

ability to oxidize high redox potential compounds including anthraquinonic 

dyes and lignin-related compounds (Adav et al. 2010, Ahmad et al. 2011, 

Salvachua et al. 2013, Singh et al. 2013). Unlike laccases and plant 

peroxidases, fungal ligninolytic peroxidases are still not commercially 

available at prices affordable for industrial applications. This is partially due 

to their origin, which implies constraints related to manipulating genetics 

and protein expression systems in both, native and fungal host strains, and 

results in low yields of enzyme production. Genome sequence analysis 

reveals that DyPs are prominent in bacteria (Colpa et al. 2014). Therefore 

bacterial DyPs for which molecular biology tools are well established, and 

which allow for generating enzymes with improved catalytic properties and 

higher production yields, have an utmost importance and potential for White 

Biotechnology applications.  

On the basis of phylogenetic analysis and catalytic and structural 

characteristics, DyPs have been classified into four subfamilies, with 

bacterial enzymes constituting subfamilies A-C and predominantly fungal 

enzymes belonging to subfamily D (Ogola et al. 2009). Although a 

physiological role of DyPs is not fully established, it appears to be 

subfamily-dependent. In general, the B and C enzymes are predicted to be 

cytoplasmic, playing therefore a role in intracellular metabolic pathways, 

while the extracellular A subfamily enzymes are thought to be mostly 

involved in dye degradation and iron uptake (Sugano et al. 2007, Zubieta et 

al. 2007a, Zubieta et al. 2007b, Sugano 2009, van Bloois et al. 2010, Liu et 

al. 2011, Roberts et al. 2011, Singh et al. 2012). Members of the D 

subfamily, in particular DyPs from the fungus Bjerkandera adusta Dec1 and 



 

 

 

Chapter 4 | 117 

Auricularia auricular-judae, have been well characterized in terms of 

substrate specificity, and structure-function relationships (Kim & Shoda 

1999, Sugano et al. 2007, Liers et al. 2010, Strittmatter et al. 2013a). The 

studies of bacterial enzymes mainly account for structural data on wild-type 

and variant proteins from several sources, obtained by X-ray crystallography 

(Zubieta et al. 2007a, Zubieta et al. 2007b, van Bloois et al. 2010, Liu et al. 

2011, Roberts et al. 2011, Brown et al. 2012, Singh et al. 2012). A and B 

subfamily enzymes show significantly different substrate specificities. DyPB 

from Rhodococcus jostti RHA1 oxidizes manganese and lignin, whereas 

DyPA (A subfamily) from the same organism, does not (Ahmad et al. 2011, 

Roberts et al. 2011). Taken together, emerging evidence indeed underlines 

the differences between the members of distinct DyP subfamilies. 

In the present study, we describe the cloning and characterization of two new 

DyPs from P. putida MET94 (Mendes et al. 2011 (in chapter 2)) designated 

PpDyP (P. putida DyP) and from B. subtilis, that we called BsDyP (B. 

subtilis DyP), also known as YwbN (van Bloois et al. 2010, van der Ploeg et 

al. 2011, van der Ploeg et al. 2012). The biochemical characterization of 

these bacterial enzymes, allowed assessing their versatility and catalytic 

efficiency towards structurally different type of substrates as well as their 

stability properties. Overall our results show that these bacterial enzymes are 

promising candidates for the oxidation of metal ions, as well as high-redox 

synthetic dyes or even recalcitrant methoxylated aromatics within the lignin 

polymer and contribute to our general understanding of differences that 

characterize the A and B subfamily DyPs. 
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Material and methods 

 

Cloning and overexpression of ppDyP and bsDyP in E. coli 

Genomic DNA of P. putida MET94 (Mendes et al. 2011 (in chapter 2)), 

NCIMB 14727) and B. subtilis 168 (NCIMB 10106) were obtained by 

centrifuging 200 L of fresh cell cultures for 1 min at 13,000 rpm. Pellets 

were washed twice, suspended in 50 L of Milli Q water, boiled for 5 min 

and the chromosomal DNA applied as a template for gene-specific primed 

PCR amplification. The ppDyP (PP_3248 gene, accession number: 

NC_002947.3) and bsDyP (BSU38260 gene, accession number: 

NC_000964.3) were amplified using the primers DypPpF 

(5’GGATTAGCCTCA’TATGCCGTTCCAGCAAGG3’) and DypPpR 

(5’GTGTTTCTGTATCTG’GATCCTTAGAGATCAGGCCCGC3’), for 

ppDyP and the primers DypBsF 

(5’GGAGTTTTGTAACCA’TATGAGCGATGAACAGAAAAAGCC3’) 

and DypBsR 

(5’CGCTGAAAG’GATCCTGTAAAGGCTTCTTTTATGATTCC3’) for 

bsDyP. The nucleotides in bold are NdeI and BamHI restriction sites and the 

underlined nucleotides refer to the start codon. The PCR products were 

digested with NdeI and BamHI and inserted between the respective 

restriction sites of plasmid pET-21a(+) to yield plasmids pRC-1 and pRC-2, 

respectively. These were introduced into the host expression strains E. coli 

BL21 (DE3, Novagen) and E. coli BL21 star (DE3, Novagen), respectively, 

in which the target genes were expressed under the control of the T7lac 

promoter. The recombinant strains were grown in Luria Bertani medium 

supplemented with amplicillin (100 g∙mL-1) at 37°C. Growth was followed 

up to an OD600 of 0.6 and at that point 100 M isopropyl-β-D-

thiogalactopyranoside and 15 µM hemin were added to the culture medium, 
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the temperature was lowered to 25°C, and the incubation continued 

overnight. Cells were harvested by centrifugation (8,000 × g, 10 min, 4°C) 

after 24 h of growth. 

 

Purification of recombinant PpDyP and BsDyP 

Cell sediments were suspended in 20 mM Tris-HCl buffer, pH 7.6, 

containing DNase I (10 μg mL-1 extract), MgCl2 (5 mM) and a mixture of 

protease inhibitors, antipain and leupeptin (2 μg mL-1 extract). Cells were 

disrupted in a French press. Cell debris was removed by centrifugation 

(18,000 × g, 2 h, 4ºC) and crude extracts used for protein purification in an 

AKTA-purifier (GE Healthcare, BioSciences, Uppsala, Sweden) at room 

temperature. For purification of PpDyP, the crude extract was loaded onto a 

Q-Sepharose column equilibrated with 20 mM Tris-HCl buffer, pH 7.6. 

Elution was carried out with 1 M NaCl in buffer. The active fractions were 

pooled and concentrated before applying on a Superdex 200 HR 16/60 

column (GE Healthcare, BioSciences) equilibrated with 20 mM Tris-HCl 

buffer, pH 7.6 with 0.2 M NaCl. The purified protein was stored at -20ºC 

until it was used. For purification of BsDyP, the crude extract was loaded 

onto a SP-Sepharose column equilibrated with 20 mM Tris-HCl buffer, pH 

7.6. Elution was carried out with 1 M NaCl in buffer. The active fractions 

were pooled, dialysed to 20 mM Tris-HCl (pH 7.6), and applied on Mono-

STM 5/50 (GE Healthcare, Bio-Sciences). Active fractions were pooled and 

concentrated before being applied onto a Superdex 75 HR 16/60 column (GE 

Healthcare, BioSciences) equilibrated with 20 mM Tris-HCl buffer, pH 7.6, 

with 0.2 M NaCl. The purified protein was stored at -20ºC until it was used.  
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Spectroscopic analysis 

The UV-visible absorption spectra of purified enzymes were recorded on a 

Nicolet Evolution 300 spectrophotometer from Thermo Industries (Madison, 

USA) at room temperature. The haem content was determined by the 

pyridine ferrohaemochrome method using an extinction coefficient of εR-O 556 

nm (28.32 mM-1 cm-1) (Berry & Trumpower 1987). 

 

Kinetic analysis 

The enzymatic activity of PpDyP or BsDyP was monitored using either a 

Nicolet Evolution 300 spectrophotometer (Thermo Industries), a Synergy2 

microplate reader (BioTek, Vermont, USA) or by high-performance liquid 

chromatography (HPLC) analysis (Merck Hitachi LaChrom Elite, 

Darmstadt, Germany).  All enzymatic assays were performed at least in 

triplicate. The activity dependence on pH was measured by monitoring the 

oxidation of different substrates at their maximal absorption wavelengths in 

the presence of 0.2 mM H2O2 at 25C using Britton-Robinson buffer (100 

mM phosphoric acid, 100 mM boric acid and 100 mM acetic acid mixed 

with NaOH to the desired pH in the range 3-10). The temperature profile 

(between 10-40C) was measured by monitoring ABTS oxidation at 420 nm 

( = 36,000 M-1cm-1) in 20 mM acetate buffer at pH 3.8 and 4.3 for BsDyP 

and PpDyP, respectively, which are the conditions used in all assays unless 

otherwise stated.  

Apparent steady-state kinetic parameters (kcat and Km) were photometrically 

measured for ABTS, guaiacol (470nm = 26,600 M-1cm-1), syringaldehyde 

(300nm = 6,923 M-1cm-1),  acetosyringone (300nm = 7,076 M-1cm-1), reactive 

blue 5 (610nm = 7,690 M-1cm-1), acid blue 62 (600nm = 10,920 M-1cm-1), 

disperse blue 1 (600nm = 8,920 M-1cm-1), reactive blue 19 (590nm = 10,620 M-
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1cm-1), acid black 194 (570nm = 11,927 M-1cm-1) and mordant black 9 (550nm 

= 15,641 M-1cm-1). Reactions with MnCl2 were performed in 50 mM sodium 

lactate and Mn3+ lactate formation was monitored at 270 nm (270nm = 3,500 

M-1cm-1, (Kuan et al. 1993)). Fe3+ formation was monitored at 300 nm (300nm 

= 2,200 M-1cm-1) upon reaction with FeSO4. The kinetic constants for H2O2 

(0.0125-2.5 mM) were measured in the presence of 10 mM ABTS. 

Discontinuous assays were used whenever the substrate/product compounds 

exhibited initial absorbance values out of the Lambert-Beer law´s 

applicability range: samples were withdrawn from reactions at specified time 

intervals, diluted with buffer and the absorbance measured at the maximum 

wavelength for each compound. Kinetic data were fitted directly into the 

Michaelis-Menten equation (Origin-Lab software, Northampton, MA, USA). 

For comparative purposes, maximal rates (Vmax) of dye decolourisation were 

also measured using the azoreductase PpAzoR from P. putida MET94 

(Mendes et al. 2011 (in chapter 2)) and CotA-laccase from B. subtilis 

(Pereira et al. 2009b).  

The enzymatic degradation of 5 anthraquinonic (AQ) and 17 azo dyes were 

monitored after 24 h of reaction by HPLC by measuring the differences 

between the initial and the final concentration of each dye. The reactions 

were performed in 96 well-plates with 0.1 mM of dye, 0.2 mM H2O2 and 1U 

of enzyme (defined as the amount of enzyme required to reduce 1 µmol of 

ABTS per minute per mL). The HPLC analysis (Merck Hitachi LaChrom 

Elite) was performed using a reverse phase C-18 column 

(LichroCART®250-4, Purospher®STAR RP-18e (5 µM), Merck, Darmstadt, 

Germany). Compounds were eluted with a linear gradient of a mobile phase 

from 20 to 40% of acetonitrile, over 35 min, and maintained isocratic at 40% 

for 5 min. The starting conditions were restored over 5 min, and maintained 

isocratic for 10 min. The flow rate was 0.2 mL·min-1 and temperature 40C. 

The enzymatic oxidation of veratryl alcohol was also monitored by HPLC. 
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The reaction mixtures (2.5 mL) contained 1 mM of veratryl alcohol (310nm = 

9,300 M-1cm-1, (Liers et al. 2010), 1 to 10 U of enzyme, and was stirred at 

175 rpm at 30C for 24 h. Samples were collected at different times and 

diluted 1:1 in methanol before injection. Compounds were eluted with a 

linear gradient of a mobile phase from 30 to 80% of methanol plus 0.5% v/v 

of acetic acid, over 7 min, and maintained isocratic at 80% for 2 min. The 

starting conditions were restored over 3 min, and maintained isocratic for 6 

min. The flow rate was 1 mLmin-1 at 40C. Elution was monitored at 280 nm 

and 310 nm. 

 

Enzyme stability 

The kinetic stability was performed as described before (Martins et al. 2002). 

In brief, the enzymes were incubated at 40ºC in 20 mM sodium acetate 

buffer, pH 5 and at fixed time intervals, samples were withdrawn and tested 

for activity. The thermodynamic stability was assessed by steady-state 

fluorescence measured with a Carry Eclipse spectrofluorimeter (Agilent 

Technologies, Victoria, Australia) at excitation wavelengths of 280 and 296 

nm and emission wavelength of 340 nm (Durão et al. 2006, Fernandes et al. 

2009). The samples containing the enzymes in 20 mM sodium acetate buffer, 

pH 5 (Abs280 = 0.1) were placed onto a thermostatically controlled thermal 

block and then heated at a rate of 1°C/min until 100°C. For the chemical 

stability, increased guanidinium hydrochloride (GdnHCl) concentrations 

were used to induce protein unfolding which was monitored through a 

combination of fluorescence intensity and emission maximum. The 

thermodynamic stability of both enzymes was analyzed according to a two-

state process using accordingly to Durão et al. (2006) and Fernandes et al. 

(2009). 
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Other methods  

Model structure comparison of PpDyP and BsDyP were derived from the 

Phyre2 server (Kelley & Sternberg 2009) and the phylogenetic tree was 

constructed using MEGA 5.0 programme and a maximum likehood analysis 

with a nearest-neighbour-interchange strategy (Tamura et al. 2011). The 

molecular mass of enzymes was determined on a gel filtration Superose 12 

10/300 GL (GE Helthcare, Bio-Sciences, Sweden) column equilibrated with 

20 mM Tris-HCl buffer, pH 7.6, containing 0.2 M NaCl. Thyroglobulin (670 

kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and 

vitamin B12 (1.35 kDa) were used as standards (Bio-Rad Laboratories, 

Hercules, CA, USA). Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis were carried out according to standard 

methods. The protein concentration was determined by the Bradford assay 

with bovine serum albumin as standard. 
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Results and discussion  

 

PpDyP and BsDyP are members of the DyP family of enzymes  

As a starting point for the bioinformatic analysis, we performed a BLAST 

search of the P. putida KT2440 and B. subtilis genomes using template 

sequences from the bacterial crystal structures of Shewanella oneidensis 

TyrA (Zubieta et al. 2007b), Rhodococcus jostii DyPB (Roberts et al. 2011), 

Bacteroides thetaiotaomicron BtDyP (Zubieta et al. 2007b) and E. coli YcdB 

(Liu et al. 2011). The PP_3248 gene (GeneID 1046896) was identified as an 

ORF that encodes the 278 amino acid PpDyP protein with 22% amino acid 

homology to TyrA and DyPB, 17% to YcdB and 18% to BtDyP. The 

BSU38260 gene (GeneID 937310) was identified as an ORF that encodes 

the 416 amino acid BsDyP protein with 14% amino acid homology to the 

TyrA and DyPB, 32% to YcdB and 17% to the BtDyP (Fig. 4.1). At the 

amino acid level, both PpDyP and BsDyP, showed the highly GXXDG distal 

motif (Fig. 4.1). The enzymes are significantly similar at the primary 

structure level with other DyPs showing the characteristic conserved 

residues in the haem-binding site, in particular an aspartate residue replacing 

the classical histidine, which acts as the acid-base catalyst in classical 

peroxidases and the characteristic GXXDG motif (Sugano 2009, Hofrichter 

et al. 2010). 
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BsDyP     --MSDEQKKPEQIHRRDILKWGAMAGAAVAIGASGLGGLAPLVQTAAKPSKKDEKEEEQI     58 

YcdB      MQYKDENGVNEPSRRRLLKVIGALALAGSCP-------VAHAQKTQSAPGTLSPDARNEK     53 

PpDyP     ------------------------------------------------------------ 

BtDyP     -------------------------------------------------------MNPFQ     5 

DypB      -------------------------------------------------------GSHMP     5 

TyrA      ----------------------------------------------------------MD     2 

                                                                       

 

BsDyP     VPFYGKHQAGITTAHQTYVYFAALDVTAKDKSDIITLFRNWTSLTQMLTSGKKMSAEQRN     118 

YcdB      QPFYGEHQAGILTPQQAAMMLVAFDVLASDKADLERLFRLLTQRFAFLTQGG-AAPETPN     112 

PpDyP     ---MPFQQGLLATPVPAHARHLFFTLQS--------PEALPAALDALLPQVD--------     41 

BtDyP     NSFGGHIPQDVAGKQGENVIFIVYNLTD-SPDTVDKVKDVCANFSAMIRSMR--------     56 

DypB      GPVARLAPQAVLTPPSAASLFLVLVAGD-SDDDRATVCDVISGIDGPLKAVG--------     56 

TyrA      IQNMPREQLGVCAEGNLHSVYLMFNAND-NVES--QLRPCIANVAQYIYELT--------     51 

                    :                              :     :             

 

BsDyP     QYLPPQDTGES-ADLSPSNLTVTFGFGPGFFEKDGKDRFGLKSKKPKHLAALPAMPNDNL     177 

YcdB      PRLPPLDSGILGGYIAPDNLTITLSVGHSLFD----ERFGLAPQMPKKLQKMTRFPNDSL     168 

PpDyP     ------------------GKQLLLGVGAPLAK--------ALGREIPGLRPFPLLDAAVE     75 

BtDyP     ------------NRFPDMQFSCTMGFGADAWT-----RLFPDKGKPKELSTFSEIKGEKY     99 

DypB      ------------FRELAGSLSCVVGVGAQFWD-----RVSAS-SKPAHLHPFVPLSGPVH     98 

TyrA      ------------DQYSDSAFNGFVAIGANYWD-----SLYPE-SRPEMLKPFPAMQEGNR     93 

                                 ...*                     *  :  :      

 

BsDyP     DEKQGGGDICIQVCADDEQVAFHALRNLLNQAVGTCEVRFVNKGFLSG----GKNGETPR     233 

YcdB      DAALCHGDVLLQICANTQDTVIHALRDIIKHTPDLLSVRWKREGFISDHAARSKGKETPI     228 

PpDyP     N-PSTQHALWLWLRGDERGDLLLRTQALEQALAPALSLADSVDGFLHRG---------GH     125 

BtDyP     TAVSTPGDLLFHIRAKQMGLCFEFASILDEKLKGAVVSVDETHGFRYMD---------GK     150 

DypB      SAPSTPGDLLFHIKAARKDLCFELGRQIVSALGSAATVVDEVHGFRYFD---------SR     149 

TyrA      EAPAIEYDLFVHLRCDRYDILHLVANEISQMFEDLVELVEEERGFRFMD---------SR     144 

                  : . :              : .             **                

 

BsDyP     NLFGFKDGTGNQSTKDDTLMNSIVWIQSG--EPDWMTGGTYMAFRKIKMFLEVWDRSSLK     291 

YcdB      NLLGFKDGTANPDSQNDKLMQKVVWVTADQQEPAWTIGGSYQAVRLIQFRVEFWDRTPLK     288 

PpDyP     DLTGYEDGTENP-TDEEAVQAAIA-----------ADGSSFAAFQLWKHDLQYFKSLPQA     173 

BtDyP     AIIGFVDGTENPAVDENPYHFAVIGEEDAD-----FAGGSYVFVQKYIHDMVAWNALPVE     205 

DypB      DLLGFVDGTENP-TDDDAADSALIGDEDPD-----FRGGSYVIVQKYLHDMSAWNTLSTE     203 

TyrA      DLTGFVDGTENP-KGRHRQEVALVGSEDPE-----FKGGSYIHVQKYAHNLSKWHRLPLK     198 

           : *: *** *     .     :              *.::  .:     :  :.  .   

 

BsDyP     DQEDTFGRRKSSGAPFGQKKETDPVKLNQIPS------NSHVSLAK-----STGKQILRR     340 

YcdB      EQQTIFGRDKQTGAPLGMQHEHDVPDYASDPEGKVIALDSHIRLANPRTAESESSLMLRR     348 

PpDyP     DQDNIIGRRLSDNEELDDAPASA-----------------HVKRTA-QESFEPEAFMVRR     215 

BtDyP     QQEKVIGRHKFNDVELSDEEKPG---------------NAHNAVTNIGDD----LKIVRA     246 

DypB      EQERVIGRTKLENVELDDDAQPS---------------NSHVTLNTIVDDDGVEHDILRD     248 

TyrA      KQEDIIGRTKQDNIEYESEDKPL---------------TSHIKRVNLKDENGKSIEILRQ     243 

          .*:  :**    .                           *     .         ::*  

 

BsDyP     AFSYTEGLDPKTGYMDAGLLFISFQKNPDNQFIPMLKALSAKDALNEYTQTIG-SALYAC     399 

YcdB      GYSYSLGVT-NSGQLDMGLLFVCYQHDLEKGFLTVQKRLNG-EALEEYVKPIGGGYFFAL     406 

PpDyP     SVSWADQRG--AGLAFVALGKSFEAFEVQLRRMSG-LEDGIIDGLYRFSRPLTGGYYWCP     272 

BtDyP     NMPFANTSKGEYGTYFIGYASTFSTTRRMLENMFIGSPAGNTDRLLDFSTAITGTLFFVP     306 

DypB      NMAFGSLGEAEYGTYFIGYAKDPAVTELMLRRMFLGEPPGNYDRVLDFSTAATGTLFFVP     308 

TyrA      SMPYGSLK--EQGLMFISTCRTPDHFEKMLHSMVFGDGAGNHDHLMHFTSALTGSSFFAP     301 

            .:        *    .              :      .  : :  :  .      :   

 

BsDyP     PGGCKKGEYIAQRLLES------------------------------                  416 

YcdB      PGVKDANDYFGSALLRV------------------------------                  423 

PpDyP     P-MSETGVDLSPLLRA-------------------------------                  287 

BtDyP     S--YDLLGELGE-----------------------------------                  316 

DypB      S--RDVLESLGDEPAGAESAPEDPVEPAAAGPYDLSLKIGGLKGVSQ                  353 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 

Multiple sequence alignment of DyPs. PpDyp from Pseudomonas putida, BsDyp from 

Bacillus subtilis, TyrA from Shewanella oneidensis (2IIZ, GI: 119390160), DyPB from 

Rhodococcus jostii (3QNR, GI: 330689635), BtDyP from Bacteroides thetaiotaomicron 

(2GVK, GI: 109158102). Asterisk indicates conserved residues, colon and period indicate 

conservation between groups of strongly and weakly similar properties, respectively. The 

unique distal motif GXXGD (boxed) of DyP proteins and conserved active-site residues 

(arrowed) are also depicted (Sugano 2009, Hofrichter et al. 2010). Solid bar under the BsDyP 

sequence indicate the TAT-signal sequence in which the two typical arginines are in bold.  
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The structures of PpDyP and BsDyP could be reasonably modelled using 

template sequences from the bacterial crystal structures of BtDyP (Zubieta et 

al. 2007b) and TyrA (Zubieta et al. 2007b). The overall fold shows two 

domains adopting a typical ferredoxin-like fold typical of DyPs, with each 

domain consisting of a four-stranded, antiparallel -sheet and peripheral -

helices, with the haem cofactor clefted in between (Fig. 4.2A). This typical 

fold is distinct from the motifs found in other peroxidases that are primarily 

 helical proteins. A detail of the amino acid residues in the DyPs heme 

environment is shown in Figure 4.2B. Both DyPs lack the distal histidine, 

housing instead an aspartate residue suggested to take up the role of the 

distal His in the catalytic mechanism (Sugano 2009). On the proximal side, 

the heme iron is coordinated by an axial His hydrogen-bonded to an acidic 

residue, typically Asp, forming a Fe-His-Asp triad. The major difference 

observed in the catalytic sites between the two enzymes is the position of the 

conserved axial Asp (Fig. 4.2B). In the BsDyP, this residue (Asp 383) is 

around 10 Å away from the axial His, while in PpDyP (Asp 255) is at 3 Å, a 

distance similar to that observed in all DyPs with crystal structure solved 

(Sugano et al. 2007, Zubieta et al. 2007a, Zubieta et al. 2007b, Liers et al. 

2011, Roberts et al. 2011, Brown et al. 2012, Strittmatter et al. 2013a). 

DyPs have been classified into four phylogenetically distinct subfamilies, 

with bacterial enzymes constituting A-C subfamilies and fungal enzymes 

belonging to D subfamily. The constructed DyP-phylogenetic tree show that 

BsDyP is closer to TfuDyp, DyPA and EfeB/YcdB from subfamily A and 

PpDyP is closer to TyrA, DyPB and BtDyP from subfamily B and these 

enzymes were therefore grouped in subfamily A and B, respectively (Fig. 

4.2C). 
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Figure 4.2 

Model structure, catalytic residues and phylogenetic tree.  

(A) Model structure comparison of PpDyp and BsDyp using template sequences of TyrA 

(PDB 2iiz) and BtDyP (PDB 2gvk). The -helices are shown in red and the -sheets in 

yellow. (B) The catalytically residues important for the peroxidase activity of PpDyp 

(Asp132, Ans136 and Arg214 on the distal side and His197 and Asp255 on the the proximal 

side) and BsDyp (Asp240, Ans244 and Arg339 on the distal side and His326 and Asp383 on 

the proximal side). (C) Phylogenetic tree comparing PpDyP and BsDyP (bold) with isolated 

DyPs belonging to subfamilies A-D. The confidence was evaluated with 500 bootstrap (values 

are indicated at branchpoints). 
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In general, all the enzymatic activities shown by the A and B type DyP 

members are 3-4 orders of magnitude lower than those exhibited by the C or 

D subfamilies, such as the enzymes from bacterium Amycolatopsis sp. 

(Brown et al. 2012), the cyanobacteria Anabaena sp. (Ogola et al. 2009), the 

fungus Geotricum candidum (Thanatephorus cucumeris; (Kim & Shoda 

1999, Sugano et al. 2009)), the jelly fungus Auricularia auricular-judae 

(Liers et al. 2010), or the ascomycetes lichen Leptogium saturninum (Liers et 

al. 2011). These distinctive catalytic behaviour among members of the DyPs 

family are in accordance with the phylogenetic clade distribution that 

predicts that, in the first step of their evolution subfamilies A and B diverged 

from C and D counterparts, and in the later steps subfamilies A and B as well 

as C and D segregated from each other and their genes have undergone 

specification in four directions within the respective subfamilies. 

PpDyP lacks the canonical signal sequences for protein secretion which 

leads to the assumption of a cytoplasmic localization of this enzyme in P. 

putida MET94 cells. In contrast, BsDyP contains an N-terminal twin 

arginine (RR) sequence motif which is recognized by the TAT secretion 

machinery. This is a common characteristic of DyPs from subfamily A 

indicating the prefolded translocation of the enzyme to the periplasmic space 

in Gram-negative bacteria or to the extracellular space in Gram-positive 

bacteria (Jongbloed et al. 2004, Cao et al. 2007, van Bloois et al. 2010, 

Ahmad et al. 2011). Indeed, in B. subtilis, the mechanism of translocation of 

BsDyP (YwbN) to the extracellular space is well studied (Krishnappa et al. 

2012). The putative involvement of DyPs from subfamily A in iron 

metabolism is suggested by the clustering of their genes with those predicted 

to encode iron uptake proteins (Jongbloed et al. 2004, Ahmad et al. 2011). In 

E. coli, the gene coding for EfeB/YcdB belongs to the efeUOB operon 

involved in Fe2+ uptake under acidic conditions (Cao et al. 2007). YwbN 

(here called BsDyP) was suggested to be involved in the iron acquisition 
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during B. subtilis growth at low salinity and iron-limiting medium (van der 

Ploeg et al. 2011, van der Ploeg et al. 2012); however, we have not detected 

ferrous oxidase activity in BsDyP which nevertheless does not disclose the 

possibility of BsDyP to have other iron metabolism-related activity. 

 

Biochemical and spectroscopic characterization of PpDyP and BsDyP 

The ppDyP and bsDyP genes were cloned into the expression vector pET-

21a(+) resulting in plasmids pRC-1 and pRC-2, respectively, that were 

subsequently transformed into E. coli strains. SDS-PAGE analysis of crude 

extracts from the recombinant cells revealed that the addition of IPTG to the 

culture medium resulted in the accumulation of an additional band at ~48 

kDa for BsDyP and at ~32 kDa for PpDyP. The recombinant enzymes were 

purified from crude extracts using three chromatographic steps to apparent 

homogeneity, as determined by SDS-PAGE analysis (Fig. 4.3A), with 

purification yields of 32% and 22% for PpDyP and BsDyP, respectively.  

BsDyP that contains an N-terminal twin-arginine (RR) sequence motif which 

is recognized by the TAT secretion machinery is produced in two different 

forms (Fig. 4.3A) similarly to what was observed with recombinant TfuDyP 

from Thermobifida fusca (van Bloois et al. 2010) and EfeB/YcdB from E. 

coli (Sturm et al. 2006). The upper band corresponds most probably to an 

unprocessed cytoplasmic apo or holo-precursor and the lower band that 

accumulates at higher amounts, to the mature periplasmic holoenzyme. 

These two forms may have a different conformations, due e.g. to the 

presence of the signal sequence in the precursor form, leading to different 

migration behaviour in gel electrophoresis. Size exclusion chromatography 

yielded a native molecular mass of 48 kDa for BsDyP and 120 kDa for 

PpDyP. This indicates that BsDyP exists as a monomer and PpDyP as a 

homotetramer in solution. In the UV-Visible spectra of as-isolated enzymes 

are evident the Soret band at 402-406 nm, a Q band at 500-502 and a charge 
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transfer band at 625-634 nm (Fig. 4.3B,C). The pyridine ferrohaemochrome 

spectrum of both proteins had absorption peaks corresponding to the Soret 

band (419 nm), and to two new bands (522 and 556 nm), characteristics of 

iron protoporphyrin IX (data not shown). The Reinheitszahl (A404/406/A280 

ratio), which reflects the purity of haemoproteins, is 1.8 for PpDyP, with a 

molar absorption coefficient of 30 mM-1·cm-1 at 404 nm (Fig. 4.3B) and 1.9 

for BsDyP, with a molar absorption coefficient of 86 mM-1cm-1 at 406 nm 

(Fig. 4.3C), indicating good purity yields.  

The haem b content for PpDyP and BsDyP was estimated to be 1.2 ± 0.07 

and 0.5 ± 0.01 moles per mole of protein, respectively. The lower haem 

content of BsDyP can also at least partially be ascribed to the mixture of apo 

precursor and holo mature proteins in the protein preparations as discussed 

above. 

All haem peroxidases require hydrogen peroxide or other hydroperoxides to 

activate the haem cofactor yielding the so-called compound I intermediate in 

a common catalytic cycle (Poulos & Kraut 1980). Compound I contains a 

reactive Fe4+ oxo complex with a cation radical at the porphyrin ring, formed 

by two-electron oxidation of the Fe3+-containing haem of the resting state. 

The addition of one equivalent of H2O2 to PpDyP yielded a species with red-

shifted Soret band at 406 nm and a Q-band at 508 nm, consistent with the 

formation of compound I (Fig. 4.3B). In contrast, BsDyP in the presence of 

equimolar hydrogen peroxide concentrations yields a species with a red-

shifted Soret band at 418 nm and Q bands at 524 and 553 nm (Fig. 4.3C), 

consistent with those reported for compound II intermediate indicating that 

the Bs enzyme stabilized a different catalytic intermediate (Hewson & Hager 

1979). Compound II intermediate is formed after the porphyrin radical of 

compound I is reduced by one electron oxidation of a substrate molecule. In 

the catalytic cycle, the remaining Fe4+=O in compound II oxidizes a second 

substrate molecule and the enzyme returns to its ferric initial resting state. 



 

 

 

Chapter 4 | 131 

The different catalytic characteristics between different members of the 

DyPs subfamilies point to distinct haem microenvironments. The UV-visible 

absorption spectra of the Bs and Pp enzymes obtained upon addition of 

hydrogen peroxide reveal the accumulation of different catalytic 

intermediates. The accumulation of compound I in PpDyP is in accordance 

with results obtained for all other DyPs and the majority of classical 

peroxidases while the accumulation of compound II intermediate was 

previously observed in A-type DyPA from R. jostti RHA1 (Roberts et al. 

2011). This observation could not however be considered a typical feature of 

A-type DyPs since YcdB from E. coli accumulates compound I upon 

addition of hydrogen peroxide (Sturm et al. 2006). 

 

 

Kinetic properties of purified enzymes 

In order to characterize the catalytic specificity of PpDyP and BsDyP several 

substrates were tested including ABTS, anthraquinonic and azo synthetics 

dyes, phenolics and non-phenolics compounds and also the metal ions Mn2+ 

and Fe2+ (Table 4.1). The optimal pH of BsDyP and PpDyP are at pH 3.8 and 

4.3, respectively, for all tested substrates (Fig. 4.4A). PpDyP presents 

optimal temperatures from 10 to 30C showing a peculiar flat temperature 

profile (Fig. 4.4B) while BsDyP shows optimal temperature values from 20 

to 30C (Fig. 4.4C).  
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Figure 4.3 

SDS-PAGE analysis and UV-vis spectra 

of purified PpDyP and BsDyP.  

(A) SDS-PAGE of purified PpDyP (left)  

and BsDyP (right). 

UV-vis spectra of (B) PpDyP and (C) BsDyP 

as isolated (thick solid line), immediately after 

The addition of 1 equivalent of H2O2 (dashed line) 

and after 1 h (gray line). 
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Figure 4.4 

pH and temperature profile of PpDyP and BsDyP.  

(A) pH activity profile of PpDyP (filled squares) and BsDyP (open squares) 

and temperature profiles of  (B) PpDyP and (C) BsDyP. 

 

 

The specificity (kcat/Km) for the classical peroxidase substrate ABTS is one 

order of magnitude higher for the Bs as compared with the Pp enzyme 

(Table 4.1). The higher specificity of BsDyP for ABTS resulted from a 15-

fold decreased Km value as compared with PpDyP. In addition, the Bs 

enzyme shows a two orders of magnitude higher catalytic specificity for 

hydrogen peroxide, kcat/Km = 2 ×106 M-1 s-1, than that of PpDyP, which also 

resulted from a 10 times lower Km value. Interestingly, the higher redox 

potential measured in the BsDyP (E0
Fe3+/Fe2+ = -40 mV (Sezer et al. 2013)) as 

compared with PpDyP (E0
Fe3+/Fe2+ = -260 mV (Sezer et al. 2012), which 

correlated well with the observed differences in the hydrogen bond network, 
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i.e., in the distances of the Fe-His-Asp triad, resulting in a predicted weaker 

His-Asp bond, also may result in a weaker imidazolate character, leading to 

the stabilization of Fe2+ and a higher redox potential of the BsDyP Fe3+/Fe2+ 

couple (Poulos & Kraut 1980, Banci et al. 1991). This higher redox potential 

is in general considered a useful indicator of the existence of catalytic 

intermediates with higher oxidative capacity (compounds I and II) during 

turnover (Ayala, 2010). 

Both enzymes are inhibited by increasing concentrations of hydrogen 

peroxide but BsDyP is more prone to inactivation with a Ki of 0.2 mM for 

H2O2 as compared with 0.4 mM for the PpDyP (Table 4.1). This effect has 

been mainly attributed to the irreversible conversion of the catalytic 

intermediate compound II into inactive compound III, in which a molecule 

of oxygen is bound to the Fe2+ iron of the peroxidase (Hiner et al. 2002a, 

Valderrama et al. 2002). We show that the two enzymes oxidize phenolic 

compounds but PpDyP is a better catalyst for these compounds than BsDyP 

(Table 4.1). The specificity towards guaiacol is one order of magnitude 

lower for the Bacillus enzyme and its activity is barely detected when 

syringaldehyde or acetosyringone are used as substrates (Table 4.1). The 

function that relates the initial rate of reaction of PpDyP with the 

concentration of syringaldehyde or acetosyringone is a non-hyperbolic curve 

(Fig. 4.5A), indicating enzyme inhibition at high substrate concentrations 

(above 0.25-0.3 mM), similarly to what was observed with reactions in the 

presence of increasing H2O2 concentrations. We could not calculate the Ki for 

those reactions as the curves could not be fitted using the standard inhibition 

equations. This inhibitory effect was previously observed in lignin 

peroxidase and was attributed to the formation and accumulation of 

compound III due to the inefficient ability of phenols of phenoxy radicals to 

revert this intermediate to the native ferric enzyme (Chung & Aust 1995). 
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Table 4.1. Steady-state apparent catalytic constants of purified recombinant PpDyP and BsDyP. 

 

Substrates PpDyP    BsDyP    

 Vmax    U·mg-1 
Km app            

μM 

kcat/Km   

M-1·s-1 

Ki         

μM 
Vmax         U·mg-1 

Km app       

μM 

kcat/Km   

M-1·s-1 

Ki         

μM 

ABTS 40 ± 1 2500 ± 190 8 × 103 - 15 ± 1 166 ± 14 7 × 104  

H2O2 (ABTS) 27 ± 1 79 ± 5 1.8 × 105 430 ± 60 16 ± 4 7 ± 1 2 × 106 200 ± 30 

AQ dyes    -     

      Reactive blue 5 15 ± 0.2 40 ± 3 2 × 105 - 11 ± 0.6 157 ± 46 5 × 104  

      Acid blue 62 14 ± 0.3 30 ± 4 2.4 × 105 - 12 ± 0.2 444 ± 45 2 × 104  

Azo dyes         

      Mordant black 9 32 ± 0.2 320 ± 47 5 × 104 - 5 ± 0.1 385 ± 46 1 × 104  

Phenolis lignin units         

      Guaiacol  0.2 ± 0.004 35 ± 4 3.4 × 103 - 0.2 ± 0.006 499 ± 97 3 × 102  

      Syringaldehyde 0.1 ± 0.005 48 ± 8 1.2 × 103 ND 0.004 ± 0.0002 - -  

      Acetosyringone 0.2 ± 0.008 35 ± 8 2.4 × 103 ND 0.012 - -  

Nonphenolic lignin units         

      Veratryl alcohol (6 ± 1)×10-6 - - - nd - -  

Metals         

      Mn2+ 12 ± 0.5 123 ± 24 52 × 103 - 0.4 ± 0.04 - -  

      Fe2+ 0.6 ± 0.03 - - ND nd - -  

AQ – antraquinonic, nd – not detected, ND – not determined 



 

 

 

Characterization of the DyPs 
PpDyP and BsDyP| 136 

Unlike BsDyP, PpDyP is able to oxidize the high redox, non-phenolic lignin 

compound, veratryl alcohol (1.4 V) in the absence of redox mediators as 

DyPB from R. jostti and DyPs from C-D subfamilies (Liers et al. 2010, 

Ahmad et al. 2011, Liers et al. 2011, Brown et al. 2012). However, the 

activity measured for veratryl alcohol oxidation by PpDyP, based on 

veratrylaldehyde formation, is rather low (Table 4.1). A few minutes after 

the reaction initiates a precipitate accumulates in the assay mixtures 

suggesting the formation of insoluble products, presumably the result of 

coupling and polymerization reactions (Wong 2009), that cannot be readily 

monitored by HPLC. Moreover, both enzymes oxidize Mn2+ to Mn3+ in the 

presence of H2O2 and lactate but PpDyP shows a 500-fold higher activity 

than BsDyP (Table 4.1, Fig. 4.5B). Indeed, the specificity of PpDyP for 

Mn2+ shows the same order of magnitude as fungal DyP2 from 

Amycolatopsis sp. from subfamily C (kcat/Km = 1.2 × 105 M-1s-1 (Brown et al. 

2012). The resulting Mn3+ from the action of the latter activity is known to 

act as an oxidant of phenolic compounds and in the presence of unsaturated 

lipids it can also oxidize nonphenolic lignin via peroxidation radicals (Ruiz-

Duenas & Martinez 2009). In addition, PpDyP oxidizes Fe2+ in an H2O2-

dependent manner (Table 4.1). This reaction proceeds at a relatively low rate 

and at the highest concentrations of Fe2+ tested an inhibitory effect over the 

enzyme activity was observed, similarly to what was observed in reactions 

with the phenolics syringaldehyde and acetosyringone (Fig. 4.5C). This is 

the first demonstration of the ability of DyPs to oxidize iron and it further 

proves the enormous substrate versatility of the DyPs family of enzymes. 
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Figure 4.5 

Steady-state kinetic analysis of PpDyP.  

(A) phenolic compounds acetosyringone (squares) and  

syringaldehyde (circles), (B) Mn2+ and (C) Fe2+ oxidation. 
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All tested synthetic dyes were at a different extent oxidatively bleached by 

both enzymes after 24 h of reaction (Fig. 4.6). In general, the Pseudomonas 

enzyme leads to higher levels of dye decolourisation and increased rates of 

decolourisation than BsDyP (Table 4.1). No major differences were 

observed in the levels of decolourisation of anthraquinonic as compared to 

azo dyes, and the decolourisation activities (Vmax) of the studied DyPs are 2 

to 40-fold higher as compared with the azoreductase from P. putida, 

PpAzoR and CotA laccase from B. subtilis (Table 4.2).   
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Figure 4.6 

Dye degradation by the enzymes PpDyP and BsDyP after 24 h of reaction. 
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Table 4.2. Activity of PpDyP and BsDyP as compared with PpAzoR and CotA, using 2 

mM of anthraquinonic (AQ, disperse blue 1, reactive blue 5, acid blue 62 and reactive blue 

19) or azo (Azo, mordant black 9, acid black 194 and acid yellow 49) dyes as substrate at 

their optimal reaction conditions. 
 

 Vmax (U·mg-1) 

Dye PpDyP BsDyP PpAzoR CotA 

AQ     

Disperse blue 1 10 ± 3 3 ± 0.1 nd 0.6 ± 0.04 

Reactive blue 5 11 ± 1 9 ± 1 nd 0.3 ± 0.01 

Acid blue 62 9 ± 1 10 ± 0.1 nd 1.3 ± 0.9 

Reactive blue 19 9 ± 2 5 ± 0.2 nd nd 

Azo     

Mordant black 9 26 ± 2 4 ± 0.1 2 ± 0.1 1 ± 0.3 

Acid black 194 12 ± 2 2 ± 0.1 3 ± 0.4 1 ± 0.2 

Acid yellow 49 10 ± 1 3 ± 0.2 2 ± 0.3 2 ± 0.2 

 

Nd - not detected 

 

 

 

 
Overall, when compared with DyPB from R. jostti RHA1, the other member 

of B family previously characterized, the efficiency values for the 

Pseudomonas enzyme are 3-fold higher for ABTS, 5-fold for the phenolics, 

and, noteworthy, 2 to 3 orders of magnitude higher for the oxidation of 

anthraquinonic dyes or manganese ion (Roberts et al. 2011). The Bacillus 

enzyme, even if showing weaker catalytic potential than Pseudomonas, is 

also in general more active than its counterparts from A subfamily; 1 order 

of magnitude higher specificity for ABTS as compared with DyPA from R. 

jostti RHA1 (2 × 103 M-1s-1 (Roberts et al. 2011)), 5- to 60-fold higher 

specificity for anthraquinonic dyes or phenolics, and its activity is clearly 

lower only for manganese ion. TfuDyP is also in general a poorer catalyst 

than BsDyP except for its ability to oxidize veratryl alcohol (van Bloois et al. 

2010).  
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Stability of PpDyP and BsDyP 

Considering the potential of DyPs for applications in the areas of the 

biodegradation of synthetic dyes or transformation of lignin-related 

substrates, we have studied the stability of these enzymes. The kinetic 

thermal denaturation profiles indicate that BsDyp is clearly more 

thermostable than PpDyP with half-lives of inactivation at 40°C of 53 ± 11 h 

and 16 ± 6 h at pH 5.0, respectively (Fig. 4.7A). This is in accordance with 

the temperature activity profiles of the two enzymes; PpDyP prefers lower 

temperatures for catalysis with 100% of activity at 10°C but only 20% at 

40°C while BsDyP still holds 90% of the activity at 40°C (Fig. 4.7B,C). 

After incubation during 2 h at 40°C the PpDyP still maintained its tetrameric 

structure as assessed by exclusion chromatography (data not shown) 

showing that the thermal denaturation is not associated to the loose of the 

quaternary structure.   

The thermodynamic stability of both proteins was studied by probing the 

tertiary structure (fluorescence intensity) at increasing temperature or in the 

presence of the chemical denaturant GdnHCl (Fig. 4.7B,C). With selective 

excitation of tryptophan residues at 296 nm, the wavelength at the emission 

maximum shifted from around 330 to around 360 nm upon unfolding, 

reflecting the exposure of the four or five Trp residues for PpDyP or BsDyP, 

respectively, at the protein surface. The unfolding of the enzymes induced by 

either temperature or GdnHCl is apparently described by a two-state process 

where the folded and unfolded states seem to be the only states that 

accumulate at significant amounts. However we were unable to accurately 

measure the thermodynamic parameters of the thermal unfolding of PpDyP 

at pH 5 or pH 7.6 due to the aggregation of the protein, most probably 

associated with the more complex unfolding process of the homotetrameric 

protein. BsDyP is a moderately thermostable enzyme with a melting 

temperature (Tm, where 50 % of the protein molecules were denaturated) of 
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64 ± 4C, a ΔHTm of 76 ± 3 kcal/mol and ΔSTm of 0.22 ± 0.01 kcal/mol K. 

During chemical unfolding PpDyP and BsDyP tertiary structures unfolded 

with a mid-point (GdnHCl concentration where 50 % of the protein 

molecules were unfolded) of around 1.4  ± 0.1  and 1.7 ± 0.2 M, and in water 

the folded state was more stable than the unfolded state by 1.4 and 1.9 

kcal/mol for PpDyP and BsDyP. The unfolding parameters for the Pp 

enzyme correspond to the unfolding of the monomeric form as we have 

proved by exclusion size chromatography (Fig. 4.7C, insert). The enzyme 

elutes as a monomer in the presence of 0.7 M of GdnHCl explaining why 

both enzymes have similar chemically unfolding stabilities. 

 

Figure 4.7 

Stability of PpDyP and BsDyP. (A) Kinetic 

stability of PpDyP (closed circles) and BsDyP 

(open circles) at 40ºC at pH 5. Fraction of 

PpDyP (closed circles) and BsDyp (open 

circles) unfolded (fUnf) by (B) temperature 

and (C) GdnHCl at pH 5 as measured by 

fluorescence emission. The solid line is the fit 

according to the equation fU=e(−ΔG° / RT)/(1+e 

(−ΔG° / RT)). Insert: size exclusion 

chromatography of PpDyP in the absence and 

presence 0.7 M of GdnHCl. Molecular mass 

assigned to peaks are those calculated from 

standard calibration curves. 
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Chapter 5 

Distal haem pocket residues of A and B-type dye-

decolourising peroxidases: an integrated view of 

spectroscopic, redox and catalytic properties 
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Abstract 

 

Dye-decolorizing peroxidases (DyPs) belong to a novel family of heme 

containing peroxidases that show a distinct overall fold and apparently 

different peroxidative cycle than classical peroxidases. The role of conserved 

distal Asp and Arg in the acid-base catalytic mechanism is particularly 

disputed. Here we use kinetic, spectroscopic and electrochemical approaches 

to investigate the role of distal Asp240, Arg339 and Asn244 and proximal 

Asp383 in the catalytic mechanism of BsDyP from B. subtilis and distal 

Asp132, Arg214 and Asn136 in the catalytic mechanism of PpDyP from P. 

putida MET94.  

We demonstrate that the substitution of the conserved residues mainly 

influences the redox and kinetic properties of the enzymes. The reactions 

with hydrogen peroxide and several oxidizing substrates are characterized by 

transient and steady-state kinetic measurements. PpDyP in reaction with 

H2O2 forms a stable Compound I at a rate of (1.4 ± 0.3) ×106 M-1s-1, 

comparable to those of classical peroxidases and other DyPs. We provide the 

first report of standard redox potential (E0’
Cpd I/Fe3+ = 1.1 ± 0.1 (V)) of the 

Compound I/Fe3+ redox couple in a DyP-type peroxidase, similar to those 

found in peroxidases from the mammalian superfamily but significantly 

higher than in peroxidases from the plant superfamily. The first evidence for 

the pH-dependent formation of Compound I and Compound II was shown in 

the A-type DyP BsDyP. The analysis of BsDyP distal variants shows that the 

catalytic efficiency for hydrogen peroxide (kcat/Km) is only one and two 

orders of magnitude lower for R339L and D240N, respectively, than in wild 

type. Noteworthy, a significant improvement in the catalytic efficiency for 

the oxidizing substrates in variants, and particularly in N244L, is observed. 

We conclude that none of the distal residues is indispensable for promoting 

H2O2 (de)protonation and O-O bond cleavage in BsDyP. In contrast, our data 
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point to the importance of the distal arginine in the catalytic mechanism of 

PpDyP as also observed in DyPB from Rhodococcus jostii RHA1 but not in 

DyPs from A and D subfamilies.  

This work reinforces the idea of the existence of mechanistic variations 

among members of the different subfamilies of DyPs and contributes to the 

establishment of structural determinants with direct implications in their 

enzymatic properties and potential for biotechnological applications. 
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Introduction 

 

The catalytic cycle of DyPs is proposed to be similar to other peroxidases, 

i.e. in the initial step the haem moiety is oxidized by peroxides to the radical-

cationic oxyferryl species Compound I. However, the role of distal pocket 

residues in the formation of this catalytic intermediate is currently the 

subject of intensive research (Liu et al. 2011, Singh et al. 2012, Sugano et al. 

2007). Namely, DyPs lack the distal histidine; instead they house an 

aspartate residue suggested to take up the role of the His in the catalytic 

mechanism, by acting as the acid-base catalyst that promotes the heterolytic 

cleavage of hydrogen peroxide (Hiner et al. 2002b; Poulos 2010). A distal 

arginine paired with the histidine or aspartate, is thought to be essential for 

proper coordination of the peroxide molecule at the haem site and 

stabilization of the Compound I in classical peroxidases (Hiner et al. 2002, 

Poulos 2010). Mutagenesis studies have been employed in search for 

analogous structural determinants of catalytic activity of DyPs. Sugano et al 

(Sugano et al. 2007) suggested that Asp acts as proton shuttle in the 

formation of Compound I in Bjerkandera adusta D-type Dec1, while Arg 

stabilizes the negative charge during the heterolytic cleavage of the peroxide. 

Similarly, in the A-type enzyme from Thermobifida fusca, TfuDyP, a 

substitution of Asp242 with Ala resulted in an inactive enzyme, pointing to a 

key role of the distal Asp in the catalytic mechanism (van Bloois et al. 2010). 

The roles of the distal residues in the A-type EfeB/YcdB from E. coli O157 

seem more controversial; mutants D235A and R347E lose activity for 

guaiacol and catechol but surprisingly, D235N mutant keeps nearly the same 

activity for guaiacol as the wild type enzyme (Liu et al. 2011). In the B-type 

bacterial Rhodococcus jostii RHA1 DypB, the substitution of the conserved 

Arg, and not of the Asp, resulted in a significant drop in reactivity. This 

finding led to the proposal that a distal Arg act as the putative acid-base 
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catalyst in the Compound I formation, through a mechanism that remains to 

be elucidated (Liu et al. 2011, Singh et al. 2012). Therefore, it is not clear at 

this point whether the reported contradictory results regarding the role of the 

distal residues in the catalysis reflect differences in the mechanistic features 

of DyPs from different sources. More systematic data on the thermodynamic 

and kinetic properties are needed for the establishment of the structural 

determinants of DyPs catalytic mechanism. 

The midpoint redox potential (E0’) of Fe3+/Fe2+ redox couple in haem 

peroxidases can vary over a very wide range of values (-270 mV for 

horseradish peroxidase (HRP) to +29 mV for myeloperoxidase) and it is 

likely that peroxidases have reduction potentials that are specific for their 

physiological catalytic activity (Battistuzzi et al. 2010). Peroxidases are 

considered to be the enzymes with the highest oxidation potential found in 

nature, according to the standard redox potential of the reaction: H2O2 + 2H+ 

+ 2e- ↔ 2H2O (E0’ = 1.32 V) (Koppenol 1987) and this is another intrinsic 

property of these enzymes, which is interesting for biotechnological 

applications. Understanding the molecular factors that modulate the redox 

potentials of haem peroxidases allows their engineering for increased 

electron transfer efficiency, enhanced substrate specificity and ability to 

oxidize artificial substrates. Site directed mutagenesis is a powerful tool for 

probing of protein matrix residues that affect and fine-tune redox properties 

of haem peroxidases. 

In this study we investigate 1) the impact of substitution of three distal haem 

pocket residues, D240, R339 and N244, together with the proximal D383 

residue (Fig. 5.1A) on the properties of B. subtilis BsDyP (Santos et al. 2014 

(in chapter 4)) and 2) the impact of substitution of the three distal heme 

pocket residues, D132, R214 and N136 (Fig. 5.1B) on the properties of P. 

putida MET94 PpDyP (Santos et al.2014). Site-directed mutagenesis has 

been used to replace the distal residues of both enzymes (Fig. 5.1): residues 
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Asp240, Asp132 and Asp383 by asparagine and Arg339, Arg214, Asn244 

and Asn136 by leucine and to construct a double mutant (D240N/R339L) 

lacking both disputed residues. The structural implications of the 

substitutions have been assessed by UV-visible and resonance Raman 

spectroscopy and cyclic voltammetry. Transient and steady state kinetics 

measurements provided characterization of the reaction intermediates, and 

revealed the catalytic properties of the variants and in particular the 

importance of distal D240 and R339 residues in BsDyP and R214 residue in 

PpDyP.  

 

 

 

 

 

 

 

Figure 5.1 

Structural model of the active site of BsDyP from B. subtilis (A) and of PpDyP from P. 

putida MET94 (B) derived from the Phyre2 server. BsDyP houses a distal aspartate 

(Asp240), asparagine (N244) and an arginine (R339). On the proximal side, the heme iron is 

coordinated by a histidine (H326) hydrogen bonded to an aspartate (Asp383). 

PpDyP house a distal aspartate (Asp132), Asparagine (N136) and an arginine (R214). 

 

A B 
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Material and methods 

 

Construction, overproduction and purification of BsDyP and PpDyP 

variants 

Single amino acid substitutions were created using the QuickChange site-

directed mutagenesis kit (Statagene). Plasmid pRC-2 (containing the WT 

BsDyP sequence) or pRC-1 (containing the WT PpDyP sequence) were used 

as template (Santos et al. 2014 (in chapter 4)). The primers forward and 

reverse used are described in Table 5.1. The presence of the desired mutation 

in the resulting plasmids and the absence of unwanted mutations in other 

regions of the insert were confirmed by DNA sequence analysis. The 

plasmids containing the bsDyP and ppDyP genes with the desired mutations 

were transformed into E. coli strains, in which the recombinant BsDyP or 

PpDyP variants were produced under the control of the T7lac promoter. Cell 

growth, disruption and protein purification were undertaken as previously 

described (Santos et al. 2014 (in chapter 4)). The protein concentration was 

determined by the Bradford assay with bovine serum albumin as standard. 

Purified enzymes were stored at -20ºC until use.  
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Table 5.1.  Plasmids and primers used for the construction of BsDyP and PpDyP 

variants. 

Plasmids Primers used 

pRC-2_D240N 
Forward: 5´-CCTCTTCGGGTTTAAAAACGGAACAGGCAACCAG-3´   

Reverse: 5´-CTGGTTGCCTGTTCCGTTTTTAAACCCGAAGAGG-3´ 

pRC-2_R339L 
Forward: 5´-GGGAAACAAATTTTGCTGAGAGCTTTCTCTTAC-3´  

Reverse: 5´-GTAAGAGAAAGCTCTCAGCAAAATTTGTTTCCC-3´  

pRC-2_N244L 
Forward: 5´-GATGGAACAGGCCTGCAGAGCACGAAGGATGACACG-3´ 

Reverse: 5´-CGTGTCATCCTTCGTGCTCTGCAGGCCTGTTCCATC-3´ 

pRC-2_D383N 
Forward: 5´-GGCTCTTTCAGCAAAGAACGCGTTAAACGAATATAC-3´  

Reverse: 5´-GTATATTCGTTTAACGCGTTCTTTGCTGAAAGAGCC-3´ 

pRC-2_ 

D240N/R339L*  

Forward: 5´-GGGAAACAAATTTTGCTGAGAGCTTTCTCTTAC-3´  

Reverse: 5´-GTAAGAGAAAGCTCTCAGCAAAATTTGTTTCCC-3´ 

pRC-1_D132N 
Forward: 5´-GACCTTACCGGTTATGAAAACGGCACCGAAAACCCGAC-3´  

Reverse: 5´-GTCGGGTTTTCGGTGCCGTTTTCATAACCGGTAAGGTC-3´ 

pRC-1_R214L 
Forward: 5´-CGAGGCGTTCATGGTCCTGCGCTCGGTATCCTGGGC-3´  

Reverse: 5´-GCCCAGGATACCGAGCGCAGGACCATGAACGCCTCG-3´ 

pRC-1_N136L 
Forward: 5´-GAAGACGGCACCGAACTGCCGACAGACGAAGAGGCGG-3´  

Reverse: 5´-CCGCCTCTTCGTCTGTCGGCAGTTCGGTGCCGTCTTC-3´ 

*  The plasmid carrying D240N point mutation was used as template. 

 

Spectroscopic analysis 

The UV- visible absorption spectra of purified enzymes were recorded on a 

Nicolet Evolution 300 spectrophotometer (Thermo Industries). The 

Reinheitszahl values were determined by the ratio between absorbance at the 

wavelength of the Soret band and absorbance at 280 nm (ASoret/A280 nm). The 

haem content was determined by the pyridine ferrohaemochrome method 

using an extinction coefficient of pyridine hemochromes (R) - extinction 
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coefficient of pyridine hemichrome (εR-O) at 556 nm (28.32 mM-1cm-1) 

(Berry & Trumpower 1987). Room temperature resonance Raman (RR) 

experiments were carried out in a rotating cuvette (from Hellma) containing 

~ 80 μL of 10 - 50 μM sample in 50 mM Tris-HCl, pH 7.6, to prevent 

prolonged exposure of individual enzyme molecules to laser irradiation. A 

confocal microscope, equipped with an Olympus 20 x objective (working 

distance of 21 mm, numeric aperture of 0.35) was used for laser focusing 

onto the sample and light collection in backscattering geometry. The 

microscope is coupled to a Raman spectrometer (Jobin Yvon U1000), 

equipped with 1200 1/mm grating and a liquid nitrogen cooled CCD 

detector. The 413 nm line from a Kr+-laser (Coherent Innova 302) was used 

as excitation source. The laser power was set to 7 mW; 10 spectra, measured 

with 60 s accumulation times were co-added in each measurement. All 

spectra were subjected to polynomial baseline subtraction and component 

analysis as described previously using in-house made software (Sezer et al. 

2012, Sezer et al. 2013). 

 

Cyclic voltammetry 

Electrochemical measurements were carried out in a three-electrode cell 

containing a working pyrolytic graphite electrode (basal plane), a platinum 

wire counter electrode and a Ag/AgCl reference electrode. The supporting 

electrolyte, 0.1 M KCl in 50 mM Tris-HCl pH 7.6 was thoroughly purged 

with argon before each experiment. The cyclic voltammetry measurements 

were performed using a Princeton Applied Research 263A potentiostat. The 

potential was cycled between 0.1 and - 0.7 V vs. Ag/AgCl at scan rates 

between 20 and 150 mVs-1. Prior to each experiment, the working electrode 

was polished with alumina slurry (0.3 m particle size), thoroughly washed 

with water, ultrasonicated for 5 min and dried with compressed air. A small 

volume of the protein solution (~ 10 L of 5 - 10 M protein in 50 mM Tris-
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HCl, pH 7.6) was entrapped between the electrode surface and a dialysis 

membrane (MWCO 3000, Spectra/Por), which was fixed around the 

electrode body by a rubber o-ring (Haladjian et al. 1996). 

 

Stopped-flow experiments 

Transient state kinetics were studied by mixing protein solutions (BsDyP 

WT and variants and PpDyP WT) with H2O2 in a Hi-Tech SF-61DX2 

stopped-flow apparatus coupled to a diode array for signal detection. A 

circulating water bath was used to maintain the temperature of the reactant 

syringes and the mixing cell at 25C. Typically, a final concentration of 2 

μM enzyme (final concentration) was mixed with H2O2 (2.5 equivalents for 

the BsDyP WT and D383N, 50 equivalents for D240N, 250 equivalents for 

R339L and 10 equivalents for N244L,) in Britton-Robinson buffer (100 mM 

phosphoric acid, 100 mM boric acid, and 100 mM acetic acid mixed with 

NaOH to the desired pH in the range of 3-9). In the case of PpDyP WT, 2 

μM enzyme (final concentration) was mixed with H2O2 solutions of different 

concentrations (0 – 50 μM final concentrations) at pH 7 in 0.1 M sodium 

phosphate buffer. UV-Vis spectra (350 – 700 nm) were recorded at different 

time scales (usually 0.75 s and 7.5 s). The concentration of the protein 

solutions was determined from the absorbance at λ = 280 nm using the 

extinction coefficient ε280nm = 42,650 M-1cm-1, for BsDyP WT and variants 

and ε280nm = 34,850 M-1cm-1, for PpDyP WT, calculated from the protein 

sequence using the ExPASy Bioinformatics Resource Portal 

(http://web.expasy.org). The H2O2 solutions were prepared from successive 

dilutions of a stock solution; λ = 240 nm (ε240nm = 39.4 M-1cm-1) (Nelson & 

Kiesow 1972).  
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N+H2O2               Cpd I                Cpd II 

k1 k2 

k1f 

k1r 

N+H2O2              Cpd I 

Analysis of transient kinetic data for BsDyP WT and variants 

The reaction between proteins and hydrogen peroxide can be described by a 

simple model of consecutive reactions (scheme 1):  

 

                                                                    Scheme 1 

 

Where k1 (M-1s-1) is the second order rate constant  that characterizes the 

conversion of the native (N) form into Compound I (Cpd I) and k2 (s-1) is the 

first order rate constant that characterizes the conversion of Compound I into 

Compound II (Cpd II). The rate constants for the first step (k1obs (s-1)) were 

obtained from the exponential fit of the absorbance decrease measured at the 

isosbestic point of Cpd I – Cpd II (407 nm) for measuring the resting state 

oxidation to Cpd I (without interference of its subsequent pass to Cpd II) in 

the spectrum of the native upon mixing with hydrogen peroxide. The second 

order rate constant, k1, was calculated from k1obs, dividing the latter by the 

peroxide concentration. The first order rate constant of the second step k2, 

was obtained directly from the exponential fit of the absorbance measured at 

the isosbestic point of N – Cpd I (420 nm) to measure Cpd II formation 

(without interference of Cpd I).  

 

Analysis of transient kinetic data for PpDyP WT 

Time dependent spectra obtained for the reaction between PpDyP and 

hydrogen peroxide displays good isosbestic points, indicating that there are 

no intermediates involved. Thus, the reaction can be described by scheme 2: 

 

 Scheme 2 
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Where N is the PpDyP native species and Cpd I represents Compound I.  

For the determination of the reduction potential of the couple E0’
Cpd I/N the 

time dependent spectra obtained when the reaction appeared to have reached 

equilibrium were deconvoluted, using reference spectra for N and for Cpd I 

species to obtain the mole fraction of each species. The reference spectrum 

for N was calculated as the average of all spectra acquired after mixing 

PpDyP with buffer. The reference spectrum for Cpd I was calculated as the 

average of the last few spectra obtained at the longest times with a large 

excess of hydrogen peroxide present, assuming that under these conditions 

the reaction is effectively complete. It is important to note that the definition 

of E0’
Cpd I/N necessarily assumes thermodynamically reversible. 

The time dependence of the concentrations of N and Cpd I, for each H2O2 

concentration, was fitted to the kinetic model presented in scheme 1 using 

Berkeley Madonna software package (version 8.3.18 for Windows, Kagi 

Shareware, Berkeley, CA) to obtain the values of the rate constants k1f and 

k1r. Both forward and reverse rate constants are needed to fit the data 

obtained because the reactions reach equilibria with some native protein still 

present. 

The Gibbs free energy of the reaction can be related to the difference of the 

reduction potentials of the electron acceptor pair (E0’
H2O2/H2O) and the 

electron donor pair (E0
Cpd I/N), according to equation 1: 

  (1) 

where F is the Faraday constant and n is the number of electrons transferred 

in the reaction (n=2). Since the reduction potential of the pair H2O2/H2O at 

pH 7 is known (E0’
H2O2/H2O = 1.32 V) (Koppenol 1987), it is possible to 

calculate the reduction potential of the couple Cpd I /N using equation 2, 

which is derived from equation 1 and from the relation between the Gibbs 

free energy and the equilibrium constant:     
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  (2) 

The equilibrium constant may be obtained directly from the ratio of the 

concentrations of the reagents after the system had effectively reached 

equilibrium (equation 3), as described by Furtmüller et al (Furtmüller et al. 

2003, Furtmüller et al. 2005): 

  (3)  

where [Cpd I]eq is the concentration of Cpd I, obtained from spectral 

deconvolution, and [N]i and [H2O2]i are the concentrations of the PpDyP and 

hydrogen peroxide used in the experiment. Alternatively, even if the reaction 

does not reach equilibrium, Keq can be obtained from the ratio of the fitted 

rate constants (equation 4): 

     (4) 

 

Steady-state kinetic assays 

The enzymatic activity of BsDyP or PpDyP and respective variants was 

monitored using either a Nicolet Evolution 300 spectrophotometer (Thermo 

Industries), or a Synergy2 microplate reader (BioTek). The holoprotein 

concentration was considered for the measurement of the specific activity of 

BsDyP WT and variants. All enzymatic assays were performed at least in 

triplicate. The activity dependence on pH was measured by monitoring the 

oxidation of 1 mM 2,2’-azino bis 3-ethylbenzthiazoline-6-sulfonic acid 

(ABTS) at 420 nm (ε420nm = 36,000 M-1cm-1) in the presence of 0.2 mM H2O2 

at 25°C using Britton-Robinson buffer (pH in the range of 2.6-5.8 for BsDyP 

and variants and 2-10 for PpDyP and variants). All enzymatic assays were 
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determined at 25°C, in 20 mM sodium acetate or phosphate buffer at optimal 

pH for each of the enzymes (pH 3.8 for BsDyP WT, R339L, N244L and 

D383N and pH 4.4 for D240N and D240N-R339L variants and pH 4.3 for 

PpDyP WT, pH 7.4 for D132N, pH 3.6 for R214L and pH 5.6 for N136L 

variants). 

The apparent steady-state kinetic parameters for H2O2 (0.001-2 mM for 

BsDyP WT, 0.001-5 mM for D240N and N244L, 0.001-8 mM for R339L 

and D240N-R339L and 0.001-1 mM for D383N variants; 0.0125-2.25 mM 

for PpDyP WT, 0.005-15 mM for D132N, 0.005-12 mM for R214L and 

0.005-5 mM for N136L variants) using ABTS as substrate (1 mM for BsDyP 

WT, D240N, N244L, D240N-R339L and D383N and 0.2 mM for R339L 

variants; 10 mM for PpDyP WT and 1 mM for D132N, R214L and N136L 

variants) and adequate amounts of respective enzymes.  

The apparent steady-state kinetic parameters were measured for ABTS 

(0.05-2 mM for BsDyP WT, 0.007-1.5 mM for D240N, D240N-R339L and 

D383N, 0.005-1 mM for R339L and 0.007-1 mM for N244L variants; 0.1-14 

mM for PpDyP WT and 0.005-5 mM for D132N, R214L and N136L 

variants) with 0.2 mM H2O2 for BsDyP WT, 3 mM H2O2 for D240N, 6 mM 

H2O2 for R339L, 5 mM H2O2 for D240N-R339L and N244L and 1 mM H2O2 

for D383N variants; 0.2 mM H2O2 for PpDyP WT, 20 mM H2O2 for D132N, 

6 mM H2O2 for R214L and 4 mM H2O2 for N136L variants, and adequate 

amounts of the respective enzymes.  

Apparent steady-state kinetic parameters were measured for guaiacol (ε470nm 

= 26,600 M-1cm-1) (0.01-2 mM), acid blue 62 (AB62) (ε600nm = 10,920 M-

1cm-1) (0.01- 1.2 mM for BsDyP WT and 0.01-0.5 mM for D240N, R339L, 

N244L, D240N-R339L and D383N variants), and mordant black 9 (MB9) 

(ε550nm = 15,641 M-1cm-1) (0.01-1.4 mM for BsDyP WT, 0.01-1.6 mM for 

D240N, N244L, D240N-R339L and D383N and 0.01-0.1 mM for R339L 

variants) using the H2O2 concentrations described above at the optimal pH 

for each variant. A discontinuous assay was used in the reaction of BsDyP 
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WT with AB62 for concentrations above 0.5 mM (exhibiting values out of 

the Lambert-Beer law’s applicability range), where samples were withdrawn 

from reactions at specific time intervals, diluted with buffer and the 

absorbance measured at 600 nm. Reactions with MnCl2 were performed in 

50 mM sodium lactate and Mn3+-lactate formation was monitored at 270 nm 

(ε270nm = 3,500 M-1cm-1) (0.05-2 mM) using the H2O2 concentrations 

described above at the optimal pH for each variant. The apparent kinetic 

parameters kcat and Km were obtained by fitting the data using the Michaelis-

Menten equation (Origin-Lab software). 

 

 

Static light scattering for PpDyP WT and variants 

Static light scattering was measured using a Carry Eclipse spectrofluorimeter 

at 360 nm as excitation and emission wavelengths. WT enzyme aggregation 

was monitored at concentrations between 0.01-2 M in sodium acetate 

buffer, pH 4.3. Aggregation of 2 M wild-type and variants was monitored 

at pH values between 3 and 8 in Britton-Robinson buffer (100 mM 

phosphoric acid, 100 mM boric acid, and 100 mM acetic acid mixed with 

NaOH to the desired pH in the range of 2-10). The pI values were predicted 

using the ExPASy Bioinformatics Resource Portal (http://web.expasy.org) 

(Gasteiger et al. 2005). 

http://web.expasy.org/
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5.1 Distal haem pocket residues of A-type Bacillus subtilis dye-

decolourising peroxidase: neither aspartate nor arginine is 

indivudually essential for peroxidase activity 

 

Results and discussion 

 

A small number of biochemical and X-ray structural studies have addressed 

some structural and functional aspects of DyPs, but many questions still 

remain unanswered (Sugano et al. 2007, Liu et al. 2011, Roberts et al. 2011, 

Yoshida et al. 2011, Brown et al. 2012, Singh et al. 2012, Yoshida et al. 

2012, Singh et al. 2013, Strittmatter et al. 2013a). Among them are those 

related to the details of the catalytic cycle, e.g. the mechanism of electron 

transfer to hydrogen peroxide, and oxidation of the different substrates, 

crucial for understanding and exploring unparalleled catalytic properties of 

DyPs. 

Biochemical and spectroscopic characterization of BsDyP mutants 

The variants D240N, D383N, N244L, R244L and D240N/R339L (Fig. 5.1A) 

showed similar chromatographic pattern during purification (i.e. they are 

separated using the same columns and eluted at similar conditions) as the 

wild-type (WT) BsDyP (Santos et al. 2014 (in chapter 4)). Typical yields are 

4-7 mg of BsDyP/L of culture medium but lower purification yields (around 

60% in D240N and R339L and 30 % in D383N, N244L and D240N/R339L 

of the WT). The protein purity was judged by SDS-PAGE which showed a 

single band at 48 kDa (Santos et al. 2014 (in chapter 4)) (Fig. 5.1.1). All 

variants exhibited lower haem b content than the WT, as estimated by the 

pyridine ferrohaemochrome method, with D240N being the most 

significantly haem-depleted (Table 5.1.1). The reasons behind the observed 

differences in protein yields and haem content among the variants are not 

clear at the moment, but we can hypothesize that the mutations could have 
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affected the gene expression or led to instability of the produced proteins and 

haem binding. The Reinheitszahl values, which reflects the purity of 

hemoproteins, is  2 for BsDyP WT, N244L and D383N variants,  1 for 

D240N,  3 for R339L and the double D240N/R339L variant.   

 

Figure 5.1.1 

SDS-PAGE of purified BsDyP WT (lane 1),  

D240N (lane 2), D383N (lane 3), N244L (lane 4) 

 and R339L (lane 5) variants.  

The protein yields were ~7, 6, 3, 3, 5 and 2 mg/L of medium 

Culture for BsDyP WT, D240N, D383N, N244L, R339L and  

D240N/R339L (not in the figure), respectively. 

 

Table 5.1.1. Spectroscopic and redox properties of WT BsDyP and the variants. 

 λmax (nm) ε (mM-1cm-1) Haem content E’0 (mV) 

WT 407 87 ± 2 0.5 ± 0.01 - 40 ± 4* 

D240N 408 39 ± 2 0.08 ± 0.01 - 120 ± 10 

R339L 406 128 ± 2 0.30 ± 0.04 - 105 ± 20 

D240N-R339L 406 113 ± 3 0.19 ± 0.01 - 125 ± 5 

N244L 406 78 ± 5 0.33 ± 0.04 - 83 ± 8 

D383N 408 117 ± 32 0.21 ± 0.04 -75 ± 5 

*(Sezer et al. 2013) 

The electronic absorption features of BsDyP and variants at pH 7.6 reveal 

the characteristic Soret band at ~ 406, Q bands, at ~500, ~540 and ~570 nm, 
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and a CT band at ~ 630 nm, comparable to the WT enzyme (Fig. 5.1.2, Table 

5.1.1) and similar to those observed at acidic pH 3.8 or 4.4 (Fig. 5.1.3) . 

Small differences in the spectra indicate subtle perturbations of the 

respective active sites, which are most pronounced in the D240N and R339L 

variants. The structural features of the heme pocket of the studied variants 

were characterized in more detail by resonance Raman (RR) spectroscopy 

(Fig. 5.1.4). When excited at the Soret electronic transition band, RR spectra 

of peroxidases reveal, in the high frequency region, marker bands sensitive 

to the spin, oxidation and coordination state of the haem iron (Smulevich et 

al. 2005, Siebert & Hildebrandt 2008). The spectra show only subtle 

structural changes in the haem cavity brought up by the mutations, which are 

reflected in small band shifts and changes of relative band intensities. 

Actually, RR spectra revealed that the effect of mutation is sensed even by 

the active sites of D383N and N244L, which carry the mutations further 

away from the haem group. The spin state sensitive andbands clearly 

indicate a presence of high spin (HS) and low spin (LS) populations (Fig. 

5.1.4) in the spectra of all proteins, which are commonly observed in other 

bacterial and plant peroxidases, as well as cytochrome–c peroxidase, 

horseradish peroxidase, and soybean peroxidase (Smulevich et al. 2005).  

Furthermore, the frequencies as well as the relative intensities of the marker 

bands in the spectra of N244L, R339L, D383N and even D240N-R339L 

show remarkable similarities (only D240N variant was not sufficiently stable 

to allow for acquisition of spectra with a better signal to noise ratio). The 

spectral fingerprint of each of the four variants is distinct from that of the 

wild type, in particular with respect to the relative intensities of (HS) vs. 

(LS). 
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Figure 5.1.2 

UV-visible spectra of WT and variants ( 2 µM in 20 mM Tris-HCl at pH 7.6). The inset 

shows the region between 450 and 700 nm.  

 

 

 

 

 

 

 

 

 

Figure 5.1.3  

UV-Vis of purified WT and each one of the variants in 100 mM sodium acetate buffer at 

the optimal pH for activity (pH 3.8 for WT, R339L, N244L and D383N and pH 4.4 for 

D240N and D240N-R339L, see Fig. 5.1.8). The inset shows the region between 450 and 650 

nm.  
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Component analysis of the spectra confirmed the presence two 6-coordinated 

populations in R339L (and at 1371, 1481 and 1561 cm-1 for 6cHS 

and 1377, 1507 and 1582 cm-1 for 6cLS), N244L and D383N (and at 

1372, 1481 and 1569 cm-1 for 6cHS and 1377, 1508 and 1582 cm-1 for 6cLS) 

and the double mutant (and at 1371, 1482 and 1562 cm-1 for 6cHS 

and 1376, 1508 and 1581 cm-1 for 6cLS), previously observed in the BsDyP 

WT (Siebert & Hildebrandt 2008, Sezer et al. 2013). It allowed for 

quantification of the relative amount of these spin populations (Table 5.1.2), 

which indicates that the WT, followed by R339L show the highest amount of 

LS population. 

 
 

Figure 5.1.4 

High frequency region of resonance Raman spectra of ferric WT BsDyP and variants 

D240N, D240N-R339L, R339L, N244L and D383N (top to bottom). The spectra of 10-50 

µM proteins in 50 mM Tris-HCl, pH 7.6 were measured with 413 nm excitation and 7 mW 

laser power at RT. The experimental spectrum of D383N (black trace) is shown together with 

its component spectra, representing 6cHS (red trace) and 6cLS (green trace) populations, 

non-assigned or spin-state insensitive bands (orange trace) and the overall fit (blue trace).  
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Table 5.1.2. Relative populations of different coordination and spin states in WT 

BsDyP and variants, calculated from the relative contribution of each group at pH 7.6, 

defined in component analysis of the experimental spectra. 

 

 
*(Sezer et al. 2013) , Nd - not detected 

 

Redox properties of BsDyP variants 

In the next step we addressed the influence of mutations on the redox 

properties of the Fe3+/Fe2+ couple in BsDyP by cyclic voltammetry. Although 

not directly involved in the catalytic cycle, it is considered that the molecular 

factors that determine the E0’
Fe3+/Fe2+ values also influence the catalytically 

relevant redox couples, i.e. Fe3+/ Compound I and Compound I / Compound 

II (Ayala 2010, Battistuzzi et al. 2010). With exception of D383N and 

N244L, the redox Fe3+ / Fe2+ transitions of variants undergo a substantial 

downshift in respect to the WT (E0’ = - 40mV) (Table 5.1.1). In particular, 

the substitution of the distal aspartate residue (D240) by an asparagine led to 

a decrease in the redox potential of ~ 80 mV, in both, the single and the 

double mutant involving this substitution. Similarly, the introduction of 

asparagine and glutamine residues, featuring uncharged polar side chains, in 

place of the distal histidine in classical peroxidases caused a decrease in 

E0’
Fe3+/Fe2+ (Battistuzzi et al. 2010). The D240N analogue in yeast CcP 

(H52N) also showed a large and negative shift of redox potential (DiCarlo et 

al. 2007). This finding was rationalized in terms of opening of the haem 

distal cavity in the presence of  asparagine, which induced a reorganization 

of the hydrogen-bonding network and increased the accessibility of the haem 

 WT* D240N R339L D240N-R339L N244L D383N 

5cHS 0.22 Nd / / / / 

6cHS 0.35 Nd 0.61 0.7 0.81 0.74 

6cLS 0.43 Nd 0.39 0.3 0.19 0.26 
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group to solvent and, consequently, the polarity of the distal haem cavity 

(Battistuzzi et al. 2010). These effects stabilize the ferric state which 

according to Kassner (Kassner 1973), can account for up to 200 mV 

decrease of the midpoint potential. The substitution of polar and charged 

distal Arg339 in BsDyP for less  bulky and hydrophobic Leu, also showed a 

substantial impact on redox potential ( 65 mV decrease), indicating that an 

interplay of different factors controls the overall redox potential in BsDyP. 

The effect of altered H-bonding network caused by substitution of the polar, 

uncharged Asn for a non-polar Leu (of equivalent size) had a less 

pronounced impact on redox potential of N244L variant; the substitution on 

the proximal site of the haem pocket of the aspartate by an asparagine 

(D383N) resulted only in a moderate downshift of the redox potential as 

compared with the WT (Table 5.1.1). Similarly, the substitution of the 

proximal aspartate in Class II peroxidase from Coprinus cinereus resulted in 

lower E0’
Fe3+/Fe2+ of the D245N mutant than that of the WT enzyme (Ciaccio 

et al. 2003). 

 

Effect of pH in Compound I formation and spontaneous decay 

The formation of a stable Cpd II intermediate upon addition of hydrogen 

peroxide to the resting state of BsDyP and also DyPA from RHA1 R. jostii 

(in the absence of additional substrates) was previously reported at pH 7.5-

7.6 (Roberts et al. 2011, Santos et al. 2014 (in chapter 4)). Here we show that 

reaction of BsDyP with H2O2 is actually highly pH dependent. In acidic 

conditions (pH 3 – 3.8), we observe spectral changes that are indicative of 

Cpd I formation only (Fig. 5.1.5 A). At pH 7 we observe spectral changes 

which indicate Cpd I followed by Cpd II formation, as judged by Soret band 

red shift, from 407 to 418-420 nm and α and β bands at 526 and 556 nm, 

respectively (Fig. 5.1.5 B). The pH dependence of the catalytic reaction of 

the WT BsDyP with H2O2 was then characterized by transient kinetics 
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stopped-flow measurements (Table 5.1.3). The transient kinetics data reveal 

that at pH 3-3.8, the reaction between the enzyme and hydrogen peroxide 

stops at the formation of Cpd I and at pH ≥ 5, formation of Cpd II follows 

formation of Cpd I. Furthermore, the rate of conversion of the resting 

enzyme into Cpd I (k1) increases with increasing pH but also does the rate of 

conversion of Cpd I to Cpd II (k2) (Table 5.1.3) which leads to accumulation 

of the latter intermediate at steady state at higher pH values. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.5 

Stopped-flow analysis of the reaction of BsDyP WT with H2O2 in Britton-Robinson buffer, 

pH 3.8 (A) and pH 7 (B). The enzyme ( 2 μM) was mixed with an equal volume of H2O2 (5 

μM) at 25C; the spectra recorded immediately after the mixing, corresponds to the ferric 

state enzyme (thick black solid). At pH 3.8 the spectra reveal the formation of one 

intermediate with the characteristics of Cpd I upon addition of H2O2 to the resting enzyme 

(A), while at pH 7 the formation of an intermediate with characteristics indicative of Cpd I 

prior to formation of Cpd II is observed (B). The inset shows the region between 450 and 600 

nm.  
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Stopped flow measurements at acidic conditions reveal Cpd I formation 

upon H2O2 addition (2.5-250 eq) in all variants with exception of D240N, 

while at pH 7 Cpd II follows Cpd I formation in all variants (Table 5.1.3 and 

Figs. 5.1.6 and 5.1.7). In D240N, both at low and high pH values, a 2 and 3-

order of magnitude higher rate constant for the spontaneous decay of Cpd I 

to Cpd II (k2) was measured, as compared to the rate of its formation (k1), 

leading to accumulation of Cpd II. Variant D383N shows similar rates of 

formation of the intermediates as the WT, leading us to conclude that this 

mutation has little, if any, impact on the reactivity of the ferric resting state 

or that of the Cpd I (Table 5.1.3). BsDyP seems a very efficient peroxidase 

since the rate constant of Cpd I formation (2.4 ± 0.7) × 106 M-1s-1, at the 

optimal pH 3.8) is of the same order of magnitude as that previously reported 

for the HRP (Nagano et al. 1996, Rodriguez-Lopez et al. 1996a), lignin and 

Mn peroxidase from the white-rot fungus P. chrysosporium (Marquez et al. 

1988, Wariishi et al. 1989) or the versatile peroxidase from Pleurotus eryngii 

(Perez-Boada et al. 2005), and it is one order of magnitude higher than that 

of DyPB from R. jostii RHA1 (Roberts et al. 2011). The spontaneous 

reduction of BsDyP Cpd I to a Cpd II species for pH ≥ pH 5 contrasts to 

previously reported results in the B-type R. jostti RHA1 DyPB that shows a 

pH-independent Cpd I formation and no observable spontaneous decay to 

Cpd II (Roberts et al. 2011). On the other hand, similar behavior was 

previously observed in fungal lignin and versatile peroxidase (Hiner et al. 

2002a, Perez-Boada et al. 2005); in P. chrysosporium lignin peroxidase for 

example, the accumulation of Cpd II is followed by inactivation pathways 

(Hiner et al. 2002a). The substitution of distal Asn has a slightly decreased 

rate (5-fold) of Cpd I formation in comparison to WT. The individual 

substitution of D240 by Asn has the most pronounced effect on the rate of 

formation of Cpd I (2 orders of magnitude slowest), followed by the 

substitution of R339 by Leu (one order of magnitude) (Table 5.1.3).  
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Table 5.1.3. Rate constants for the formation of the Cpd I (k1) and Cpd II (k2) and 

half-lives (t1/2) of Cpd I in the reaction between WT BsDyP (and its variants) and H2O2 

in Britton-Robinson buffer at different pH values, determined from stopped flow experiments. 

The rate constants reported are the median of the values obtained from at least three 

independent traces and the error is given by the standard deviation. Reaction of D240N-

R339L with peroxide even at a 2000-fold higher concentration was not detected. The values 

of the rate constants were calculated from simple exponential fits as described in the Material 

and Methods. 

  k1 /106                 

(M-1s-1) 

t1/2 Cpd I  

(s) 

k2 
                

(s-1) 

WT 

pH 3 0.4 ± 0.1 - - a 

pH 3.8 2.4 ± 0.7 13,200 - a 

pH 5 8 ± 1 0.42 12 ± 1 

pH 7 11 ± 4 0.22 15 ± 2 

 pH 9 7 ± 1 0.23 12 ± 1 

D240N 

pH 4.4 0.004 ± 0.002 2.2 2.5 ± 0.9 

pH 7 0.024 ± 0.007 0.43 2.5 ± 0.7 

R339L 

pH 3.8 0.088 ± 0.008 -b - a 

pH 7 0.022 ± 0.004 0.14 11 ± 1 

N244L 

pH 3.8 2.4 ± 0.5 67,808 - a 

pH 7 1.9 ± 0.7 0.54 9.5 ± 0.8 

D383N 

pH 3.8 0.53 ± 0.03 32,156 - a 

pH 7 5.3 ± 1.2 0.18 16 ± 2 

a Not measured as Compound I does not transition to Compound II.  
b Protein degradation was observed after 1h. 
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Figure 5.1.6 

Stopped-flow analysis of the reaction of variants D240N (A), R339L (B), N244L (C) and 

D383N (D) with H2O2 (Britton-Robinson buffer at pH 4.4 (A) and 3.8 (B-D) at 25C). In 

each case, 2 μM concentrations of enzyme were mixed with 50 (A), 250 (B), 10 (C) and 2.5 

(D) equivalents of H2O2. The spectrum recorded immediately after the mixing, corresponds to 

the ferric enzyme (thick black solid). The spectral data reveals transitions of Compound I 

(downshift of the Soret band). The inset shows the region between 450 and 600 nm. 
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Figure 5.1.7 

Stopped-flow analysis of the reaction of variants D240N (A), R339L (B), N244L (C) and 

D383N (D) with H2O2 (Britton-Robinson buffer, pH 7 at 25C). In each case, 2 μM 

concentrations of enzyme were mixed with 50 (A), 250 (B), 10 (C) and 2.5 (D) equivalents of 

H2O2. The spectrum recorded immediately after the mixing, corresponds to the ferric enzyme 

(thick black solid). The spectral data reveals transitions of Compound I (downshift of the 

Soret band) prior to formation of Compound II (redshift of the Soret band). The inset shows 

the region between 450 and 600 nm. 

 

 



 

                                                                                                                                                                                                                                                                       

 

Chapter 5.1 | 171 

Steady-state kinetic characterization of BsDyP variants 

The pH activity profile of BsDyP WT and variants using H2O2 and ABTS as 

substrates (Fig. 5.1.8) are comparable except for D240N and D240N-R339L 

that show an upshift of 0.6 units of their optimal values and a wider bell-

shape profile as compared with WT.  

 

 

 

 

 

 

 

 

 

Figure 5.1.8 

pH activity profile for ABTS oxidation; 

WT (black square), D240N (open square),  

D383N (open circle), D240N-R339L double mutant  

(open triangle), R339L (black triangle) and N244L (star).  

 

The effect of mutations on the catalytic properties of the variants was further 

probed at the optimal pH for activity in the presence of several oxidizing 

substrates, including, ABTS, anthraquinonic and azo dyes, the phenolic 

guaiacol, and Mn2+ (Tables 5.1.4 and 5.1.5). The steady-state kinetics of 

H2O2 reduction (Table 5.1.4) reveals that all mutants shows a lower 

specificity (kcat/Km) for peroxide than the WT by one- (N244L and D383N), 
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two- (D240N and R339L) and three- (D240N-R339L) orders of magnitude, 

which is in good agreement with the second order rate constants (k1) 

measured in the stopped-flow experiments for Cpd I formation (Table 5.1.3). 

The lower specificity of the variants is not due to the kcat term, except in the 

case of D240N-R339L, which shows a 5-fold lower turnover number. On the 

contrary, N244L variant is highly reactive towards hydrogen peroxide, with 

10-fold increased rates, R339L variant shows around 3-fold higher activity, 

while D383N and D240N present similar rates as the wild type. The major 

negative impact of the substitution of distal and proximal residues seems to 

lie in the higher Km values for H2O2 50- to 400-fold higher, as compared with 

the WT (Table 5.1.4). Interestingly none of the variants show inhibition by 

increasing concentrations of hydrogen peroxide (Fig. 5.1.9A, B) at the values 

observed for WT BsDyP (Ki of 0.2 mM for H2O2) (Santos et al. 2014 (in 

chapter 4)).  

 

Table 5.1.4. Apparent steady-state catalytic parameters for hydrogen peroxide 

(0.001-2 mM for WT, 0.001-5 mM for D240N and N244L, 0.001-8 mM for R339L and 

D240N-R339L and 0.001-1 mM for D383N), were determined at 25°C, in 100 mM sodium 

acetate buffer at optimal pH (pH 3.8 for WT, R339L, N244L and D383N and pH 4.4 for 

D240N and D240N-R339L variants) using ABTS as substrate (1 mM for WT, D240N, 

N244L, D240N-R339L and D383N and 0.2 mM for R339L). 

 

 Vmax (U/mg) Km (µM) kcat (s-1) kcat/Km (M-1s-1) 

H2O2 (ABTS)     

WT* 16 ± 4 7 ± 1 12 ± 3 2 × 106 

D240N 14 ± 1 362 ± 64 11 ± 1 5 × 104 

R339L 61 ± 28 1082 ± 44 46 ± 12 7 × 104 

D240N-R339L 3 ± 0.2 2736 ± 348 2.3 ± 0.2 1 × 103 

N244L 181 ± 7 545 ± 68 138 ± 5 4 × 105 

D383N 22 ± 1 56 ± 7 17 ± 1 5 × 105 

 
*(Santos et al. 2014 (in chapter 4)) 
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Figure 5.1.9 

Steady-state kinetic analysis for H2O2 reduction (A,B)  

and ABTS oxidation  (C,D) of BsDyP and variants; 

wild type (black square), D240N (open square),  

D383N (open circle), D240N-R339L double mutant (open triangle),  

R339L (black triangle) and N244L (black circle). The kinetic parameters  

were fitted directly using the Michaelis-Menten equation or using the 

equation ν = Vmax/(1+Km/[S] + [S]/Ki) (for WT in A and R339L in D) 

(Origin-Lab software, Northampton, MA, USA).  
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Overall, the obtained data point to an important, but apparently not crucial 

role, of either Asp or Arg distal residues in the catalytic mechanism of 

BsDyP. The compromised activity in both D240N and R339L variants 

reflects 2 to 3-orders of magnitude decreased efficiency, far from that 

observed in HRP and CCP variants, in which distal residue substitutions 

results in 5-6 orders of magnitude decreased rate of Cpd I formation (Hiner 

et al. 2002b). Furthermore, our data can support neither the reported results 

on D type B. adusta Dec 1 DyP in which no spectral changes were observed 

in D171N variant upon addition of peroxide (Sugano et al. 2007, Yoshida et 

al. 2011) nor those on B type R. jostii RHA1 DyPB, where substitution of 

distal Arg leads to the absence of activity (Singh et al. 2012). In BsDyP, the 

positively charged guanidinium group of the Arg339 most likely has a role in 

both, orientation of the hydrogen peroxide at the active centre and in 

promoting the heterolytic cleavage of peroxide. The distal Asp (D240) can, 

on the other hand, act as a proton acceptor from the incoming hydrogen 

peroxide, facilitating binding of the peroxide anion to the haem and assisting 

the heterolytic cleavage of the oxygen-oxygen bond. This presumably 

involves the proton donation by either residue to the β-oxygen of the bound 

peroxide anion thereby promoting the elimination of H2O. One hypothesis is 

that the redox potential of the WT BsDyP (E0’ = - 40 mV) and variants 

D240N (E0’ = - 80 mV) and R339L (E0’ = - 55 mV), substantially less 

negative than those reported for the majority of other peroxidases (Ayala 

2010, Sezer et al. 2013), may lower the pKa of hydrogen peroxide upon 

binding to the haem molecule, and facilitate its (de)protonation by the Asp or 

protonation by the Arg residues, that may act synergistically with respect to 

peroxide O-O bond cleavage.  

Unexpectedly, the analysis of the kinetic data for bulkier oxidizing substrates 

reveals that the substitution of distal and proximal residues leads to either 

similar or increased catalytic efficiency to the WT (Table 5.1.5). Again, the 
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altered efficiency is mostly due to the Km term since significantly lower Km 

values were measured for all distal variants. Comparable or improved 

turnover numbers (kcat) were observed in all cases (Table 5.1.5). For 

example, R339L variant shows around 10 to 20 times lower Km and 3.5- to 

4.5-fold higher rates of ABTS and guaiacol oxidation, respectively, which 

resulted in increased efficiencies of 2-orders of magnitude higher for these 

substrates as compared with the WT. Noteworthy, N244L exhibits 7 to 20 

times higher catalytic rates and slightly lower Km values for all tested 

substrates, showing catalytic efficiencies that are 1 to 2-orders of magnitude 

higher in comparison to that of the WT enzyme. As demonstrated for the 

reduction of H2O2, we can conclude that none of the studied variants shows a 

compromised catalytic efficiency towards the tested substrates. But, as 

observed before for H2O2, the variant that performs worst is D240N. The 

substrate oxidation site is often unknown in haem peroxidases. A surface 

exposed and conserved Tyr residue was implicated in peripheral substrate 

oxidation in Auricularia auriculae-judae AauDyPI (Hofrichter et al. 2010), 

required for the long range electron transfer  pathway from the redox active 

amino acid residue to the porphyrin ring, comparable to those described in 

lignin, versatile or manganese peroxidases (Strittmatter et al. 2013a, 

Strittmatter et al. 2013b). Importantly, in the fungal AauDyPI distal Asp-168 

was proposed to act as a gatekeeper by altering the width of the haem cavity 

access channel, enabling the enzyme to oxidize substrates larger than H2O2 

directly inside the haem cavity (Hofrichter et al. 2010). According to this 

view, we can hypothesize that the conformational alterations that result from 

the substitution of distal residues in BsDyP allow bulkier substrates to be 

oxidized with an apparent improved efficiency in the close vicinity of the 

haem cavity. Our data point in particular to the importance of substitution of 

R339 for a smaller residue in facilitating the substrate access to the haem 

proximity. A more complete understanding of the binding sites for 
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compounds important in biotechnology is of crucial importance in order to 

be able to exploit BsDyP and other bacterial DyPs for industrial applications. 

 

Table 5.1.5. Apparent steady-state catalytic parameters of purified BsDyP and 

variants measured at 25°C in 100 mM sodium acetate buffer at optimal pH for each of the 

enzymes (pH 3.8 for WT, R339L, N244L and D383N and at pH 4.4 for D240N and D240N-

R339L) using different concentrations of substrates as described in the Material and Methods 

section. 

 

 Km (μM) 

 WT* D240N R339L D240N/R339L N244L D383N 

ABTS 166 ± 14 48 ± 10 14 ± 7 11 ± 3 48 ± 4 321 ± 53 

AB62 444 ± 45 262 ± 71 104 ± 18 -a 162 ± 27 384 ± 62 

MB9 385 ± 46 94 ± 8 18 ± 4 -a 241 ± 37 63 ± 9 

Guaiacol 499 ± 97 172 ± 40 27 ± 9 -a 258 ± 63 27 ± 7 

Mn2+ 40 ± 7 -a -a -a 54 ± 9 -a 

 kcat (s-1) 

 WT* D240N R339L D240N/R339L N244L D383N 

ABTS 11 ± 1 13 ± 1 40 ± 4 3.0 ± 0.2 98 ± 2 15 ± 1 

AB62 9.1 ± 0.2 24 ± 3 14 ± 1 -a 203 ± 14 36 ± 4 

MB9 3.8 ± 0.1 1.5 ± 0.1 5.3 ± 0.3 -a 30 ± 2 3.0 ± 0.1 

Guaiacol 0.15 ± 0.01 0.08 ± 0.01 0.7 ± 0.1 -a 1.1 ± 0.1 0.15 ± 0.01 

Mn2+ 0.30 ± 0.02 0.15 ± 0.01 0.23 ± 0.04 -a 5.3 ± 0.2 0.23 ± 0.02 

 
kcat/Km (M-1s-1) 

 WT* D240N R339L D240N/R339L N244L D383N 

ABTS 7 × 104 4 × 105 5 × 106 5 × 105 4 × 106 8 × 104 

AB62 2 × 104 2 × 105 2 × 105 -a 2 × 106 1 × 105 

MB9 1 × 104 2 × 104 5 × 105 -a 2 × 105 8 × 104 

Guaiacol 3 × 102 9 × 102 5 × 104 -a 7 × 103 1 × 104 

Mn2+ 1 × 104 -a -a -a 2 × 105 -a 

*(Santos et al. 2014 (in chapter 4)); - a Not determined 
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5.2 An integrated view of redox and catalytic properties of B-type 

Ppdyp from Pseudomonas putida MET94 and its distal variants 

 

 

Results and discussion 

 

We have shown in our previous work that PpDyP has the ability to oxidize 

with high efficiency a large range of substrates, e.g. anthraquinonic and azo 

dyes, phenolic compounds, such as guaiacol, syringaldehyde or 

acetosyringone, and high redox non-phenolic veratryl alcohol; it also shows 

a reasonable activity towards manganese and ferrous ions (Santos et al. 2014 

(in chapter 4)). In the reaction with H2O2 it forms a stable Cpd I (Santos et 

al. 2014 (in chapter 4)). In this work we aim to gain detailed insights into the 

Cpd I formation and its redox properties, and investigate the effect of 

mutations of conserved distal residues on the structural, catalytic and kinetic 

properties of PpDyP.   

 

Stopped-flow kinetic data and standard reduction potential of 

Compound I/native PpDyP couple 

The available information on the redox properties of Cpd I in haem 

peroxidases is still fairly limited due to its high reactivity. In particular, there 

are no reports on E0’
Cpd I/N in DyPs. In order to fill this gap the transient 

kinetic parameters of PpDyP and hydrogen peroxide were measured at pH 

7.0 using the stopped flow apparatus. Upon addition of increasing 

concentrations of H2O2 (0.5-50 µM) to 2 µM ferric PpDyP, the intensity of 

the Soret band decreased with no apparent shifts in the wavelength 

maximum or Q and CT bands (Fig. 5.2.1A), which is indicative of Cpd I 

formation (Sugano 2009). These spectral characteristics and the presence of 
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isosbestic points reveal that native PpDyP is directly converted into Cpd I 

upon reaction with H2O2. After deconvolution of the time dependent spectra 

using the reference spectra of N and Cpd I species (vide supra, Materials and 

Methods) the respective molar fractions were converted into concentrations 

and plotted as a function of time (Fig.5.2.1B).  

 

 

 

 

 

Figure 5.2.1 

Stopped-flow analysis of the reaction of PpDyP with H2O2 at pH 7.  

(A) Electronic absorption spectral changes upon mixing of 2 µM  

ferric PpDyP with 5 µM hydrogen peroxide in the stopped-flow  

apparatus. The arrow shows the direction of the absorbance change  

with time. The first spectrum was measured after 0.000375 s after mixing,  

subsequent spectra at 0.023, 0.053, 0.083, 0.123, 0.183, 0.363 and 0.753 s.  

The reaction was carried out in 100 mM phosphate buffer, pH 7, and at 25°C. 

The inset shows the time trace at 406 nm.  

(B) Temporal evolution of the concentration of the native enzyme 

(closed symbol) and Compound I (open symbol), obtained by spectral 

deconvolution of the time dependent spectra, and simulations (solid lines), 

calculated for scheme 2 using the software Berkeley Madonna.  

.  

 

A B 
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The second order rate constant for Cpd I formation was found to be (1.4 ± 

0.3) ×106 M-1s-1 by fitting the time dependence of the concentrations of N 

and Cpd I to the kinetic model in scheme 2. Equilibrium constants (Keq) were 

calculated using equation 3 with the equilibrium concentrations of [Cpd I]eq, 

obtained from spectral deconvolution (Table 5.2.1) and also from the ratio of 

forward and reverse rate constants (Table 5.2.2) using equation 4. The   

E0’
Cpd I/N were then calculated according to the equation 2. The value of  

E0’
Cpd I/N was found to be 1.10 ± 0.04 V, with the two methods for obtaining 

Keq in good agreement. Determination of E0’
Cpd I/N is facilitated by the 

relatively straightforward reaction of PpDyP with H2O2 that stops at Cpd I 

(unlike BsDyP, in which Cpd I decays spontaneously to Compound II for pH 

≥ 5 (Mendes et al. 2015b)) and the known value of the redox potential of 

H2O2/H2O couple. The value  determined here for PpDyP is comparable to 

the standard redox potential of Compound II/ Fe3+ (generally assumed to be 

in the same range as Cpd I/N) recently determined for several fungal DyPs, 

which fall between 1.10 and 1.20 V (Liers et al. 2014). It is also similar to 

the E0’
Cpd I /Fe3+ measured in mammalian proteins belonging to the peroxidase-

cyclooxygenase superfamily such as eosinophil peroxidase (1.10 V) 

(Arnhold et al. 2001), human myeloperoxidase (1.16 V) (Arnhold et al. 

2001, Furtmüller et al. 2003) and lactoperoxidase (1.09) (Furtmüller et al. 

2005). When compared with peroxidases from the plant superfamily, e.g. 

APX (Efimov et al. 2007), ARP (Farhangrazi et al. 1994), HRP (Battistuzzi 

et al. 2010), or CCP (Mondal et al. 1996), PpDyP presents around 0.20 V 

higher redox potential for the couple Cpd I/N. Since Cpd I participates 

directly in the substrate oxidation reaction, the high E0’
Cpd I/N value of PpDyP 

is in accordance with its ability to oxidise veratryl alcohol to veratryl 

aldehyde (1.36 V), Mn2+ to Mn3+ (1.51 V), or high redox potential synthetic 

dyes (Santos et al. 2014 (in chapter 4)). PpDyP shows aggregation in a 

concentration and pH-dependent manner (Fig. 5.2.2) which prevents 

measuring Cpd I formation at lower pH values, in particular at 4.3, the 
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optimal pH for activity (Santos et al. 2014 (in chapter 4)). Temperature-

dependent aggregation was also previously reported for PpDyP (Santos et al. 

2014 (in chapter 4)). Nevertheless, the standard redox potential determined 

here allows comparison with the E0’
Cpd I/N values reported in the literature for 

other peroxidases at this neutral pH. 

 

Table 5.2.1. Standard reduction potentials of the redox couple compound I/N of 

PpDyP as a function of initial concentration of hydrogen peroxide accordingly to the method 

described by Furtmüller et al (Furtmüller et al. 2005), with equilibrium concentrations of 

native PpDyP and Compound I determined spectrophotometrically. The final value E0’ Cpd I/N 

= 1.10 ± 0.04 V, is the average of the values obtained for the different hydrogen peroxide 

concentrations. 

 

H2O2 

(µM) 

Native PpDyP 

(µM) 

Compound I 

(µM) 

Keq E0’ (compound I/Fe3+) 

(V) 

0.5 1.53 0.27 8.00 × 105 1.15 

1 0.84 0.96 2.86 × 107 1.10 

1.5 0.44 1.36 2.30 × 107 1.10 

2 0.16 1.64 2.73 × 107 1.10 

5 0.08 1.72 6.72 × 106 1.12 

50 0 1.80 5.56 × 109 1.03 

    1.10 ± 0.04 
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Table 5.2.2. Rate constants for the formation of Compound I (k1f) and respective back 

reactions (k1r) determined from stopped flow experiments and reduction potentials of the 

redox couple Compound I/native enzyme PpDyP as a function of the initial concentration of 

hydrogen peroxide. The transient kinetics were studied by mixing protein solutions (2 µM) 

with H2O2 (0 – 5 µM) in 1.0 M sodium phosphate buffer, pH 7 at 25°C. 

H2O2 

(µM) 

k1f /106 

(M-1s-1) 

k1r 
                                          

(s-1) 

Keq E0’                                       

(Compound I/native 

enzyme) (V) 

0.5 1.0 ± 0.2 0.96 1.0×106  1.14 ± 0.02 

1 1.5 ± 0.2 0.04 3.3×107  1.10 ± 0.02 

1.5 1.3 ± 0.2 0.05 2.8×107  1.10 ± 0.02 

2 1.5 ± 0.2 0.05 3.1×107  1.10 ± 0.02 

5 1.2 ± 0.2 0.14 8.5×106  1.12 ± 0.02 

 

 

Figure 5.2.2 

Protein aggregation monitored by static light scattering.  

(A) WT PpDyP aggregation at protein concentrations between 0.01 - 2 µM  

 in 100 mM sodium acetate buffer, pH 4.3 (B) pH-dependent aggregation of  

2 µM WT and variant proteins in Britton-Robinson buffer.  

The pH ranges where no aggregation is observed are represented by black rectangles;  

the predicted pI values are indicated as black dots. 
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Biochemical and UV-Vis characterization of PpDyP mutants 

Replacement of Asp132 by asparagine and Asn136 and Arg214 by leucine 

(Fig. 5.1B), resulted in variants showing a similar chromatographic pattern 

during purification as the WT PpDyP. The Reinheitszahl values are ~ 1.5 for 

WT and D132N, ~ 1.6 for N136L and ~ 1.0 for R214L. The haem b content 

in the variants was ∼ 1 mole of haem per mole of protein, which is similar to 

the WT (Table 5.2.3). The overall electronic absorption features of D132N 

and N136L variants (Fig. 5.2.3B,C) were assessed by UV-Vis spectroscopy 

at pH 7. Characteristic Soret bands are at ~ 400 nm, Q bands, at ~ 500 and ~ 

540 and a CT band at ~ 640 nm, as observed in the WT enzyme (Fig. 

5.2.3A). Small differences in the spectra indicate subtle perturbations of the 

active sites. The R214L variant shows the Soret band height reduced by  

60% and red-shifted to 414 nm, upshifted Q bands (537 and 557 nm) and 

largely attenuated CT bands which are all indicative of predominantly low 

spin configuration of the protein (Singh et al. 2012) (Fig. 5.2.3D). The nature 

of the 6th ligand is not clear at this point. The formation of an intermediate 

with spectral features of Cpd I (decrease in intensity of the Soret band, 

disappearance of Q bands and appearance of a band at  600 nm) was 

observed in all variants upon addition of 1-3 equivalents of hydrogen 

peroxide (Fig. 5.2.3). Under the tested conditions Cpd I showed much longer 

lifetime in D132N and N136L variants with t1/2 of ~77 and 105 h, 

respectively in comparison with that of the WT enzyme (t1/2 = 1.8 h). In 

R214L variant, spectral changes after 1 h upon addition of H2O2 are 

consistent with protein degradation, (Fig. 5.2.3D). The Cpd I half-lives 

obtained at pH 7 for PpDyP WT and variants are much higher than those 

reported for DyPB WT from R. jostti RHA1 (t1/2 of ~540 s and ~0.13 s for 

analogous variants at low pHs close to the optimal for enzymatic activity 

(Singh et al. 2012)), indicating a remarkably stable enzyme/radical species. 

PpDyP variants show aggregation in a concentration and pH-dependent 
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manner (results not shown and Fig. 5.2.2B) as in the case of the WT, which 

prevents measuring Cpd I formation at lower pH values. 

 

Table 5.2.3. Biochemical and spectroscopic characteristics of WT PpDyP and 

variants. 

 λmax (nm) ε (mM-1cm-1) Haem content 

WT 406 40 1.0 ± 0.02 

D132N 408 39 1.2 ± 0.1 

R214L 414 6 0.9 ± 0.03 

N136L 409 39 1.0 ± 0.04 

 

 
Resonance Raman spectroscopy 

In order to provide a site for hydrogen peroxide binding, the active site of 

resting peroxidases typically has either a vacant sixth axial position, giving 

origin to a 5-coordinated ferric haem iron, or it carries a loosely bound water 

molecule, yielding a 6-coordinated high spin (6cHS) configuration. RR 

spectroscopy is recognized as a powerful approach for characterization of 

heterogeneous spin population in haem peroxidases (Smulevich et al. 2005, 

Dunford 2010). Except for our previous work (Sezer et al. 2012, Sezer et al. 

2013), the configuration that the haem iron in DyP-type peroxidases adopts 

in solution has been only addressed by UV-Vis absorption spectroscopy, 

which is insufficiently sensitive to fully characterize haem configurations in 

peroxidases. As in classical peroxidases, active site of DyPs adopts several 

configurations in the resting state, including high spin (HS) and low spin 

(LS), and in some cases the quantum mechanically admixed spin state (QS), 

which was previously observed only in the class III plant secretory 

peroxidases and catalase-peroxidases (Kapetanaki et al. 2003, Smulevich et 
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al. 2005, Dunford 2010, Sezer et al. 2012, Zamocky et al. 2012, Sezer et al. 

2013); the spin population distribution is sensitive to pH, temperature, and 

solution vs. crystal states (Kapetanaki et al. 2003, Smulevich et al. 2005, 

Dunford 2010, Zamocky et al. 2012).  

 

 

 

 

Figure 5.2.3 

Uv-visible spectra at pH 7 of PpDyP wild-type and  

variants resting state (thick solid line),  

upon immediate addition of H2O2 (dashed line)  

and after different time points (thin solid line) in 20 mM Tris-HCl buffer.  

(A) PpDyP wild-type. (B) D132N. (C) N136L. (D) R214L.  

The inset shows the region between 450 and 700 nm.  
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As in the case of the WT, in which we observed 6cHS, 5cHS, 6cLS and 

5cQS spin states, the high frequency region of the RR spectra of the D132N 

and N136L variants indicate co-existence of several spin populations in the 

resting enzymes (note that the R214L mutant was not sufficiently stable to 

allow for measurements of RR spectra) (Fig. 5.2.4). Mutations of the Asp132 

and Asn136 have substantial effect on the geometry of the distal side of the 

active site. This is particularly evident from the ν3 / ν2 spin and coordination 

state marker band region, and the ν10 / νC=C region. They are composed of 

several overlapping bands with different relative ratios in D132N and N136L 

(Fig. 5.2.4).  

 

Figure 5.2.4 

High frequency region of resonance Raman spectra 

of ferric D132N and N136L variants and  

wild type PpDyP (inset). The spectra of 50 µM proteins (50 mM Tris-HCl, pH 7.6) 

were measured with 413 nm excitation and 7 mW laser power at RT. 

The experimental spectra of the variants are shown together with their 

component spectra and the overall fit; the component bands of ν3 region, 

representing 6cHS, 5cHS, QS and 6cLS populations, are designated. 
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The component analysis of the spectra of the variants allowed us to identify 

individual species in the RR spectra (Table 5.2.4): using the parameters 

(band frequencies and widths) defined previously for the WT PpDyP and the 

6cLS PpDyP-imidazole complex (Sezer et al. 2012, Sezer et al. 2013) they 

can be attributed to 5cQS, 6cHS, 5cHS and 6cLS populations. The relative 

abundance of these species, determined from the relative band intensity 

ratios of the well separated ν3 modes (Fig. 5.2.4), is distinctly different 

among N136L, D132N and the WT (Table 5.2.5). While in the N136L, the 

amount of 5cHS, 6cHS and 6cLS species is approximately the same (~30% 

each), the most abundant species in D132N is the 6cLS (42%), followed by 

5cHS (32%) and less populated 6cHS and QS. On the contrary, under the 

same experimental conditions, at pH 7.6 and RT, the 5cQS species was 

found to be largely predominant in the WT PpDyP. A high abundance of 

6cLS species in the case of D132N, with the 6th axial coordination of the 

haem iron occupied, likely has an impact on H2O2 binding, as also suggested 

by the Km (measured at pH 7.4 (Table 5.2.7)).  The analogous mutations in 

BsDyP induced less pronounced structural alterations in the distal haem 

pocket (Mendes et al. 2015b (in chaper 5.1)). This observation is in line with 

the previously reported dynamic nature of the haem pockets in BsDyP and 

PpDyP, which revealed a more flexible cavity in the latter (Sezer et al. 2012, 

Sezer et al. 2013). 
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Table 5.2.4. Assignment of the major RR marker band modes (νi) for 5cHS, 5cQS, 

6cHS and 6cLS populations in N136L and D132N PpDyP variants, determined by component 

analysis of the experimental spectra. 

 
 

νi  (cm-1) 
N136L D132N 

5cQS 5cHS 6cHS 6cLS 5cQS 5cHS 6cHS 6cLS 

ν4 1380 1373 1367 1380 1375 1372 - 1375 

ν3 1504 1493 1483 1509 1503 1494 1481 1509 

ν2 1573 1566 1560 1583 1569 1563 1560 1585 

νC=C 1623 1623 - 1623 1623 1623 - 1623 

ν10 1636 1629 - - 1638 1631 - - 

 

 

Table 5.2.5. Relative abundance of 5-coordinated high-spin, 5cHS, 6-coordinated 

high-spin, 6cHS, 6-coordinated low-spin, 6cLS and 5-coordinated quantum mechanically 

admixed spin state, 5cQS, populations in PpDyP (wild type) and D132N and N136L 

variants, calculated from the relative contribution of each group, defined in the component 

analysis of the experimental spectra (Table 6.4). Resonance Raman (RR) experiments were 

carried out at RT using ~ 80 µL of 10-50 µM sample (50 mM Tris-HCl, pH 7.6). 

 

 

 

 

 

 

* (Sezer et al. 2013), nd - not detected 

 

 

% WT* D132N R214L N136L 

5cHS 29 32 nd 31 

6cHS 6 10 nd 32 

6cLS 2 42 nd 29 

5cQS 63 16 nd 8 
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Redox properties of Fe3+/Fe2+ couple in PpDyP variants 

The effect of the distal mutations on midpoint redox potential of the 

Fe3+/Fe2+ couple (Em’
Fe2+/Fe3+) was assessed by cyclic voltammetry (Table 

5.2.6). All mutations result in a significant upshift of the redox potential in 

comparison to that of the WT (Em’
Fe2+/Fe3+ = -260 mV). Please note that the 

redox potential of R214L variant was obtained from a single CV scan, due to 

the irreversibility of the electronic transitions related to the instability of this 

variant also observed by UV-Vis and RR spectroscopies (vide supra). The 

replacement of arginine and asparagine residues with the nonpolar leucine 

group increases significantly the Em’ by 140 and 160 mV in R214L and 

N136L, respectively (Table 5.2.6), consistent with destabilization of the Fe3+ 

haem in a more nonpolar environment. Similarly, the replacement of distal 

arginine with leucine (R48L) in CCP resulted in an upshifted Em’ (DiCarlo et 

al. 2007). However, variants R38L of HRP and R339L and N244L of B. 

subtilis BsDyP revealed an opposite effect (Meunier et al. 1998, Mendes et 

al. 2015b (in chpater 5.1)). The substitution of the distal aspartate by the 

polar but uncharged asparagine resulted in an increase of the redox potential 

of the D132N by 150 mV (Table 5.2.6), which can be explained on a purely 

electrostatic basis: the removal of a negative charge in the vicinity of the 

haem should facilitate the reduction of the haem. On the contrary, in classic 

peroxidases the introduction of asparagine and glutamine residues, featuring 

uncharged polar side chains, in place of the distal histidine, has been 

reported to cause a decrease in Em’
Fe2+/Fe3+, which was related with an 

increased accessibility to solvent (Battistuzzi et al. 2010). A similar effect 

was also observed in the BsDyP D240N variant that shows a 80 mV 

decrease of Em’
Fe2+/Fe3+, further indicating a stabilization of the ferric state in 

the variant, compared to WT (Em’
Fe2+/Fe3+ = - 40 mV) (Sezer et al. 2012, Sezer 

et al. 2013). 
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Table 5.2.6. Redox potentials of PpDyP variants (vs. SHE). 

 Em’
Fe2+/Fe3+ 

(mV) 

WT* - 260 ± 10 

D132N -110 ±10  

R214L**   -120 ± 20 

N136L -100 ± 10 

* (Sezer et al. 2012), ** estimated value from single CV scans.  

 

 

Molecular factors that affect haem reduction potentials include nature of 

axial haem ligands, electrostatics of the local haem environment, and 

exposure of the haem group in different proteins, these factors contribute to 

different extents to the resulting redox potential (Battistuzzi et al. 2010). The 

distal Asp, Asn and Arg distal residues participate in an extensive network of 

hydrogen bonds connecting the distal and proximal haem sites and influence 

the polarity of the haem environment in DyPs. At this point and in the 

absence of data on other DyPs, we can speculate that the key factors that 

modulate Em’
Fe2+/Fe3+ at BsDyP lay in the solvent exposure. While the 

electrostatics seems to be dominant in PpDyP. This view is supported by the 

highly flexible haem cavity (vide supra) in the latter enzyme, pointing to the 

importance of electrostatics and H bond network of the second coordination 

sphere of the active site.  
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Steady-state kinetic characterization of PpDyP variants 

The pH-dependence of activity was measured for PpDyP WT and variants 

since the enzyme concentration used in these experiments are far lower than 

those that lead to protein aggregation. The effect of pH on the activity of 

variants (Fig. 5.2.5) reveals that D132N and N136L show maximal activity 

at pH 7.4 and 5.6, increasing their optima by 3.1 and 1.3 units, respectively, 

as compared with WT (pHopt = 4.3), while the R214L variant shows a 

downshift by 0.7 units, with an optimum at pH 3.6.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.5 

pH activity profile of PpDyP wild-type (closed square),  

D132N (closed circle), R214L (open circle), N136L (open square).   

 

 

These results indicate that the mutations significantly affected the optimal 

pH of the enzymes and are in clear contrast with what was observed in 

BsDyP (Mendes et al. 2015b (in chapter 5.1)). All BsDyP variants show pH 

profiles comparable to WT (pHop = 3.8) except that D240N and D240N-



 

                                                                                                                                                                                                                                                                       

 

Chapter 5.2 | 191 

R339L upshift their optimal values by 0.6 units (pHop = 4.4) (Mendes et al. 

2015b (in chapter 5.1)). Also, the widths of the bell-shape pH profiles of 

D132N and N136L variants are surprisingly large (span over 5 pH units) and 

different from those observed in the equivalent BsDyP variants. Although 

the explanation of these variations in the pH profile of PpDyP variants is 

unclear, it is noteworthy that in the absence of Asp, the optimal pH shifts 

toward the pKa value of Arg (12.48) while when Arg is missing an opposite 

shift is observed, towards the pKa value of Asp (3.9), indicating a likely 

cooperation of these two residues in the acid-base mechanism underlying the 

hydrogen peroxide binding and splitting in the haem pocket of PpDyP.  

The catalytic properties of the variants were then determined using H2O2 and 

ABTS as substrates (Tables 5.2.7 and 5.2.8 and Figs. 5.2.6 and 5.2.7).  

 

 

 

Table 5.2.7. Apparent steady-state apparent catalytic parameters of PpDyP and distal 

variants for hydrogen peroxide. Reactions were performed with H2O2 (0.0125-2.25 mM for 

WT, 0.005-15 mM for D132N, 0.005-12 mM for R214L and 0.005-5 mM for N136L), at 

25°C, in 100 mM sodium acetate or phosphate buffer at the optimal pH for each enzyme (4.3 

for WT. 7.4 for D132N, 3.6 for R214L and 5.6 for N136L) using ABTS as reducing substrate 

(10 mM for WT and 1 mM for D132N, R214L and N136L). 

 

 Vmax (U/mg) Km (µM) kcat (s-1) 
 kcat/Km 

(M-1s-1) 

H2O2 

(ABTS) 
    

WT* 27 ± 1 79 ± 5 13.7 ± 0.4 2 × 105 

D132N 46 ± 2 1998 ± 219 25 ± 2 1 × 104 

R214L 0.12 ± 0.01 615 ± 106 0.065 ± 0.001 1 × 102 

N136L 51 ± 1 334 ± 31 26 ± 1 0.8 × 105 

*(Santos et al. 2014 (in chapter 4)) 
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Figure 5.2.6 

Steady-state kinetic analysis of reactions of (A) WT PpDyP, 

(B) D132N, (C) R214L and (D) N136L with H2O2.  

Reactions were performed at 25°C in 100 mM sodium acetate or 

phosphate buffer at the optimal pH for each enzyme 

(4.3 for WT, 7.4 for D132N, 3.6 for R214L and 5.6 for N136L) 

using ABTS as reducing substrate (10 mM for WT and 1 mM for  

D132N, R214L and N136L).  

The kinetic parameters were fitted directly using the Michaelis-Menten equation  

(B-D) or using the equation ν = Vmax/(1+Km/[S] + [S]/Ki) (A) 

(Origin-Lab software, Northampton, MA, USA).  
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Table 5.2.8. Apparent steady-state catalytic parameters of PpDyP and distal variants 

for ABTS. Reactions performed with ABTS (0.1-14 mM for WT and 0.005-5 mM for 

D132N, R214L and N136L with 0.2 mM H2O2 for WT, 20 mM H2O2 for D132N, 6 mM H2O2 

for R214L and 4 mM H2O2 for N136L) at 25°C, in 100 mM sodium acetate or phosphate 

buffer at the optimal pH for each enzyme (4.3 for WT, 7.4 for D132N, 3.6 for R214L and 5.6 

for N136L. 

 Vmax (U/mg) Km (µM) kcat (s-1) 
kcat/Km 

(M-1s-1) 

ABTS     

WT* 40 ± 1 2500 ± 190 21 ± 1 8 × 103 

D132N 44 ± 1 126 ± 13 23 ± 2 2 × 105 

R214L 0.14 ± 0.01 566 ± 75 0.07 ± 0.01 2 × 102 

N136L 64 ± 4 347 ± 88 34 ± 7 10 × 104 

*(Santos et al. 2014 (in chapter 4)) 

 

 

The replacement of distal Asp, Arg and Asn resulted in variants showing 

significantly higher Km values (around 25-, 8- and 4- fold, respectively) than 

the WT for hydrogen peroxide and elimination of the hydrogen peroxide 

inhibition observed in the WT (Ki = 0.4 mM, (Santos et al. 2014 (in chapter 

4)), Table 5.2.7 and Fig. 5.2.6). The R214L variant shows a 200-fold lower 

kcat value than WT. However, both D132N and N136L variants show 2-fold 

higher kcat values than WT. The resulting kcat/Km values reveal similar 

efficiency of N136L for H2O2 to that of the WT, which is 1- to 3-orders of 

magnitude lower for D132N and for R214L variants, respectively. 

Altogether, these results indicate that both distal Arg and Asp, are important 

in defining an appropriate geometry for hydrogen peroxide binding to the 

haem, whereas Arg exert an essential role in the cleavage of the O-O bond. 
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Figure 5.2.7 

Steady-state kinetic analysis of reactions of (A) WT PpDyP,  

(B) D132N, (C) R214L and (D) N136L with ABTS. 

Reactions were performed at 25°C, in 100 mM sodium acetate or  

phosphate buffer at the optimal pH for each enzyme 

(4.3 for WT, 7.4 for D132N, 3.6 for R214L and 5.6 for N136L)  

using 0.2 mM H2O2 for WT, 20 mM H2O2, for D132N,  

6 mM H2O2 for R214L and 4 mM H2O2 for N136L.  

The kinetic parameters were fitted directly using the  

Michaelis-Menten equation (Origin-Lab software, Northampton, MA, USA). 

 

These results are in line, but they are not as dramatic as with those reported 

for the subfamily B DypB from R. jostii RHA1, in which substitution of 

distal Arg with Leu leads to the absence of reactivity towards H2O2 (Singh et 

al. 2012). One hypothesis is that the conditions used to measure the catalytic 

parameters in the latter study were far from the optimal for the Arg/Leu 
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variant, since, as shown here, the optimal pH for WT is not necessarily 

identical to those of the variant enzymes. In contrast, in DyPs from 

subfamilies-A or D, such as EfeB/YcdB from E. coli (Liu et al. 2011), 

TfuDyP from Thermobifida fusca (van Bloois et al. 2010) and Bjerkandera 

adusta Dec1D (Sugano et al. 2007), distal Asp seems to have a more 

prominent role as compared with Arg. In A-type BsDyP from B. subtilis a 

moderate decrease of efficiency of 2 orders of magnitude was observed in 

variants in which either the distal Asp or the Arg were substituted, leading to 

the conclusion that both distal residues play roles in the formation of Cpd I, 

although neither of them is individually crucial for the catalytic reaction 

(Mendes et al. 2015b). The analysis of the kinetic data for a bulky oxidizing 

substrate ABTS reveals that the substitution of distal Asp, Arg and Asn, 

resulted in a significant decrease of the Km values (Table 5.2.8 and Fig. 

5.2.7) in accordance with results obtained with BsDyP distal variants 

(Mendes et al. 2015b (in chapter 5.1)). The increased affinity for ABTS is 

particularly evident in D132N variant that shows around 20 times lower Km 

for ABTS, resulting in a catalytic efficiency (kcat/Km) which is 25-times 

higher than in the WT. N136L mutant shows a slight increase in kcat, together 

with a 7-fold decrease in Km, which results in one order of magnitude higher 

efficiency in comparison with WT. Despite the 4-fold increased affinity of 

R214L for ABTS, this mutant showed a 300-fold slower oxidation rate and 

an efficiency of one order of magnitude lower than WT. This is in clear 

contrast with B. subtilis BsDyP; R339L BsDyP variant shows around 10 to 

20 times lower Km but 3.5-fold higher rates for ABTS oxidation, which 

results in 2-orders of magnitude higher efficiency as compared with the WT 

(Mendes et al. 2015b (in chapter 5.1)). Overall these results reinforce the 

view of the importance of the arginine residue in the catalytic mechanism of 

PpDyP, being essential for Cpd I formation and stabilization.  It is generally 

accepted that the catalytic cycle in DyPs is similar to that of classic 

peroxidases. In the latter, the conserved distal histidine (His52 in CcP and 
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His42 in HRP) appears to be an obvious candidate for acid-base catalyst in 

the formation of the Cpd I, since the substitution of histidine with leucine in 

both CcP and HRP lowered the rate of Cpd I formation by 5 orders of 

magnitude (Erman et al. 1992, Rodriguez-Lopez et al. 1996a). However, 

replacement of arginine in HRP, significantly decreases the reactivity 

towards hydrogen peroxide (1200-fold), while in CCP only 200-fold lower 

rates were measured, indicating differences in the catalytic mechanisms 

(Vitello et al. 1993, Rodriguez-Lopez et al. 1996a). Therefore it has been 

proposed that the positively charged guanidinium group of arginine plays a 

role in the orientation of hydrogen peroxide at the active centre, facilitating 

its binding, and also in promoting the heterolytic cleavage of peroxide acting 

as proton donor (Rodriguez-Lopez et al. 1996b, Hiner et al. 2002b). 

Hydrogen peroxide binding to the haem iron lowers its pKa and its 

deprotonation does not require the presence of strong bases. While most 

peroxidases rely on a histidine residue, a deprotonated aspartate residue was 

proposed to be its analogue in DyPs (Strittmatter et al. 2013a). A swing 

mechanism of Cpd I formation in fungal DyPs was proposed, where the Asp 

swings toward the haem molecule in the presence of H2O2 and thereupon 

mediates the rearrangement of a proton and swings back to the initial 

position after Cpd I formation (Yoshida et al. 2011). Therefore, the aspartate 

residue was envisaged as being responsible for the acid-base catalysis in 

DyPs. More recent insights demonstrated that this scenario holds only for 

few DyPs belonging to sub-families A and D (Sugano et al. 2007, van Bloois 

et al. 2010, Liu et al. 2011, Strittmatter et al. 2013a). In A-type BsDyP the 

substitution of the distal residues D240N and R339L reveal a significant 

impact on the reactivity towards hydrogen peroxide but none of the residues, 

showing only 2-orders of magnitude reduced specificity, seems to be 

decisive for the catalysis (Mendes et al. 2015b (in chapter 5.1)). As 

previously described for classic peroxidases, distal arginine can also play a 
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key role in catalysis and this is particularly evident in DyPs from sub-family 

B such as DypB from R. jostii RHA1 (Singh et al. 2012) and PpDyP from P. 

putida MET94, where Arg appears to be essential in Cpd I formation and 

reactivity, possibly through proton transfer and charge stabilization.   
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Concluding remarks 

 

The diversity of dyes present in coloured effluents, showing a wide range of 

structures that are designed to resist fading on exposure to light or chemical 

attack, poses serious problems on the design of technically feasible and cost-

effective treatment methods. Enzymatic processes are an interesting 

approach to tackle this problem considering their specific nature and 

amenable reaction conditions. In this thesis the properties, enzymatic 

mechanisms and toxicity of three different types of bacterial enzymatic 

systems efficiently involved in the degradation of synthetic dyes in natural 

systems are described, namely azoreductases, laccases and dye-decolourising 

peroxidases. It is expectable that the use of these enzymes alone or combined 

in multi-enzymatic systems are valuable solutions not only to decolourise 

and detoxify dye-containing effluents, but also to obtain added-value 

products from underutilized dye-containing wastewater effluents, 

contributing for the creation of circular economy and for the smart and 

efficient use of resources. Additionally, enzyme engineering strategies are 

expected to significantly contribute to establish improved enzymatic systems 

targeted for biodegradation and valorization of effluents. In particular, the 

use of directed evolution, a laboratory evolutionary engineering technique, 

has become a powerful tool to improve enzyme’s properties for industrial or 

environmental processes. This technique involves two keys steps: i) creation 

of a library of variants using error-prone PCR or DNA shuffling and ii) 

selection of variants with improved function by high-throughput screening.  

The first enzyme studied was a FMN-dependent NAD(P)H:dye/quinone 

oxidoreductase, the recombinant azoreductase PpAzoR identified in P. 

putida MET94, showing a remarkable degradation efficiency over a broad 

range of azo dyes. The two-step PpAzoR reductive reaction mechanism 

gives rise to a hydrazine intermediate and to two aromatic amine products. 
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These products are known for their intrinsic toxicity therefore their 

conversion into less toxic products in decolourisation bioprocesses is 

mandatory. Moreover, the need of expensive NAD(P)H co-factors, the O2 

“inhibiting” effect over enzymatic dye degradation and the enzyme low 

thermal stability (half-life (t1/2) of 13 min at 50°C) impairs its full application 

for environmental related processes. These drawbacks can be however, 

overcome through the use of appropriated strategies: (1) the requirement for 

the expensive cofactors is avoided through the use of whole cell systems 

providing the NAD(P)H recycling as shown in the present thesis (chapter 2 

and 3); (2)  the toxicity of the aromatic amines can be solved through the use 

of multi-enzymatic systems, with the sequential addition of e.g. CotA-

laccase that act over these products forming compounds with reduced final 

toxicity levels (chapter 3); (3) the “inhibition” of enzymatic decolourisation 

by the presence of O2 can be overcome by using protein engineering 

techniques to improve the enzyme specificity towards azo dyes and (4) the 

lower thermal stability of PpAzoR which is a critical property, and 

frequently relates to lower tolerance to the presence of organic co-solvents, 

extreme pH values and high salt concentration or pressures, is also prone to 

be improved by using protein engineering techniques and this was 

accomplished recently using directed evolution. A thermostable variant 

(1B6) was identified showing a long term stability 300-fold higher than the 

PpAzoR, retaining 50% of activity after 58 h at 50°C after 5 rounds of 

random mutagenesis, recombination and high-throughput screening. 

Moreover, 2A1-Y179H variant, showing a 10°C upshift in both optimal and 

melting temperatures than PpAzoR, was found during the course of 

evolution with a 4-fold increased activity (Brissos et al. 2014). Recent 

studies have shown that the decolourisation activity of 2A1-Y179H variant is 

increased around 5-fold when compared with the PpAzoR enzyme; therefore 

this robust variant can be used as parent for a new round of random 
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mutagenesis with the aim of finding hits with sufficient reactivity towards 

azo dyes that allows to surpass the decolourisation “inhibition” in the 

presence of O2.  

CotA-laccase is a multi-copper oxidoreductase and does not require the 

addition of co-substrates for their activity and has the advantage of using O2 

as electron acceptors. The mechanism of dye degradation by CotA-laccase is 

relatively more complex than those exhibited by azoreductases. This enzyme 

performs a one-electron oxidation of the phenolic group or the primary or 

secondary amines of azo or anthraquinonic dye molecules resulting in the 

formation of unstable radical molecules that can undergo coupling reactions 

between themselves or with the un-reacted dye molecules (Pereira et al. 

2009a, Pereira et al. 2009b). Some of these products are dyes themselves as 

it was the case of the azo dye produced during the degradation of the 

anthraquinonic Acid blue 62 while others are dimeric, oligomeric or 

polymeric products (Pereira et al. 2009a, Pereira et al. 2009b). Therefore it 

becomes clear that CotA-laccase is not only involved in dyes degradation, 

but also in the biosynthesis of dyes and other type of molecules when 

aromatic amines are used as substrate, and this activity was used e.g. for 

synthesis of ortho-quinones with industrial applicability namely for hair 

dyeing and of phenazines, phenoxazinones and carbazoles with application 

in pharmaceuticals (anti-tumoural and anti-bacterial agents) and diagnosis 

(biosensors) (Sousa et al. 2013, Sousa et al. 2014, Sousa et al. 2015). The 

development of new strategies to produce high-value compounds can 

potentially be achieved through the utilization of multi-enzymatic systems. 

In this thesis was described a multi-enzymatic system using the PpAzoR and 

CotA-laccase enzymes for dye-degradation. In a first step, the PpAzoR 

degraded the azo dyes to aromatic amines in the absence of O2 and in a 

second step the CotA-laccase used the aromatic amines as substrate in the 

presence of O2, leading to a decrease in the toxicity. Recently the 

characterization of the final reaction products was performed using NMR 
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showing that some of the aromatic amines produced by PpAzoR are 

successfully converted by CotA-laccase into interesting compounds such as 

phenazines or ortho-quinones (Pinto 2015).  

The dye-decolourising peroxidases PpDyP and BsDyP are haemic proteins 

that oxidize both azo and anthraquinonic synthetic dyes in the presence of 

hydrogen peroxide. The fact that these enzymes are only active under acidic 

conditions and inhibited at concentrations of H2O2 above 0.2-0.4 mM, 

constitute major disadvantages for their utilization in biotechnological 

processes. The PpDyP enzyme exhibits a relatively low thermal stability (t1/2 

of 1 h at 50°C) in addition to aggregation dependent on protein 

concentration, temperature and pH, which impair its full utilization in 

industrial processes. As mentioned before protein engineering techniques, in 

particular directed evolution, are very useful in the creation of robust and 

efficient enzymes for biotechnological applications and were recently used 

to improve the PpDyP activity towards phenolic compounds (Tavares 2014). 

Three rounds of molecular evolution were performed and the 6E10 variant 

showing 250-fold enhanced specificity (kcat/Km) for phenolics as compared to 

the PpDyP enzyme was achieved. This variant also showed a significant shift 

in the pH optima to around 6 when compared to PpDyP (pHopt = 4.3) and can 

be tested towards the degradation of dyes in multi-enzymatic schemes. The 

DyP’s mechanism involved in anthraquinonic dye degradation was first 

proposed by Sugano et al (Sugano et al. 2009) and we got evidences that the 

degradation mechanism of both azo and anthraquinonic dyes is similar as the 

one performed by CotA-laccase (unpublished data) and primary or 

secondary amines are expected to be oxidized by DyPs to equivalent 

molecules although with a different specificity. The addition of these 

enzymes may therefore help in the development of new strategies to produce 

high-value compounds from underutilized dye-containing wastewater:  

PpAzoR converts azo dyes to aromatic amines while both CotA-laccase and 
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Dyps can oxidize these compounds, as well as anthraquinonic dyes present 

in coloured baths, into added-value products. However, the acid pH that 

leads to maximal activity of DyPs contrast with the neutral conditions where 

both PpAzoR and CotA show maximal activity. Noteworthy, the PpDyP 

variant 6E10 shows a pH shift from acid to more neutral values. Therefore, 

this variant or a new evolved variant that take 6E10 as parent can be added 

in a second (simultaneously with CotA-laccase) or in a third stage of the 

sequential enzymatic system, in order to set-up a more efficient multi-

enzymatic system for degradation, detoxification and valorization of dye-

containing effluents.  
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