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SUMMARY 

In recent years, negative impact of pharmaceutical products on natural environment 

became an issue of high public interest. Pharmaceutical residues are detected in various 

ecosystems worldwide. Due to increasing production and consumption of medicines this 

problem is intensified. Therefore, an efficient way to restrain release into the world’s 

water system is required. 

This work presents an enzymatic approach for the degradation of pharmaceuticals in 

wastewater treatment plants, using laccase and cytochrome P450 — two enzymes of 

high biotechnological and industrial potential. Laccase genes from fungi Trametes 

versicolor and Pycnoporus cinnabarinus were isolated and overexpressed in the non-

conventional yeast Arxula adeninivorans. This organism served also as cytochrome 

P450 gene donor. 

Recombinant laccase Tvlcc5 was purified by immobilized-metal ion affinity 

chromatography and biochemically characterized using 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) as substrate for enzyme activity assays. 

The optimal temperature and pH were found to be 50 °C and 4.5–5.5, respectively. The 

half-life of Tvlcc5 at 60 °C was around 20 min. It was demonstrated that the presence of 

copper ions is essential for the synthesis of active protein. Moreover, negative impact of 

chloride anions on laccase activity was shown. 

Cultivation conditions for the Tvlcc5 producing strain A. adeninivorans 

G1212/YRC102-TEF1-TVLCC5-6H were optimized. It was found that maintaining the 

pH at a constant level between pH 6.0 and 7.0 is essential for the production of active 

enzyme. Optimal cell growth and laccase accumulation were reached at 20 °C and in 

medium supplemented with 0.5 mM CuSO4. Performed fed-batch cultivation resulted in 

a laccase activity of 4986.3 U L
-1

. 

Factors influencing the synthesis of Tvlcc5 leading to increased production of this 

protein were investigated. It was found that using three non-native signal peptides 

(cutinase 2 from A. adeninivorans (ACut2), α-mating factor from S. cerevisiae (MFα), 

and acid phosphatase from P. pastoris (PHO1) signal peptides) enhances the secretion 

of active enzyme by 20–80%. Besides that, additional overexpression of copper 

transporters positively affects laccase production. 
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Finally, it was proven that recombinant Tvlcc5 is a promising agent for the degradation 

of certain pharmaceuticals. After 24 h of incubation, the concentration of diclofenac and 

sulfamethoxazole decreased to 46.8% and 51.1%, respectively. Furthermore, it was 

shown that the addition of the redox mediator ABTS significantly shortens the 

degradation time of these substances.  
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ZUSAMMENFASSUNG 

In den letzten Jahren wurden die negativen Auswirkungen von Arzneimitteln auf die 

natürliche Umwelt zu einem Thema von hohem öffentlichen Interesse. Pharmazeutische 

Rückstände werden in verschiedenen Ökosystemen weltweit nachgewiesen. Durch die 

zunehmende Produktion und den Konsum von Medikamenten wird dieses Problem 

verstärkt. Daher ist eine effiziente Möglichkeit erforderlich, die Freisetzung in das 

weltweite Wassersystem zu beschränken. 

Diese Arbeit stellt einen enzymatischen Ansatz für den Abbau von Arzneimitteln in 

Kläranlagen unter Verwendung von Laccase und Cytochrom P450 – zwei Enzymen mit 

hohem biotechnologischen und industriellen Potenzial – dar. Laccase-Gene der Pilze 

Trametes versicolor und Pycnoporus cinnabarinus wurden isoliert und in der nicht-

konventionellen Hefe Arxula adeninivorans überexprimiert. Dieser Organismus diente 

auch als Cytochrom P450 Gen-Donor. 

Die rekombinante Laccase Tvlcc5 wurde durch immobilisierte Ionenaffinitätschromato-

graphie gereinigt und biochemisch mittels 2,2'-azino-bis(3-ethylbenzothiazolin-6-

Sulfonsäure) (ABTS) als Substrat charakterisiert. Die optimale Temperatur und der 

optimale pH-Wert lagen bei 50 °C bzw. 4,5 bis 5,5. Die Halbwertszeit von Tvlcc5 bei 

60 °C betrug etwa 20 min. Es wurde gezeigt, dass das Vorhandensein von Kupferionen 

für die Synthese von aktivem Protein unerlässlich ist. Darüber hinaus wurden negative 

Auswirkungen von Chlorid-Anionen auf die Laccase-Aktivität nachgewiesen. 

Die Kultivierungsbedingungen für den Tvlcc5-Produktionsstamm A. adeninivorans 

G1212/YRC102-TEF1-TVLCC5-6H wurden optimiert. Es wurde festgestellt, dass die 

Aufrechterhaltung des pH-Werts auf konstantem Niveau zwischen pH 6,0 und 7,0 für 

die Produktion von aktivem Enzym unerlässlich ist. Optimales Zellwachstum und 

Laccase-Akkumulation wurde bei 20 °C in einem Medium, supplementiert durch 

0,5 mM CuSO4, erreicht. In der Fed-Batch Kultivierung wurde eine Laccase-Aktivität 

von 4986,3 U L
-1

 erreicht. 

Es wurden Faktoren untersucht, die die Synthese von Tvlcc5 im Sinne einer erhöhten 

Produktivität beeinflussen. Es wurde festgestellt, dass die Verwendung von drei nicht 

nativen Signalpeptiden (Signalpeptide der Cutinase 2 von A. adeninivorans (ACut2), 

dem α-spezifischen Paarungspheromon von S. cerevisiae (MFα) und der sauren 

Phosphatase von P. pastoris (PHO1)) die Sekretion des aktiven Enzyms jeweils um 20–
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80 % verbessert. Darüber hinaus wirkt sich eine zusätzliche Überexpression von Genen, 

die für Kupfertransportproteine codieren, positiv auf die Laccase-Produktion aus. 

Schließlich wurde nachgewiesen, dass das rekombinante Tvlcc5 ein vielversprechendes 

Mittel für den Abbau bestimmter Arzneimittel ist. Nach 24 h Inkubation sank die 

Konzentration von Diclofenac und Sulfamethoxazol auf 46,8 % bzw. 51,1 %. Darüber 

hinaus wurde gezeigt, dass die Zugabe des Redox-Mediators ABTS die Abbauzeit 

dieser Substanzen erheblich verkürzt. Es konnte jedoch auch gezeigt werden, dass 

Subtanzen wie Carbamazepin ohne den Einsatz eines Mediators durch Laccase allein 

nicht abgebaut werden können. 
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1. INTRODUCTION 

1.1. Pharmaceuticals in the environment 

The pharmaceutical industry is constantly developing. It is expected that worldwide 

sales of prescription medicaments will grow by 6.3% CAGR (Compound Annual 

Growth Rate) per year from 2016 to 2022, reaching $1120 billion in 2022 (1). Two 

thirds of the value of globally produced medicines is accounted for by companies with 

headquarters just in five countries — USA, Japan, Germany, France, and UK (2). In 

2015, Europe was the second biggest consumer of human medicinal products in the 

world after the United States, with 22% of the world total (3). The EU market has 

grown from EUR 48 billion (1990) to EUR 172 billion (2007). In the next decades, 

consumption of pharmaceuticals will increase further. This refers especially to 

industrialized western countries, where ageing populations and the use of health care 

services to improve quality of life are observed (4). 

Pharmaceutical research and development of new substances is still in focus. The 

competition between pharmaceutical companies is strong. The discovery of new 

medicine offers many opportunities; the most important one is patent protection, which 

allows the temporary monopoly and setting the price to a higher level. Being innovative 

gives also scientific prestige, but it is not free of risk. Development of a new 

pharmaceutical takes 12–14 years and only one or two substances out of 10000 pass 

through all the stages needed to become a marketable product (3). Currently, 4000 

active pharmaceutical ingredients (APIs) are available in the world, 3000 of them are 

authorized in EU (the number varies between countries, Germany — 2684 APIs) (5–7). 

The beneficial influence of an appropriate use of pharmaceuticals on human health is 

unquestionable. However, there is still lack of complex understanding of the effect 

which discarded medicaments have on the environment. The presence of medicinal 

products and their residues in various environmental compartments have been reported 

in different countries for many years. More than 600 pharmaceuticals have been 

detected in the environment worldwide, 16 of them are present in all five regions of the 

United Nations (Tab. 1). Pharmaceuticals are occurring in rivers, lakes and other water 

bodies, groundwater, soil and even drinking water. In Germany, for example, more than 

30 pharmaceutical substances have been detected in tap water and between 31 and 100 

in soil (8). 
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Tab. 1: Number of countries with positive detection of pharmaceuticals in surface, drinking and/or 

groundwater in each UN region (AP – Asia-Pacific, EEG – Eastern European Group, GRULAC – 

Latin American and Caribbean Group, WEOG – Western European and Others Group) (8). 

Pharmaceutical Therapeutical 

group 

Africa AP EEG GRULAC WEOG Global 

Diclofenac Analgesics 3 8 13 3 23 50 

Carbamazepine Antiepileptics 3 6 13 2 24 48 

Ibuprofen Analgesics 3 8 10 2 24 47 

Sulfamethoxazole Antibiotics 5 9 10 2 21 47 

Naproxen Analgesics 2 8 10 2 23 45 

Estrone Estrogens 1 10 6 2 16 35 

Estradiol Estrogens 2 9 4 2 17 34 

Ethinylestradiol Estrogens 1 8 3 2 17 31 

Trimethoprim Antibiotics 2 9 3 2 13 29 

Paracetamol Analgesics 1 6 4 3 15 29 

Clofibric acid Lipid-lowering 

drug 

1 3 5 2 12 23 

Ciprofloxacin Antibiotics 1 5 1 2 11 20 

Ofloxacin Antibiotics 1 4 1 1 9 16 

Estriol Estrogens 1 1 2 1 10 15 

Norfloxacin Antibiotics 1 4 1 2 7 15 

Acetylsalicylic 

acid 

Analgesics 1 4 1 2 7 15 

 

Three drug classes have been identified as most relevant concerning environmental 

contamination. Hormones (mostly estrogens) belong to the first group, because 

concentrations measured in wastewater are already able to affect the aquatic fauna. The 

second group are cytostatic and antineoplastic chemicals, due to their high reactivity 

and genotoxic potential. The last group consists of antimicrobial compounds that can 

directly affect soil and aquatic microorganisms. Moreover they can cause spreading of 

antimicrobial resistance — an issue particularly important for the human population, 

which is already confronted with increased resistance of bacterial pathogens (9). 

Medicinal products enter the environment through many different sources. Figure 1 

shows most common emission pathways of pharmaceuticals to the environment. 

Emission to the environment occurs already on the level of production. Many 

publications have suggested that emission of active ingredients from manufacturing is 

negligible, due to fact of good manufacturing practice and control of environmental 

standards, although there are no regulations concerning the potential release of APIs 

during the production process (10, 11). Another frequently used argument is the high 
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economic value of active substances, which should discourage the manufacturer to lose 

even small amounts of APIs. However, in many cases production costs are much lower 

than the selling price for final products. For example, production costs of the antibiotic 

ciprofloxacin in India account for less than 1.5% of the market price for the final 

product sold in Sweden (11). Due to this disproportion, countries like India are not 

interested in investments leading to the production of clean effluent. Larsson et al. (12, 

13) analyzed effluent samples from a wastewater treatment plant in India receiving 

wastewater from about 90 bulk drug manufacturers, resulting in extraordinarily high 

levels (milligrams per liter) of several drugs. Authors demonstrated that production 

facilities may have a substantial impact on the local environment. Nevertheless, since 

pharmaceuticals produced in this region are globally distributed, the environmental 

impact of the production is not only a matter of local concern. Additionally, there is no 

systematic monitoring of emission during manufacturing, so the amount of overall 

released APIs remains unknown. 

Unauthorized dumping is yet another issue, occurring especially in China and India — 

two major suppliers of antibiotics and other active pharmaceutical ingredients on the 

global markets. Local media often report cases of illegal dumping of hazardous waste 

from the pharmaceutical industry (14–17). Drug manufactures release their waste 

directly into the environment without any treatment, which violates the local law. 

However, the reaction of authorities is ineffective. Credible regulation and measures of 

emissions are missing, no regular independent inspections take place at those factories 

(18–20). 
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Fig. 1: Possible emission pathways of pharmaceuticals to the environment. 

Consumption of human and animal medicinal products extensively contributes to the 

emission of APIs into the environment. Table 2 summarizes the consumption of some 

pharmaceuticals in Germany in 2000. After consumption, pharmaceuticals are excreted 

from the human body via urine and feces. They can be removed as parent compounds 

and/or their metabolites, which can also be biologically active. All those compounds 

later enter the sewage system. 

Tab. 2: Consumption of active pharmaceutical compounds in Germany in 2000 (21). 

Compound Consumption (t year
-1

) 

Acetylsalicylic acid 862.6 

Paracetamol 641.9 

Metformin 433.5 

Ibuprofen 300.0 

Ranitidine 89.3 

Carbamazepine 87.7 

Diclofenac 82.2 

Metoprolol 79.2 

Salicylic acid 77.0 

Iopromide 63.3 

Research and manufacture

Human medicinal products Veterinary medicinal products

Excretion ExcretionDisposal

Sewage treatment plant
(STP)

Waste ManureMunicipal sewage

Landfill site

AquacultureSewage sludge Soil

Fertilizers

Surface and groundwater

Drinking waterOceans

unauthorized dumping
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In sewage treatment plants, part of the medicinal products can be eliminated to some 

extent (see chapter 1.2). The rest is discharged with wastewater treatment plant 

(WWTP) effluent into surface water bodies, being an important point source for 

pharmaceuticals and personal care products (PPCPs) in the aquatic environment. 

Medicinal residues can occur in the environment also via application of sewage sludge 

to the soil in agriculture. Significant amounts of active pharmaceutical ingredients 

originate in hospitals and medicinal care institutions, since most hospital sewers are 

directly connected to the municipal system, without any additional treatment. Those 

effluents contain mainly antibiotics, anti-cancer agents, and iodinated contrast media. 

Therefore, hospitals are an important point source for specific pharmaceuticals, whereas 

for other medicines the share through private consumption is more significant. 

A separate group is formed by veterinary medicinal products. They are mostly used for 

non-therapeutic purposes. Antibiotics are used to prevent diseases in farm animals, 

especially in crowded conditions of mass food production. Additionally, many countries 

allow the use of hormones to promote growth or increase milk production (22). 

Pharmaceuticals and/or their metabolites are excreted via urine or manure. Afterwards, 

they are often applied to the fields in form of organic fertilizers (slurry, solid manure). 

A distinct problem is aquaculture, where medicinal products are also used, mostly for 

prevention, due to the absence of a sanitary barrier and difficulties in isolating sick 

animals. In this case, medicinal compounds are released directly into the aquatic 

environment (23). 

The improper disposal of unused or expired drugs is another source of emission of 

pharmaceutical products. In most European countries unneeded medicines should be 

returned to community pharmacies or collective points for hazardous waste. 

An exception is Germany, where they can be disposed of in household waste, because 

the majority of trash is incinerated and there is no risk of accumulation on landfills (24, 

25). Incinerated pharmaceuticals can be assumed to be destroyed, due to chemical 

oxidation during the burning process. The amounts of collected pharmaceutical waste 

differ widely between countries; however, it is estimated that probably 50% of the 

unused packages are not collected via a pharmacy (26). Presumably medicaments are 

disposed of in household trash. Later they can be either incinerated, which is probably 

the safest solution for the environment, or landfilled, which only postpones the problem. 

After some time APIs can occur in the landfill effluent anyway (27). Moreover, flushing 
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down the toilet or drain the unused pharmaceuticals is still a common practice (28), also 

in Germany. A survey from 2006 shows that 16% of citizens at least occasionally 

discard unused pills in the toilet and up to 43% use sink or toilet to discard liquid 

medicinal products (29, 30). Thus, improper disposal of medicines results in emission to 

the environment, either via effluents from sewage treatment plants or leakage from 

landfills to the soil. 

All described sources of emission lead to the occurrence of APIs in surface- and 

groundwater, from where they can also be distributed to oceans and drinking water. 

This shows that exposure to pharmaceuticals is possible worldwide and can have an 

influence on numerous living beings, including humans. 

The distribution of medicinal products to biota has already been observed. The 

knowledge and experimental evidence concerning bioaccumulation through the trophic 

chain is still sparse. However, the interest of researchers in the influence of the exposure 

to pharmaceuticals on organisms has been increased in the last decades. The influence 

on the molecular or even population level of various medicinal products on different 

species has already been documented, e.g., impairment of the reproduction of numerous 

fish populations by estrogen chemicals (31, 32); alteration of behavior and feeding rate 

of European perch (Perca fluviatilis) by psychiatric drugs (oxazepam) (33); influence of 

various antibiotics on algae and freshwater bacteria (34–36) or toxicity of fungicides 

(clotrimazole) to marine algae (37). An extreme case was reported in the Indian 

subcontinent, where a dramatic decline of vulture populations was observed. In the 

1990s, a decrease of more than 95% of different vulture populations in the Keoladeo 

National Park in India was noted (38). The same effect was observed in Pakistan or 

Bangladesh. Oaks et al. (39) demonstrated that the reason could be poisoning with 

diclofenac, a non-steroidal anti-inflammatory drug (NSAID). Diclofenac is a very 

common veterinary medicine for domestic livestock on the Indian subcontinent. The 

dead livestock is primary food source for scavengers like vultures, since it is 

intentionally left by humans for scavengers to be removed. The consumption of 

carcasses of treated livestock caused renal failure and, as a consequence, the death of 

almost the whole population of those animals. 

Moreover, accumulation of diclofenac in rainbow trout (Oncorhynchus mykiss) organs 

(liver, kidneys, gills) has also been reported, leading to impairment of the general health 
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condition of fish (40). This finding should draw more attention to the consumption of 

fish exposed to pharmaceuticals by humans. 

Extensive reports and research about the direct influence on human health of 

pharmaceuticals present in the environment are lacking. However, Greenpeace India 

examined the population living in the area dominated by the pharmaceutical industry. 

Their study showed a high increase in the occurrence of most types of systemic diseases 

and disorders across the study group compared to the reference group (41), suggesting a 

need for further studies on this topic. 

An undeniably high risk for human health is generated by antibiotic-resistant organisms. 

Antibiotics appear in wastewater treatment plants from many sources, as described 

previously. Particularly problematic are WWTPs, where treatment with activated sludge 

is used. During this process, bacteria effective in metabolizing influent are selected and 

recycled to improve treatment efficiency. However, the presence of pharmaceuticals in 

sewage can lead to the development of antibiotic resistant microorganisms (42, 43) and 

in consequence to their prevalence in sludge, increasing the risk of entering the 

environment (44). Especially hazardous are effluents coming from antibiotic production 

facilities containing a broad spectrum of antibiotics in high concentration. It is a known 

fact that antibiotic resistance is an urgent global issue. Due to increased international 

travel and trade, resistant microorganisms bred in one country can fast and easily spread 

to another place (19, 45). The spread of multi-resistant bacteria during and after 

international travel is substantial and worrisome. It has been reported that 75% of 

people who travelled to South Asia had acquired an extended spectrum of β-lactamase-

producing Enterobacteriaceae (ESBL-E) (46). 

This chapter shows that there are diverse ways for pharmaceuticals to be released into 

the natural environment. Plenty of those chemical substances reach soils, rivers and 

oceans every year. The scale of this process increases and will presumably continue due 

to the growth and development of modern societies. Current or future effects of 

pharmaceuticals on the biosphere are unquestionable. For this reason, more focus and 

engagement on the issue of worldwide removal of pharmaceuticals is essential. 
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1.2. Removal of pharmaceuticals in wastewater treatment plants 

Occurrence of pharmaceuticals, hormones, and personal care products in wastewater 

treatment plants is a problem on a worldwide scale (9, 47–50). WWTPs are designed to 

deal with bulk substances. Their role is to reduce load of organic matter and nutrients 

(nitrogen, phosphorus) appearing regularly and in large amounts. Pharmaceuticals 

represent only a minor part of the wastewater organic load. Additionally, they belong to 

a very heterogeneous group of chemicals, with various half-lives, sorption coefficients, 

and transformation kinetics (8, 51). Despite that, some chemical residues can be 

eliminated by the physical, biological, and chemical processes occurring during 

conventional wastewater treatment. However, the efficiency of this process is not easy 

to predict. It depends on microbial activity, environmental conditions, composition of 

wastewater or technologies, and operational conditions of the WWTPs. Concentrations 

of pharmaceuticals in wastewater are generally in the range from ng L
-1

 to μg L
-1

 (50). 

Some examples of compounds and their concentrations measured in STP effluents in 

Germany are shown in Tab. 3. 

Tab. 3: Occurrence of selected pharmaceuticals in sewage treatment plant effluents in Germany 

(LOQ – Limit of quantification) (9, 52). 

Class Compound Median/maximum in ng L
-1

 

Antiphlogistic Ibuprofen 

Naproxen 

Diclofenac 

430/3700 

70/940 

1500/10000 

Lipid regulators Clofibric acid 

Gemfibrozil 

Bezafibrate 

160/3300 

120/730 

490/4800 

Antiepileptic Carbamazepine 920/22000 

Psychotropic Diazepam < LOQ/100 

Beta blockers Metoprolol  

Propranolol 

Sotalol 

620/9120 

40/650 

0.63/6.5 

Contrast media Iopamidol < LOQ/9400 

Antibiotics Ciprofloxacin 

Clarithromycin 

Erythromycin-H2O 

Roxithromycin 

Sulfamethoxazole 

Trimethoprim 

< LOQ/140 

20/1800 

140/6000 

40/1700 

120/4700 

40/1500 
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Main mechanisms for the removal of micropollutants in conventional wastewater 

treatment plants are sorption onto particulate matter, biological transformation, 

stripping, and abiotic degradation. However, due to diverse chemical and physical 

properties (solubility, volatility, polarity, solid-liquid partition, etc.), removal efficiency 

varies greatly. 

Sorption onto particulate matter and sludge mainly concerns compounds with high 

sorption properties (high solid-liquid partition coefficient) and lipophilic substances 

(53). Good removal efficiency during the primary treatment has been shown for 

fragrances — around 40% and for 17β-estradiol — 20%. Additionally, the use of some 

additives (e.g., coagulants, flocculants) as well as the proper adjustment of the operating 

conditions improves the removal of pharmaceutical products from the water phase prior 

to the biological treatment (54). Hörsing et al. (55) determined the sorption of 75 

pharmaceuticals onto sludge. Fourteen of them exhibited high affinity (more than 80%) 

towards sludge. Sorption during wastewater treatment is especially important for non- 

or poorly biodegradable pharmaceuticals. It is worth emphasizing that sorption involves 

only the transfer of chemical substances from liquid to solid phase, without further 

degradation or transformation. Therefore, the real elimination depends on the fate of the 

sewage sludge after the treatment process. If the sludge with adsorbed pharmaceuticals 

is not incinerated, but used in agriculture as fertilizer, it causes soil contamination and 

further expansion of polluting substances. 

Many of the pharmaceutical substances, especially polar ones are not eliminated by 

physico-chemical processes during primary treatment. For this reason, the biological 

transformation is the process of the highest importance for the degradation of 

pharmaceuticals in municipal WWTP. Bacteria and fungi are the most effective 

organisms in the degradation of organic compounds. Fungi are mainly present in the 

soil and not in the aquatic environment, therefore bacteria are assumed to be responsible 

for most of the biodegradation in sewage treatment plants. Microorganisms present in 

the most abundant conventional activated sludge reactors (CAS) and the less common 

membrane biological reactors (MBR) can transform pharmaceuticals through metabolic 

and co-metabolic processes. 

During metabolic reactions, microorganisms use organic residues as a growth substrate. 

Some pharmaceuticals can be utilized as sole source of energy and carbon, meaning that 

metabolic pathways exist for these substances. Metabolic degradation pathways have 
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been reported for ketoprofen (56), ibuprofen (57), 17β-estradiol (58, 59), or paracetamol 

(60). However, only in the case of ketoprofen activated sludge from municipal 

wastewater was used by the researchers, others performed their experiments with pure 

cultures of selected microorganisms. Interestingly, thus far, metabolic reactions of 

pharmaceuticals have been observed only for heterotrophic bacteria. Since 

concentrations of pharmaceuticals in wastewater are relatively low, the presence of 

other substrates is required to maintain cell growth. On the other hand, the high 

availability of easily biodegradable substrates can repress undergoing those specific 

pathways until the preferred substrate is utilized. 

On the contrary, during co-metabolism pharmaceuticals are not used as energy and 

carbon source for cell growth, but they are transformed by enzyme catalyzed side 

reactions. Co-metabolism reactions can take place under aerobic or anaerobic 

conditions. In aerobic degradation, the pharmaceutical residue is oxidized by an enzyme 

or cofactor produced during microbial metabolism in the presence of oxygen. In 

anaerobic degradation, the pollutant is reduced by an enzyme or cofactor in the absence 

of oxygen. Previous studies have shown that the aerobic co-metabolic degradation of 

pharmaceutical compounds (e.g., estrogens) is favorable (61, 62). 

A large variety of medical compounds is oxidized by non-specific enzymes, like 

ammonia monooxygenases (AMO) produced by autotrophic ammonia oxidizing 

bacteria and archaea (63). Among others, ammonia monooxygenases are involved in 

biotransformation of β-blocker atenolol, 17α-ethyl-estradiol, and triclosan (64–66). 

Interestingly, partial degradation of pharmaceuticals has been observed in the presence 

of AMO inhibitor too, suggesting the involvement of heterotrophic bacteria (63, 66). 

Several other non-specific enzymes are involved in transformation reactions of 

numerous chemical compounds, examples are shown in Tab. 4. It was proposed by 

Quintana et al. (56) that ketoprofen is degraded by dioxygenases along the pathway 

known for biphenyls and related compounds. Authors also showed the microbial 

hydrolysis of the amide bond of the lipid regulating agent bezafibrate. Larcher and 

Yargeau (67) suggested that arylamine N-acetyltransferase produced by Pseudomonas 

aeruginosa and Rhodococcus equi, due to its specificity for aromatic amines can use 

sulfamethoxazole as a substrate. Another enzyme (amidase, urethanase, N-acetyl-

phenyl-ethylamine-hydrolase) produced by those microorganisms can be involved in the 

transformation process. Lee et al. (68) proposed a biodegradation pathway for triclosan 
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via a meta-cleavage pathway performed by 2,3-dioxygenases. Nonspecific dioxygenases 

also participate in the ring cleavage of 17α-ethyl-estradiol (69). 

Tab. 4: Microbial enzymes potentially participating in the co-metabolic degradation of 

pharmaceuticals. 

Compound Enzyme Reference 

Bezafibrate Amidase (56, 70) 

Atenolol Ammonia monooxygenase (64) 

17α-ethyl-estradiol Ammonia monooxygenase 

Catechol dioxygenases 

(65, 69, 71) 

Ketoprofen Dioxygenases (56) 

Sulfamethoxazole Arylamine-N-acetyltransferase  

Amidase 

Urethanase 

N-acetyl-phenyl-ethylamine-hydrolase 

(67) 

Triclosan Ammonia monooxygenase 

2,3-dioxygenases 

(66, 68) 

 

It has been reported that a clear distinction between metabolism and co-metabolism is 

not always possible, especially in such a complex and variable system as activated 

sludge. In most cases, pharmaceuticals are simultaneously transformed via both 

pathways (72). 

Pharmaceuticals present in wastewater show a variable degree of biotransformation. 

Many factors are affecting the degradation process. The first influencing factors are the 

chemical and physical properties of the pharmaceuticals, e.g., chemical structure, 

polarity. The second factor is the characteristics of the activated sludge (amount and 

diversity of microorganisms, biomass activity, sludge age, floc size of the sludge, etc.) 

(9). Operating conditions used in WWTPs and environmental circumstances such as 

sludge retention time (SRT), hydraulic retention time (HRT), pH value, and temperature 

also have an influence on the transformation efficiency (9, 73). 

Stripping is another process used in WWTPs to remove micropollutants. It is a process 

in which volatile compounds are transferred from the water phase to the gas phase by 

aeration. Most APIs have good solubility and low volatility, thus stripping is not a 

relevant removal process for this specific group of chemicals. Nevertheless, some musk 

fragrances used for personal care products can be eliminated to some extent via this 

process. Although hazardous substances are removed from wastewater, exiting gas flow 

has to be treated afterwards to avoid air pollution (9, 55, 74). 
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Degradation of micropollutants can occur via abiotic processes, such as photolysis and 

hydrolysis. Two types of photolysis are distinguished; direct photolysis, when direct 

absorption of a photon leads to bond cleavage and formation of new compounds and 

indirect photolysis, which involves the presence of natural photosensitizers like nitrate 

and humic acids. Under sunlight, they can generate strong oxidant species, such as 

singlet oxygen, hydroxyl and carbonate radicals, as well as other radical species (75). 

A reduction of concentration due to solar phototransformation has been reported for 

various pharmaceuticals, e.g., antibiotics (quinolones, tetracyclines, sulfonamides), 

nonsteroidal anti-inflammatory drugs (NSAIDs), β-blockers, and chemotherapeutic 

drugs (76, 77). However, photodegradation strongly depends on the intensity of solar 

irradiance, which varies over the seasons and latitudes. Additionally, a low surface to 

volume ratio and high turbidity of wastewater limit phototransformation of 

pharmaceutical residues in WWTPs. On the other hand, open water lagoons and 

wetlands can significantly reduce the amount of compounds having aromatic rings, 

heteroatoms, and other functional chromophore groups (78). It is necessary to 

emphasize here also the risk of a potentially increased toxicity of by-products formed by 

phototransformation as mentioned by Wang and Lin (76). They suggested that the 

current knowledge about ecotoxicity and human health risks of transformation by-

products is still not complete and more comprehensive investigation is needed. 

There are studies available showing degradation of some pharmaceuticals by hydrolysis, 

especially esters and amides, such as several sulfonamide, tetracycline, macrolide and 

β-lactam antibiotics (77). However, most pharmaceuticals are designed for oral intake, 

indicating resistance for hydrolysis, what makes this process a negligible removal 

mechanism in WWTPs. 

Since removal of active pharmaceutical compounds in municipal wastewater treatment 

plants is a major way to avoid emission of those substances to the environment, more 

sufficient procedures need to be applied. One strategy is to modify the operating 

conditions of sewage treatment plants. Elongation of sludge retention time and 

hydraulic retention time enhances the elimination of some active substances, due to 

higher microbial diversity in the sludge (including slow growing microorganisms) and 

longer time for biodegradation (79). Implementing both — nitrification and 

denitrification treatment steps and therefore increased monooxygenases activity 

improves the biotransformation level (80, 81). A second strategy to reduce the amount 
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of pharmaceutical residues in WWTPs is to apply advanced treatment methods, 

particularly useful for hardly biodegradable and hydrophilic chemicals. 

New potential technologies are tested in laboratory conditions or pilot scale wastewater 

treatment plants to completely eliminate active pharmaceutical compounds from 

wastewater. However, they still require more research and understanding to be 

successfully applied on a large scale in the future. 

Ozonation and other advanced oxidation processes (AOPs) are in the focus of many 

researchers. The principle of those processes is to produce OH radicals by using ozone, 

hydrogen peroxide, ultraviolet light, or ferrous iron (Fenton oxidation). OH radicals are 

unspecific and very reactive; in consequence they are able to react with a wide range of 

organic micropollutants. It has been reported that removal efficiency for most 

pharmaceuticals and personal care products by ozone treatment exceeds 90% (82). On 

the other hand, a vast number of complex reaction products are generated in this 

process. Knowledge about their variety, quantity, and toxicity is limited. It is possible 

that the reaction product is more hazardous than the initial compound. Additionally, 

AOPs showed different removal efficiency for different molecules, forcing further 

investigation of optimal conditions prior to a large scale application. Economic 

feasibility of the proposed technologies is another problem to overcome (construction 

and operating costs, including higher energy consumption and increased CO2 emission) 

(83, 84). 

The application of activated carbon is another process classified as an advanced 

treatment method. Activated carbon is a material with a very high specific surface area 

and due to this, strong sorption affinity. Therefore, it can be applied for removal of 

numerous micropollutants from wastewater by adsorption. Two forms of activated 

carbon can be used — powdered and granular in packed bed filters. Its adsorption 

capacity to PPCPs mainly depends on the hydrophobicity and charge of the pollutant. 

Several researchers have shown that activated carbon is capable of removing many 

pharmaceutical compounds, typically found in wastewater, on very high level (mostly 

˃90%) (85–87). Availability of different forms of activated carbon offers various 

options for an efficient application of this material. Powdered activated carbon can be 

dosed at different stages of treatment and according to the current need. Application of 

the granular form makes it possible to separate the sludge from polluted carbon, which 

can later be regenerated. However, organic matter present in the water can compete with 
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PPCPs at the binding sites of activated carbon, reducing the adsorption efficiency. 

Adsorption of pharmaceutical compounds on activated carbon is a promising technique. 

Nevertheless, several problems like: adsorption capacity, production methods and cost, 

disposal or regeneration of used material have to be taken into consideration (82, 85). 

A rather different way to reduce the amount of pharmaceuticals in wastewater is the 

application of fungi and their specific enzymes. It had been shown that white-rot fungi 

are capable of degrading a broad spectrum of organic pollutants, such as polycyclic 

aromatic hydrocarbons, halogenated aromatics, pesticides, synthetic dyes, and 

polymers. They owe this ability to extracellular ligninolytic enzymes with low substrate 

specificity. Enzymes belonging to this group are, e.g., lignin peroxidases, manganese 

peroxidases, and laccases. White-rot fungi secrete one or more of those extracellular 

enzymes (88, 89). Although white-rot fungi are able to degrade many xenobiotics, they 

are barely used for biological treatment in wastewater treatment plants. One of the 

reasons is the presence of other organisms, like bacteria, which can hinder the 

biodegradation process carried out by fungi. The second drawback is the filamentous 

nature of those fungi, which can cause clogging and blocking of the operative 

installation. Furthermore, homogenization of formed mycelia inhibits the growth and in 

consequence the enzyme secretion. Due to the described operational difficulties 

associated with cultivation conditions, the use of white-rot fungi for the treatment of 

contaminated aqueous solutions is limited (63). To overcome those drawbacks and 

enhance the beneficial influence of ligninolytic enzymes, the application of secreted 

enzymes, rather than the cultivation of whole fungi is suggested. In this case, the 

remarkable advantage of laccases over other enzymes is that they are not in need for 

hydrogen peroxide to catalyze their reaction. 

1.3. Laccases 

Laccases (EC 1.10.3.2) are classified as enzymes called multicopper oxidases. Other 

enzymes belonging to this superfamily are: ferroxidases, ascorbate oxidases, and nitrite 

reductases. The existence of laccase was first demonstrated in 1883 by Yoshida (90) in 

the Japanese lacquer tree (Rhus vernicifera). Later this enzyme was also found in other 

plants (e.g., Pinus taeda (91), Populus euramericana (92)), various fungi 

(e.g., Trametes versicolor (93), Pycnoporus cinnabarinus (94)), and microorganisms 

(e.g., Azospirillum lipoferum (95), Bacillus subtilis (96), Streptomyces griseus (97)). 
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In plants, laccases (together with lignin and manganese peroxidases) play a key role in 

the lignification process (98). The most important function of laccases in fungi is lignin 

degradation. Furthermore, they are involved in morphogenesis, pigment formation, 

stress defense, and fungal plant-pathogen/host interaction (99, 100). In bacteria, laccases 

participate in the oxidation of phenolic compounds, sporulation, pigmentation, and Cu
2+

 

resistance (101). 

Laccases catalyze the single-electron oxidation of a wide range of substrates (e.g., di-, 

polyphenols, polyamines, certain inorganic compounds) with the simultaneous 

reduction of molecular oxygen to water (102). A laccase molecule usually contains four 

copper atoms, bound to three redox sites classified as type 1, 2, and 3 (with 2 Cu 

atoms). The copper coordinating residues are highly conserved. Figure 2 shows a 

typical arrangement of copper sites in laccases. The T1 copper atom is bound by two 

histidine residues and one cysteine residue. The T1 site is also called “blue”, due to a 

strong absorption band at the wavelength of 600 nm. The T2 copper is coordinated by 

two histidine residues, while each T3 Cu has three histidine residues as ligands. T2 and 

T3 Cu form a trinuclear cluster, situated approximately 12 Å from T1 copper (103, 

104). The reaction catalyzed by laccase starts with the oxidation of the substrate at a 

mononuclear copper center T1. Electrons are then transferred internally to the trinuclear 

copper center T2/T3, where dioxygen is reduced by four electrons, resulting in two 

water molecules (105). 

 

 

Fig. 2: Scheme of T1 and T2/T3 copper sites of laccase (modified after (103)). 
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Laccases are enzymes used frequently in industry and biotechnological processes, with 

some advantages over other enzymes. Laccase catalyzes the oxidation of various 

organic compounds without requiring or producing peroxides; only the presence of 

molecular oxygen is obligatory. The ability to produce a free radical from a suitable 

substrate was decisive for its wide spectrum of applications. The radical can further 

undergo laccase-catalyzed oxidation or non-enzymatic reactions, like hydration or 

polymerization (105). 

The ability of laccases to break down ligno-cellulose found application in the pulp and 

paper industry. It is an environmentally friendly alternative to the traditional 

delignification of wood pulp using chlorine-based bleaching agents (106). Laccases are 

also used in the textile industry for decolorization of dyes. The removal of dyes from 

industrial effluents became a problem of high concern. Dyes are very diverse in 

chemical composition and resistant to fading. Existing decolorization processes are 

ineffective; therefore, employing laccase can be beneficial. Degradation ability of 

currently used textile dyes, also synthetic ones, has already been reported (107, 108). 

Additionally, laccases are used to bleach textiles, especially in denim finishing. The first 

commercial laccase preparation DeniLite
®
 was made by Novozymes in 1996 

particularly for this purpose. 

Another field where laccase found application is the food industry. Laccases are used in 

the production process of wine, beer, fruit juices, and other beverages to remove 

phenolics, which are responsible for browning, haze formation, turbidity, and taste 

changes. Furthermore, usage of laccase stabilizes those beverages (109). Due to the 

ability to cross-link biopolymers, laccases can be applied in the baking industry to 

modify the rheological properties of wheat doughs (110). Additionally, laccase-based 

biosensors for the detection of O2 (111) or phenolic compounds (112, 113) can be 

applied in the food industry. 

Biosensors with laccases are implemented also in other fields (105, 114). In medicine 

and pharmacy they enable for example the detection of catecholamines (115, 116) or the 

distinction between morphine and codeine (117). They can be also used to analyze 

environmental samples for the presence of phenolic compounds (118, 119). 

Laccases are becoming enzymes of high importance in organic synthesis. They can help 

to overcome drawbacks of the chemical industry, like complicated multi-step reactions, 

high cost of chemicals, and toxicity of reagents (120). Due to their broad substrate range 

and the conversion of substrates to unstable free radicals, which may undergo further 
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non-enzymatic reactions, they can be very useful in the chemical industry for the 

production of complex polymers with specific mechanical, electrical, or optical 

properties as well as medical agents, like anti-cancer drugs actinocin and vinblastine 

(120–123). 

The ability of laccase to transform or degrade a number of organic compounds found a 

use in bioremediation of soil and wastewater. Reactive radicals formed during substrate 

oxidation are spontaneously polymerizing, forming insoluble complexes, which can be 

mechanically removed, for example by filtration or precipitation (124). Numerous 

xenobiotics, including phenols (125–128), polycyclic aromatic hydrocarbons (129, 

130), aromatic amines (127), and endocrine-disrupting chemicals (131–133) can be 

oxidized by laccase. The potential of laccase can be especially useful in the treatment of 

highly polluted industrial wastewaters from paper (134, 135), dye (107, 136), or 

distillery industry (137, 138) as well as olive oil production (139, 140), where 

conventional processes are ineffective or cost intensive. 

Municipal wastewaters are also polluted with numerous organic chemicals. Due to the 

usage of detergents, pesticides, personal care products and pharmaceuticals, organic 

chemicals like bisphenol A, naphthalene, phthalates, estrogens, and antibiotics are 

released to municipal sewage and can enter the natural environment in sewage sludge 

(48, 141). The occurrence of pharmaceuticals in the environment became a problem of 

high concern. Enzymatic treatment of wastewater with laccase is an alternative for 

conventional processes used in WWTPs. Since substrates with a phenolic structure are 

preferably utilized by laccases, cooperation with enzymes introducing a hydroxyl group 

to other molecules can be beneficial. 

1.4. Cytochromes P450 

Cytochromes P450 (CYP450s) are heme-containing proteins. They are one of the 

largest superfamilies of enzyme proteins. Cytochromes P450 derive their name from the 

characteristic spectrophotometric peak with the absorption maximum at 450 nm that 

results from binding of carbon monoxide to their ferrous heme iron. They were 

identified in all living kingdoms. Prokaryotic CYP450s are soluble cytoplasmic 

proteins, whereas eukaryotic CYP450s are bound to membranes with an N-terminal 

transmembrane helix anchor. In most cases, they are attached to the endoplasmic 

reticulum (ER) membrane. However, they can be also associated with the inner 

membrane of mitochondria (142). 
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Although cytochromes P450 amino acid sequences are very diverse, they share a 

conserved structural fold. Generally, the secondary structure of CYP450 consists of 

four β-sheets (named 1–4) and approximately 13 α-helices (A-L, including J’). The 

most conserved structure is found in the core of the protein around the heme and is 

formed of a four-helix bundle composed of helices D, E, I, and L; helices J and K; two 

sets of β-sheets and a coil termed the “meander”. These regions include three 

characteristic consensus sequences for CYP450s. First and most important is the 

sequence Phe-X-X-Gly-X-Arg-X-Cys-X-Gly in the heme binding loop in helix L. It is 

located on the proximal face of the heme and contains the absolutely conserved cysteine 

that is the fifth ligand of the heme iron. The second conserved motif is Glu-X-X-Arg in 

helix K, probably involved in stabilization of the core structure. The third sequence 

Ala/Gly-Gly-X-Asp/Glu-Thr-Thr/Ser with a highly conserved Thr is located in the 

central part of helix I. β-sheets are involved in the formation of a hydrophobic substrate 

access channel. Other regions are more variable and related to substrate recognition and 

binding. In case of membrane-bound proteins they are also participating in anchoring 

and targeting of the protein. Due to the high variability of amino acid sequences within 

substrate recognition sites, different CYP450s can bind diverse substrate types and 

catalyze plenty of reactions (142–144). 

The most common reaction catalyzed by cytochromes P450 is a monooxygenase 

reaction. In this reaction one atom of oxygen from the molecular oxygen (O2) is inserted 

into the aliphatic position of an organic substrate (RH) bound to the CYP450 active site, 

forming a hydroxylated product (ROH). The second oxygen atom is reduced to water. 

Electrons required for the reduction of the ferric heme iron and enabling O2 binding to 

ferrous heme are generally received from NAD(P)H via electron transfer proteins. 

𝑅𝐻 + 𝑁𝐴𝐷(𝑃)𝐻 +  𝐻+ + 𝑂2 → 𝑅𝑂𝐻 + 𝑁𝐴𝐷(𝑃)+ + 𝐻2𝑂 

Eukaryotic CYP450s bound to the endoplasmic reticulum (microsomal CYP450s) use 

cytochrome P450 reductase (CPR) for electron transfer, while mitochondrial CYP450s 

employ an adrenodoxin and adrenodoxin reductase. Most of the prokaryotic CYP450s 

use a ferredoxin and ferredoxin reductase system as a partner for electron delivery (145, 

146). 

Beside C-hydroxylation, cytochromes P450 catalyze reactions like heteroatom 

oxygenation, heteroatom dealkylation, alkane and arene epoxidation. Various more 

complex reactions can be performed by CYP450s, among them are: chlorine 
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oxygenation, aromatic dehalogenation, formation of diindole products, dimer formation 

via Diels–Alder reactions of products, ring coupling, and also ring formation. More 

detailed information about complex reactions catalyzed by CYP450s was reviewed by 

Isin and Guengerich (147). 

 

Fig. 3: Cytochrome P450 catalytic cycle - general scheme (modified after (148)). The cycle starts 

with binding of the substrate and transfer of one electron. Afterwards molecular oxygen is bound 

and a second electron is transferred. After two protonation steps and release of water, a reactive 

ferryl-oxo species is formed. Oxygen insertion into substrate leads to formation of a hydroxylated 

product. After product dissociation, P450 returns to the resting state. An alternative route for 

monooxygenation leads via peroxide shunt. 

The general catalytic cycle of cytochrome P450 was proposed in 1980 by White and 

Coon (148) and is shown in Fig. 3 (with later modifications). According to the authors, 

the first step of catalysis is substrate (RH) binding to the ferric CYP450 (reaction 1), 

enabling the first electron transfer (reaction 2). Subsequently, O2 is bound (reaction 3) 

and a second electron is transferred (reaction 4). Two protonation steps, heterolytic 

splitting of the oxygen-oxygen bond with generation of the putative iron-oxene species 

and the release of water molecule (reactions 5, 6, 7) result in the formation of the highly 

reactive ferryl-oxo porphyrin cation radical species known as compound I. Afterwards, 
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oxygen is inserted into the carbon-hydrogen bond of the substrate (reaction 8), forming 

a hydroxylated product (ROH), which is then released (reaction 9). The catalytic cycle 

is completed after CYP450 returns to its resting state. At a later time, an alternative 

route for monooxygenation via peroxide shunt (reaction 10) was proposed. In this 

reaction, peroxide donates the oxygen atom for substrate hydroxylation with no 

requirement for molecular oxygen or for NADPH as an electron donor (148, 149). 

 

The main role of cytochromes P450 is the metabolism of numerous endogenous and 

exogenous chemicals. One of the most fundamental functions in all organisms is 

deactivation of xenobiotics. The effect of chemical modifications related to the 

metabolism of xenobiotics is increased water solubility and thus facilitated excretion of 

the product from the organism. Plant CYP450s catabolize herbicides, insecticides, and 

some pollutants occurring in the environment (150), microbial CYP450s are able to 

metabolize herbicides as well (151). In the human body, CYP450s are major enzymes 

involved in drug metabolism, responsible for around 75% of those reactions (152). 

A second important purpose of CYP450s is their participation in diverse biosynthetic 

pathways. In plants, they are involved in the lignification process, synthesis of UV 

protectants, pigments, defense compounds and hormones as well as in the oxygenation 

of fatty acids for the synthesis of cutins (150). Fungal CYP450s are associated with 

synthesis of membrane sterols and mycotoxins, metabolism of lipid carbon sources, and 

detoxification of phytoalexins. In animals, CYP450s take part in synthesis and 

catabolism of signaling molecules and steroid hormones as well as in synthesis of 

cholesterol, metabolism of vitamin D and fatty acids. Prokaryotic CYP450s are able to 

catabolize compounds used as carbon sources and they participate also in fatty acid 

metabolism and biosynthesis of antibiotics (142). 

The broad substrate range and the ability to perform diverse reaction types make 

cytochromes P450 an enzyme group of high value for biotechnological and industrial 

use. They found application in the production of important chemicals, including 

pharmaceuticals and drug metabolites, antibiotics, steroids, and terpenes (145). 

1.5. The yeast Arxula adeninivorans  

Yeasts are eukaryotic, single-celled microorganisms, belonging to the kingdom of fungi. 

Those simply organized organisms can easily adapt to changing environmental 

conditions. The best known yeast species is baker’s yeast Saccharomyces cerevisiae. 



21 
 

However, there is also a wide group of so called non-conventional yeasts. This group 

includes species such as Kluyveromyces lactis, Pichia pastoris, Yarrowia lypolytica, 

Hansenula polymorpha, and Arxula adeninivorans. 

A. adeninivorans, also known as Blastobotrys adeninivorans, is a dimorphic, asexual 

hemiascomycete with unusual growth behavior and biochemical characteristics. It was 

first identified in 1984 in the Netherlands and designated as Trichosporon 

adeninovorans (153). Later, several additional strains were isolated from wood 

hydrolysates in Siberia (154), chopped maize silage in the Netherlands or humus-rich 

soil in South Africa (155). The complete genome of A. adeninivorans LS3 was 

sequenced in 2014 (156). A. adeninivorans strains are able to assimilate a wide range of 

substrates, including most sugars, polyalcohols, organic acids, amines, adenine and 

several other purine compounds as a sole energy and carbon source. This yeast is 

assimilating nitrate using nitrate reductase and nitrite reductase. A. adeninivorans can 

assimilate metabolic intermediates of alcohols, dialcohols, carboxylic acids, 

dicarboxylic acids, etc. It degrades also a number of phenols, hydroxybenzoates and 

tannic acid. A. adeninivorans strains share some special features like thermotolerance 

and temperature-dependent dimorphism, xerotolerance as well as osmotolerance, which 

have a significant influence on the biotechnological application of this yeast. It has been 

shown that A. adeninivorans LS3 is able to grow at temperatures up to 48 °C, without 

previous adaptation. Furthermore, it survives few hours at temperature of 55 °C. 

Increase of temperature leads to transition from yeast cells to mycelia. The 

morphological change starts at 42 °C by formation of pseudomycelia and goes on until 

45 °C, when mycelia are built. This temperature-dependent dimorphism is reversible 

(157). Another interesting feature of A. adeninivorans is its osmotolerance. This yeast is 

able to grow at osmolarities up to 3.32 osmol kg
−1

 H2O. Furthermore, addition of NaCl 

in concentrations below 3.4 M has only limited influence on the growth behavior (158). 

 

A. adeninivorans is successfully used as a host for heterologous gene expression. 

Suitable expression and transformation platforms have been developed for research and 

biotechnological applications. Using these platforms, A. adeninivorans can be easily 

deployed as host for the production of recombinant proteins or valuable metabolites. 

Recently, successful expression of alcohol dehydrogenase genes (ADH) from 

Rhodococcus ruber and Rhodococcus erythropolis has been reported, enabling 

A. adeninivorans to be used as biocatalyst for the synthesis of enantiomerically pure 
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alcohols for the chemical industry (159, 160). A metabolic engineering approach of 

integration of gene pathways from either Ralstonia eutropha or Clostridium 

acetobutylicum and Cupriavidus necator lead to efficient production of 

polyhydroxyalkanoates, which can be used for the production of biobased 

biodegradable plastics (161–163). 

A. adeninivorans is not only an attractive platform for gene expression, it also serves as 

a gene donor for the production of enzymes with remarkable biotechnological 

applications. For example, lately a tannase gene was isolated and the respective 

extracellular enzyme was characterized. The secreted protein was accumulated to an 

extent, allowing its use in industrial application. This enzyme is of high value for the 

pharmaceutical industry (gallic acid production) as well as for food and beverage 

processing (164, 165). Recently, three genes encoding cutinases were identified and 

isolated. Enzymes were biochemically characterized and produced in amounts sufficient 

for industrial usage. Cutinases show great potential in plastics degradation, 

transesterification and esterification (166). 

Additionally, A. adeninivorans found application as a component in biosensors. Sensors 

detecting hormones (e.g., estrogen, progesterone, androgens, glucocorticoids), 

pharmaceuticals, and dioxin were developed and some of them are already 

commercially available for routine testing (167). 

 

Three genes (ARAD1A02948g, ARAD1A03542g, ARAD1D05148g) encoding 

multicopper oxidases were identified in the genome of A. adeninivorans. However, 

none of them was assigned as laccase. They belong to the group of ferro-O2-

oxidoreductases, which are required for high affinity iron uptake. These enzymes are 

also involved in mediating resistance to copper ion toxicity. 

Seven genes encoding cytochrome P450 enzymes were found in the A. adeninivorans 

genome. Most of them belong to the n-alkane inducible family CYP52. This family of 

proteins participates in the conversion of n-alkanes and fatty acids to their 

corresponding aliphatic dicarboxylic acids. Cytochromes classified to family CYP52 

have been found in several other n-alkane-assimilating yeasts such as Candida maltosa, 

Candida tropicalis, and Yarrowia lipolytica (168–170). Moreover, a gene encoding 

phenylacetate 2-hydroxylase was identified in A. adeninivorans. This enzyme also 

belongs to the superfamily of CYP450 and enables usage of phenylacetate as a carbon 

source by hydroxylation to 2-hydroxyphenylacetate. 
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1.6. Aim of the work 

Environmental pollution with medicinal products is a rising problem. Increasing 

consumption together with improper disposal and inefficiency of wastewater treatment 

plants to degrade these products result in an escalating contamination of the world’s 

water system. 

Conventional processes applied in WWTPs to remove micropollutants as well as new 

advanced technologies are not sufficient. An enzymatic approach could tackle this 

problem. In this study, laccase and cytochrome P450 — enzymes of high 

biotechnological and industrial application potential were investigated as a tool for 

effective elimination of pharmaceuticals from wastewater. 

The yeast A. adeninivorans was used as gene donor as well as host for heterologous 

gene expression, with the overall aim to exploit this organism as a whole-cell 

biocatalyst containing the activities of laccase and CYP450 for the removal of active 

pharmaceutical compounds. A proposed model of enzymatic reactions leading to 

deactivation of active pharmaceutical compounds by engineered A. adeninivorans cells 

is shown in Fig. 4. 

 

Fig. 4: General scheme of enzymatic deactivation of active pharmaceuticals by a whole-cell 

biocatalyst. In the cell, the substrate is hydroxylated by cytochrome P450. In the supernatant, after 

oxidation by laccase, radicals are formed. Under low oxygen conditions, oxidative polymerization 

prevails, leading to the formation of polyphenols which are not recognized anymore by the 

receptors. 

The basic objective of the present study was to determine properties of laccase – an 

enzyme crucial for the proposed deactivation process. For this purpose, a well-

established A. adeninivorans transformation platform was used for heterologous gene 

expression of fungal laccases. Genes were isolated from Pycnoporus cinnabarinus and 
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Trametes versicolor and expressed in the host yeast. In this study, the produced 

recombinant enzymes were biochemically characterized, including parameters like 

temperature and pH optimum, temperature and pH stability, or influence of metal ions. 

Prior to industrial application, it is necessary to maximize the enzyme production. For 

this purpose, cultivation conditions, in particular media composition, copper 

concentration, and temperature were optimized. The objective of this part of research 

was also to determine the influence of the choice of promoter on protein accumulation 

level. One aspect of this investigation was to study the impact of selected signal 

peptides as well as co-expression with copper transporters. 

 

The second part of the work presented here focuses on the synthesis of cytochrome 

P450. A. adeninivorans served as a gene donor. Selected genes were homologously 

expressed. The isolation of the corresponding membrane bound proteins and their 

biochemical characterization were the next goals. 

 

In this study, the degradation of three pharmaceutical compounds widely detected in 

water systems — carbamazepine, diclofenac, and sulfamethoxazole has been 

investigated. Additionally, the influence of laccase-mediator systems on degradation 

efficiency was determined. 
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2. MATERIALS AND METHODS 

2.1. Media and cultivation methods 

2.1.1. Cultivation media 

YMM-NO3
-
 YMM-NH4

+
 

NaNO3 43.5 mmol L
1
 NH4H2PO4 43.5 mmol L

-1
 

K2HPO4 49.6 mmol L
-1

 K2HPO4 12.9 mmol L
-1

 

KH2PO4 10.0 mmol L
-1

 KH2PO4 10.0 mmol L
-1

 

MgSO4·7H2O 4.1 mmol L
-1

 MgSO4·7H2O 4.1 mmol L
-1

 

Trace elements 0.1 % (v/v) Trace elements 0.1 % (v/v) 

Ca(NO3)2·4H2O  

(20 g L
-1 

stock) 

84.7 µmol L
-1

 Ca(NO3)2·4H2O  

(20 g L
-1 

stock) 

84.7 µmol L
-1

 

FeCl3·6H2O  

(2 g L
-1

 stock) 

7.4 µmol L
-1

 FeCl3·6H2O  

(2 g L
-1

 stock) 

7.4 µmol L
-1

 

 

Trace elements Vitamin mix 

H3BO3 8.1 mmol L
-1

 Biotin 16.4 µmol L
-1

 

CuSO4·5H2O 0.4 mmol L
-1

 Calcium-D-pantothenate 1.7 mmol L
-1

 

KI 0.6 mmol L
-1

 Inositol 22.2 mmol L
-1

 

MnSO4·4H2O 1.8 mmol L
-1

 Nicotinic acid 0.8 mmol L
-1

 

ZnSO4·7H2O 1.4 mmol L
-1

 Pyridoxine 2.4 mmol L
-1

 

Na2MoO4·2H2O 0.8 mmol L
-1

 Thiamine dichloride 1.2 mmol L
-1

 

CoCl2·6H2O 0.4 mmol L
-1

    

 

YPD LB medium 

Peptone 20.0 g L
-1

 Bacto-Tryptone 10.0 g L
-1

 

Yeast extract 10.0 g L
-1

 Yeast extract 5.0 g L
-1

 

Glucose 20.0 g L
-1

 NaCl 10.0 g L
-1

 

 

SOC medium 

Tryptone 20.0 g L
-1

 

Yeast extract 5.0 g L
-1

 

MgSO4 2.4 g L
-1

 

NaCl 0.5 g L
-1

 

KCl 0.186 g L
-1

 

Glucose
 

(add after 

autoclaving) 

20.0 g L
-1
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2.1.2. Cultivation of E. coli XL1-Blue 

Escherichia coli strain XL1-Blue MRF’ Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 

supE44 thi-1 recA1 gyrA96 relA1 lac [F′ proAB lacI
q
ZΔM15 Tn10 (Tet

r
)], obtained 

from Invitrogen (USA), was grown at 37 °C in lysogeny broth (LB) medium 

supplemented with kanamycin (50 mg L
-1

) for selection. For cultivation on solid 

medium, 1.6% (w/v) agar (Sigma-Aldrich, Germany) was added to liquid LB medium. 

2.1.3. Cultivation of A. adeninivorans 

A. adeninivorans LS3 was obtained from the strain collection of the Department of 

Biology of the University of Greifswald (deposited there as A. adeninivorans SBUG 

724). Cultivation of A. adeninivorans was performed at 30 °C in complex medium 

(YPD) or yeast minimal medium (YMM) with nitrate (NO3
-
) or ammonium (NH4

+
) as 

N-source. As C-source 2% (w/v) glucose was added to minimal medium. Additionally, 

the medium was supplemented with 0.5% (v/v) vitamin mix. Cultures were cultivated at 

30 °C (if not specified otherwise). 

For cultivation of strains expressing a laccase gene, the medium was supplemented with 

0.4 mM CuSO4 (unless otherwise stated). 

Selection of laccase producing yeast was performed by preparation of YMM agar plates 

containing 0.5 mM CuSO4 and either 0.2 mM ABTS or 0.01% guaiacol as substrate. 

2.1.4. Cultivation of white-rot fungi 

Fungi Trametes versicolor and Pycnoporus cinnabarinus, which were obtained from the 

strain collection of the Department of Biology of the University of Greifswald and are 

listed there as SBUG-M1050 and SBUG-M1044, respectively were grown at 30 °C for 

17 days on straw to induce laccase production. 

2.1.5. Dry cell weight (DCW) measurement 

Samples prepared for estimation of dry cell weight were centrifuged to separate cells 

from supernatant. From Erlenmeyer flask cultures 5 mL and from fermentation 50 mL 

samples were taken. The cell pellet was washed with distilled water and frozen in liquid 

nitrogen. Subsequently, cells were lyophilized and balanced. 
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2.1.6. Optical density (OD600) measurement 

The optical density of cell suspensions was measured spectrophotometrically at 600 nm 

in Tecan Infinite M200 Microplate Reader (Tecan, Switzerland). Prior to measurement 

samples were suitably diluted, so that absorption values were between 0.1 and 0.5. 

2.1.7. Glucose concentration measurement 

Glucose concentration was measured in the supernatant from samples taken during 

yeast cultivation. A method for determination of reducing sugars with 3,5-

dinitrosalicylic acid (DNS) (171) was applied. A suitably diluted sample (100 μL) was 

mixed with 100 μL of DNS and incubated in a steam heater for 10 min at 95 °C. 

Subsequently, appearance of red product was measured spectrophotometrically at 

530 nm versus reference at 600 nm using Tecan Infinite M200 Microplate Reader 

(Tecan, Switzerland). Quantification was performed with usage of standard curve 

prepared for glucose. 

2.1.8. Fed-batch fermentation of A. adeninivorans 

Fed-batch cultivation of A. adeninivorans was carried out in a 5 L BIOSTAT Bplus 

TWIN reactor (Sartorius, Germany) with a starting volume of 3 L fermentation medium 

(ingredients listed below). Additionally, the medium was supplemented with 0.4 mM 

CuSO4. The feeding was controlled by cell growth, using BioPAT
®
MFCS/win 3.0, 

custom made S88 protocol (Sartorius, Germany). The stirrer speed was used as an 

indirect indicator for growth via oxygen uptake. The feeding was initiated after stirrer 

speed was getting below 800 rpm each cycle. Feeding stocks (feed 1 and 2) were 

supplemented with CuSO4 to a final concentration of 0.4 mM. The C:N-ratio was kept 

constant during the whole feeding procedure. Fermentation was carried out at 30 °C, pH 

was maintained at 6.0 using 10% NaOH and 10% H2SO4 solutions. To prevent foam 

formation during the process, Struktol SB 2071 (Schill+Seilacher, Germany) was 

applied. 
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Fermentation medium 

Glucose·H2O 0.2 mol L
-1

 

Peptone  40.0 g L
-1

 

Yeast extract 20.0 g L
-1

 

NH4H2PO4 86.9 mmol L
-1

 

K2HPO4 20.1 mmol L
-1

 

KH2PO4 25.7 mmol L
-1

 

MgSO4·7H2O 8.1 mmol L
-1

 

Trace elements 0.1 % (v/v) 

Ca(NO3)2·4H2O (20 g L
-1 

stock) 84.7 µmol L
-1

 

FeCl3·6H2O (2 g L
-1

 stock) 7.4 µmol L
-1

 

 

Feed 1 

Glucose 50 % (w/v) 

Feed 2 

NH4H2PO4 1.4 mol L
-1

 

MgSO4·7H2O 0.2 mol L
-1

 

Trace elements 6.0 % (v/v) 

Ca(NO3)2·4H2O (20 g L
-1 

stock) 5.1 µmol L
-1

 

FeCl3·6H2O (2 g L
-1

 stock) 0.4 µmol L
-1

 

 

2.2. Molecular biology techniques 

2.2.1. Primers, plasmids, and cloning strategies 

All cloning procedures carried out in this work were performed exploiting Gibson 

Assembly. PCR primers were designed based on the gene sequences taken from NCBI 

GenBank database (172–174) and European Nucleotide Archive (156) with overlapping 

regions, like recommended in the manufacturer’s protocol. Laccase genes with native 

secretion signals are stored in GenBank database under following accession numbers: 

U44430.2, AF170093.1, U44851.1, U44431.1. Cytochrome P450 genes stored in 

European Nucleotide Archive can be found under accession numbers: CDP35564.1, 

CDP38837.1, CDP38836.1, CDP38919.1, CDP38506.1. Table 5 details primer 

sequences used for amplification and respective constructed plasmids. Amplified 

sequences of interest were fused with restriction enzyme linearized plasmid by 

incubation with Gibson Assembly MasterMix (New England Biolabs, Germany). The 

assembly product was transferred into E. coli XL1-Blue competent cells. After plasmid 

isolation, the correct insertion of gene of interest was proved by PCR or digestion with 

restriction enzymes. Subsequently, the plasmid was linearized with AscI to obtain a 

fragment flanked with 25S rDNA (yeast rDNA integrative cassette — YRC) for 
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homologous recombination or with SbfI to create a yeast integrative cassette — YIC for 

non-homologous recombination. Generated cassettes were used for transformation with 

an appropriate A. adeninivorans strain. 

Tab. 5: Primer sequences used for amplification of laccase and CYP450 genes via PCR. 

Gene Primer sequence (5‘ → 3‘)
a,b

 → Plasmid 

TVLAC TAAAAACATAATCAACATTAATATGGGTCT

GCAGCGATTCAG 

TAATGAGTAGTGTTCCTTAATTCACTGGTTA

GCCTCGC 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGCTGGTTAGCCTCGC 

fwd 

 

rev 

 

rev 

Xplor3.2-TEF1- 

TVLAC(-6H) 

PCLAC TAAAAACATAATCAACATTAATATGTCGAG

GTTCCAGTC 

TAATGAGTAGTGTTCCTTAATTCAGAGGTC

GCTGGGGTCAAGTG 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGGAGGTCGCTGGGGTCAA

GTG 

fwd 

 

rev 

 

rev 

Xplor3.2-TEF1- 

PCLAC(-6H) 

TVLCC2 TAAAAACATAATCAACATTAATATGGGTCT

GCAGCGATTC 

TAATGAGTAGTGTTCCTTAATTCATTGGTTT

GCCTCG 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGTTGGTTTGCCTCG 

fwd 

 

rev 

 

rev 

Xplor3.2-TEF1- 

TVLCC2(-6H) 

TVLCC5 TAAAAACATAATCAACATTAATATGGGCAA

GTTTCACTC 

TAATGAGTAGTGTTCCTTAATTCAGAGGTC

GGACGAG 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGGAGGTCGGACGAG 

fwd 

 

rev 

 

rev 

Xplor3.2-TEF1- 

TVLCC5(-6H) 

AACYP52A12 

(ARAD1C38434g) 

TAAAAACATAATCAACATTAATATGCCGAA

GATCGATAGTC 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGAGTTATACAAACTG 

fwd 

 

rev 

Xplor3.2-TEF1- 

AACYP52A12 

(-6H) 

AACYP52A12_2 

(ARAD1D43780g) 

TAAAAACATAATCAACATTAATATGCTGGA

AACTGTCAC 

TAATGAGTAGTGTTCCTTAATTTAGTGGTG

GTGATGATGGTGGGCAGGTTCAAACCAC 

fwd 

 

rev 

Xplor3.2-TEF1- 

AACYP52A12_2 

(-6H) 

AACYP52A17 

(ARAD1D43758g) 

TAAAAACATAATCAACATTAATATGTTGGA

TCAATTGC 

TAATGAGTAGTGTTCCTTAATTCAGTGGTG

GTGATGATGGTGAGAGGCCTGAACAG 

fwd 

 

rev 

Xplor3.2-TEF1- 

AACYP52A17 

(-6H) 

AANAH 

(ARAD1D45628g) 

TAAAAACATAATCAACATTAATATGGTGGC

TATTCCCGAATC 

TAATGAGTAGTGTTCCTTAATCTAGTGGTG

GTGATGATGGTGAGCAGGAATAAAC 

fwd 

 

rev 

Xplor3.2-TEF1- 

AANAH(-6H) 

AAPAH 

(ARAD1D36190g) 

TAAAAACATAATCAACATTAATATGATTAT

TGCCATCG 

TAATGAGTAGTGTTCCTTAATTTAGTGGTG

GTGATGATGGTGTGCACGATTAGCTAG 

fwd 

 

rev 

Xplor3.2-TEF1- 

AAPAH(-6H) 

a
 6×His-tag encoding sequences are in bold. 

b 
Overlapping sequences for Gibson Assembly are underlined. 
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The auxotrophic mutant A. adeninivorans G1212 (aleu2 atrp1::ALEU2) and double 

auxotrophic mutant MS1006 (aleu2 atrp1::ALEU2 aade2::ALEU2) were used as the 

recipient strains. 

Plasmids originating in a modified Xplor
®

2 expression system (175) were used in the 

present work. The previously described plasmid Xplor3 (167) containing two 

expression cassettes, the first with the A. adeninivorans-derived strong constitutive 

TEF1 promoter and the S. cerevisiae-derived PHO5 terminator, the second with the 

TIF5a promoter and the 60SRPL3 terminator, was of high use in this work. Using this 

vector, genes can be integrated by linearization with PacI (TEF1/PHO5) and SpeI 

(TIF5/60SRPL3), respectively. Two versions of Xplor3 were used, Xplor3.1 with 

adenine (AADE2) and Xplor3.2 with tryptophan (ATRP1) selection marker. Xplor4.2 

was constructed on base of Xplor3.2 to generate a third expression cassette with the 

Arxula cutinase 2 (ACUT2) promoter and the PHO5 terminator, here gene integration is 

possible after linearization with NotI. Plasmids used for the construction of new 

A. adeninivorans strains are illustrated in Fig. 5. 

 

Fig. 5: Maps of plasmids used for molecular cloning. 
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For construction of the A. adeninivorans strain expressing human CYP2C9, a gene 

synthesized by Eurofins (Germany) with codon optimization for the host yeast was 

employed. Subsequently, the gene was cloned into the plasmid Xplor3.2 linearized with 

PacI and used for transformation of the A. adeninivorans G1212 strain. 

 

To check the influence of the signal peptide on laccase expression, the native signal 

sequence was replaced by sequences of ACUT2, MFα, and PHO1 secretion signals. For 

this purpose, signal peptide sequences were amplified via PCR (primers shown in 

Tab. 6) and fused with the TVLCC5 gene without its own signal peptide. Constructs 

were inserted into the Xplor3.2 plasmid and used for transformation of A. adeninivorans 

G1212. 

Tab. 6: Primer sequences used for amplification of the TVLCC5 gene with replaced signal peptide 

sequence. 

Fragment Primer sequence (5‘ → 3‘)
a,b

 → Plasmid 

ACUT2secr TAAAAACATAATCAACATTAAT

ATGAAGGCCAATCTGATTC 

CTCCAGGGGGGCAGCAGAGA 

fwd 

 

rev 

Xplor3.2-TEF1-

ACUT2secrTVLCC5-6H 
(ACUT2secr)TVLCC5 TCTCTGCTGCCCCCCTGGAGATT

GGGCCCGTCACCGAC 

TAATGAGTAGTGTTCCTTAATTC

AGTGGTGGTGATGATGGTGG

AGGTCGGACGAG 

fwd 

 

rev 

MFαsecr TAAAAACATAATCAACATTAAT

ATGAGATTTCCTTCAATTTTTAC 

TACGTAAGCTTCAGCCTCTC 

fwd 

 

rev 

Xplor3.2-TEF1-

MFαsecrTVLCC5-6H 
(MFαsecr)TVLCC5 GAGAGGCTGAAGCTTACGTAAT

TGGGCCCGTCACCGAC 

TAATGAGTAGTGTTCCTTAATTC

AGTGGTGGTGATGATGGTGG

AGGTCGGACGAG 

fwd 

 

rev 

PHO1secr TAAAAACATAATCAACATTAAT

ATGTTCTCTCCAATTTTGTC 

GAATTCTCGAGCGAAGACAG 

fwd 

 

rev 

Xplor3.2-TEF1-

PHO1secrTVLCC5-6H 
(PHO1secr)TVLCC5 CTGTCTTCGCTCGAGAATTCATT

GGGCCCGTCACCGAC 

TAATGAGTAGTGTTCCTTAATTC

AGTGGTGGTGATGATGGTGG

AGGTCGGACGAG 

fwd 

 

rev 

a
 6×His-tag encoding sequences are in bold. 

b 
Overlapping sequences for Gibson Assembly are underlined. 

 

The double auxotrophic mutant A. adeninivorans MS1006 was used to construct strains 

co-expressing TVLCC5 and copper transporter genes. The Xplor4.2 plasmid was 

employed for overexpression of three copies of the TVLCC5 gene. Primers designed for 
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amplification of all needed genes are shown in Tab. 7. Information about all constructed 

strains is summarized in Tab. 8. 

Tab. 7: Primer sequences used for co-expression of TVLCC5. 

Gene Primer sequence (5‘ → 3‘)
a,b

 → 

TVLCC5_PacI TAAAAACATAATCAACATTAATATGGGCAAGTTTCACTC 

TAATGAGTAGTGTTCCTTAATTCAGTGGTGGTGATGATGGTGGAGG

TCGGACGAG 

fwd 

rev 

TVLCC5_SpeI GATAGAAATCAACTAAAAAAAAATGGGCAAGTTTCACTC 

AGTTTACATGCTTACTATTAAATCAGTGGTGGTGATGATGGTGGAG

GTCGGACGAG 

fwd 

rev 

TVLCC5_NotI GCTACATCAATTCATCGCATGGGCAAGTTTCACTC 

GTAATGAGTAGTGTTCCGCTCAGTGGTGGTGATGATGGTGGAGGTC

GGACGAG 

fwd 

rev 

SCCCC2_SpeI GATAGAAATCAACTAAAAAAAAATGAGAGAAGTGATAC 

AGTTTACATGCTTACTATTAAATTACAAGACTTCTTCG 

fwd 

rev 

AACTR2_PacI TAAAAACATAATCAACATTAATATGGAAGATACCTCGCACTG 

TAATGAGTAGTGTTCCTTAATTCAATGGCACGACATGG 

fwd 

rev 

AACTR3_SpeI GATAGAAATCAACTAAAAAAAAATGGATATGGACATGTCTTCAATG 

AGTTTACATGCTTACTATTAAATTAGCAGCAACCCGATTCC 

fwd 

rev 
a
 6×His-tag encoding sequences are in bold. 

b 
Overlapping sequences for Gibson Assembly are underlined. 

 

Tab. 8: List of strains co-expressing TVLCC5 and copper transporter genes. 

Genes Plasmids Strain 

TVLCC5_PacI Xplor3.2-TEF1-TVLCC5-6H G1212/YRC102-TEF1-TVLCC5-6H 

TVLCC5_PacI  

TVLCC5_SpeI  

TVLCC5_NotI 

Xplor4.2-TEF1-TVLCC5-6H-

TIF5-TVLCC5-6H-ACut2-

TVLCC5-6H 

G1212/YRC102- TEF1-TVLCC5-6H-

TIF5-TVLCC5-6H-ACut2-TVLCC5-6H 

TVLCC5_PacI 

SCCCC2_SpeI 

Xplor3.2-TEF1-TVLCC5-6H 

Xplor3.1-TIF5-SCCCC2 

MS1006/YRC102-TEF1-TVLCC5-6H-

YRC104-TIF5-SCCCC2 

TVLCC5_PacI 

AACTR3_SpeI 

Xplor3.2-TEF1-TVLCC5-6H 

Xplor3.1-TIF5-AACTR3 

MS1006/YRC102-TEF1-TVLCC5-6H-

YRC104-TIF5-AACTR3 

TVLCC5_PacI 

AACTR2_PacI  

AACTR3_SpeI 

Xplor3.2-TEF1-TVLCC5-6H MS1006/YRC102-TEF1-TVLCC5-6H-

YRC104-TEF1-AACTR2-TIF5-

AACTR3 

Xplor3.1-TEF1-AACTR2-

TIF5-AACTR3 

 

To construct strains with the TVLCC5 gene expressed under control of various 

A. adeninivorans-derived promoters, sequences of chosen promoters, TVLCC5 gene and 

PHO5 terminator were amplified via PCR. Used primers are shown in Tab. 9. 

Fragments were fused with the Xplor
®
2.2 plasmid linearized with SacII and SpeI 

restriction enzymes in presence of Gibson Assembly MasterMix. Promoters are named 

after annotated gene IDs. 
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Tab. 9: Primer sequences used for amplification of A. adeninivorans promoters via PCR. 

 Target sequence Primer sequence (5‘ → 3‘)
a,b

 → 

A ARAD1A01408g GAACCTGCAGGCCGCTAATAGTGCGGGGGTACAC 

GTGAAACTTGCCCATTCTGAATTAGTCTCTTAGTTCAAAG 

fwd 

rev 

B ARAD1B01760g GAACCTGCAGGCCGCTGATGACAACAATTGCGTG 

GTGAAACTTGCCCATTGTTTTTTGACAAAAAAGATACAC 

fwd 

rev 

C ARAD1A03058g GAACCTGCAGGCCGCCTACAATTAGCTTTGCATGG 

GTGAAACTTGCCCATGGGGAAATCCAGGCAC 

fwd 

rev 

D ARAD1D03960g GAACCTGCAGGCCGCGGCTTGCCATCTTGGC 

GTGAAACTTGCCCATGATATACTGTTCAACCTTTGGAGG 

fwd 

rev 

E ARAD1A04928g GAACCTGCAGGCCGCCAGCACAGACATGGAACG 

GTGAAACTTGCCCATTATTAGTGGTAGTGACAAGAGAGA

G 

fwd 

rev 

F ARAD1C05566g GAACCTGCAGGCCGCCGCAGAGCAGGACGGATAG 

GTGAAACTTGCCCATGGTTGGCCTGATATACACG 

fwd 

rev 

G ARAD1C05698g GAACCTGCAGGCCGCCCAACCTGACTTCTGATCTC 

GTGAAACTTGCCCATTGTGTTATAGGTTGCCAATTG 

fwd 

rev 

H ARAD1A11814g GAACCTGCAGGCCGCCATTCGCAAATCTTGTGTC 

GTGAAACTTGCCCATGGCTATAGGTTCATATATTCACTC 

fwd 

rev 

I ARAD1A11836g GAACCTGCAGGCCGCGATCCAAACTAACCACACG 

GTGAAACTTGCCCATGGTTAAAAGGGAGAAGGAAGC 

fwd 

rev 

J ARAD1D12870g GAACCTGCAGGCCGCGTAGGACAAAACGAGCCCAGTC 

GTGAAACTTGCCCATGGTACCTTTTTTGTGTCAAAATTG 

fwd 

rev 

K ARAD1B14036g GAACCTGCAGGCCGCATGATGCCAATACGATAAAC 

GTGAAACTTGCCCATTGTTCAACTGTGAGTACTTTTGG 

fwd 

rev 

L ARAD1D16896g GAACCTGCAGGCCGCTTTGAGCGTTAGCAGTGCTG 

GTGAAACTTGCCCATTGTTAACAAGTTTTTATCAATTGC 

fwd 

rev 

M ARAD1C18788g GAACCTGCAGGCCGCGCATTGTGCCAGATTATAATC 

GTGAAACTTGCCCATTATATAGGCTAGTAGCAAGAGTGA

AA 

fwd 

rev 

N ARAD1C23892g GAACCTGCAGGCCGCTGTAGTGGGCACTCCCGTTC 

GTGAAACTTGCCCATGTCTAATGGTGAGAGCTGGAC 

fwd 

rev 

O ARAD1D32340g GAACCTGCAGGCCGCCTTTACAATTGCATGATTCG 

GTGAAACTTGCCCATTGTGATATTTTTCTGTCTTCTTG 

fwd 

rev 

P ARAD1C38940g GAACCTGCAGGCCGCCATTCAATCTAATCGGGTCTAG 

GTGAAACTTGCCCATTTTTAGCAATTGAATGAGTTG 

fwd 

rev 

Q ARAD1D41822g GAACCTGCAGGCCGCTGTTTCTGCCCACGGTCAC 

GTGAAACTTGCCCATTTAAGAGAAAGCGAGTGAAAG 

fwd 

rev 

TVLCC5 ATGGGCAAGTTTCACTC 

TCAGTGGTGGTGATGATGGTGGAGGTCGGACGAG 

fwd 

rev 

PHO5term CATCACCACCACTGAGGAACACTACTCATTACAAC 

AGCCCGGGGGATCCAATTTTAATCTTTCGGCAAAATTTAG 

fwd 

rev 
a
 6×His-tag encoding sequences are in bold. 

b 
Overlapping sequences for Gibson Assembly are underlined. 

2.2.2. Polymerase chain reaction (PCR) 

Due to its high fidelity, Phusion Polymerase (New England Biolabs, Germany) was 

used for amplification of DNA fragments needed for cloning. For control PCR to check 

the length of amplicons and colony screening, DreamTaq Polymerase (Thermo Fisher 

Scientific, Germany) was applied. All reactions were performed according to the 
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manufacturer’s protocols. The thermal cycler Mastercycler ep Gradient S (Eppendorf, 

Germany) was used. 

2.2.3. Sequencing 

Sequencing of plasmid DNA was performed by an internal sequencing service (IPK 

Gatersleben, Germany). For this purpose samples containing around 200 ng DNA were 

prepared. 

2.2.4. Reverse transcription polymerase chain reaction (RT-PCR) 

RT-PCR was applied for the detection of RNA transcripts of TVLAC, TVLCC2, 

TVLCC5, and PCLAC genes. A. adeninivorans strains expressing those genes were 

cultivated in YMM-NO3
-
 supplemented with 2% (w/v) glucose, 0.5% (v/v) vitamin mix, 

and 0.4 mM CuSO4. During cultivation, cell samples were collected (0, 2, 6, 24, 30, 48, 

72, 96, and 120 h) and used for total RNA isolation (see 2.2.14). Subsequently, on the 

RNA templates cDNA was synthesized using reverse transcriptase (see 2.2.15). The 

cDNA was then used as a template for PCR, using primers (Tab. 10) amplifying 150–

220 bp fragments of a non-conserved region of each gene to exclude false positive 

signals originating from multicopper oxidase-like genes from A. adeninivorans. cDNA 

from A. adeninivorans G1212 served as negative control. As positive controls 

transcripts of the A. adeninivorans housekeeping hexokinase gene (AAHEXK) and the 

transcription initiation factor TFIID were analyzed and used to verify the integrity of the 

extracted RNA as well as to normalize the signal intensity to some extent. 

Tab. 10: Primers used for reverse transcription PCR. 

Fragment (bp) Primer sequence (5‘ → 3‘) → 

TVLCC5 (151) 
CTCCGTCATCCCTCTTAC 

GACGAAGGTCTCGTTGTT 

fwd 

rev 

TVLAC/TVLCC2 (180) 
AGTCGCCGAGCCCACTAC 

GTGAAAGTCGCGTTGTTG 

fwd 

rev 

PCLAC (184) 
ACCCGAGATCGAGCCTAC 

GACAAAGGTGTGGTCGTTG 

fwd 

rev 

AAHEXK (219) 
TTGACCGAGGTTGAGCTTCT 

TCGCTCCTTAAAGTTGGGGT 

fwd 

rev 

AATFIID (196) 
GTCACAGACTACTATTTGGCGA 

GATTGTTCATGAGCGCTCGT 

fwd 

rev 

 

2.2.5. DNA and RNA electrophoresis 

DNA and RNA electrophoreses were performed in horizontal cell systems from Bio-

Rad (Germany). Agarose gels for DNA separation contained 0.8–2% (w/v) agarose, 
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0.01% (v/v) ethidium bromide, and TBE buffer (100 mM Tris, 90 mM borate, 2.5 mM 

EDTA, pH 8.3). Prior to loading onto the gel, samples were mixed with DNA Gel 

Loading Dye (Thermo Fisher Scientific, Germany). GeneRuler 1kb Plus DNA Ladder 

(Thermo Fisher Scientific, Germany) served as molecular weight marker. For RNA 

separation, a gel containing 1% agarose, 5% formaldehyde, and MOPS buffer (0.04 M 

MOPS, 0.01 M sodium acetate, 0.001 M EDTA) was prepared. Samples were mixed 

with RNA Gel Loading Dye (Thermo Fisher Scientific, Germany) and incubated for 

10 min at 70 °C prior to loading onto the gel. 

2.2.6. Determination of nucleic acid concentrations 

Concentrations of DNA and RNA were spectrophotometrically measured and quantified 

using a NanoDrop (Thermo Fisher Scientific, Germany). Sample purity was estimated 

by calculation of 260/280 and 260/230 ratios. 

2.2.7. DNA cleavage with restriction endonucleases 

Thermo Fisher Scientific restriction endonucleases were used for DNA digestion. 

Reactions were performed according to the manufacturer’s protocol. 

2.2.8. DNA fragments’ extraction from agarose gel 

Isolation of DNA fragments from agarose gels was performed with NucleoSpin
 
Gel and 

PCR Clean-up Kit (Macherey-Nagel, Germany) according to manufacturer’s protocol. 

2.2.9. Gibson Assembly  

Gibson Assembly (New England Biolabs, Germany) reaction (176) was used for 

cloning of recombinant DNA. Overlapping primers were designed according to the 

manufacturer’s recommendation. Reactions were performed with minor changes. The 

volume of the MasterMix was reduced to the volume of DNA fragments used for 

assembly. Samples were incubated for 60 min in a thermocycler at 50 °C. 

2.2.10. Plasmid DNA isolation from E. coli 

Plasmid DNA isolation was performed with usage of P1, P2, and P3 buffers from 

Qiagen (Germany). A cell pellet from 1.5 mL culture was resuspended in 200 μL P1 

buffer containing RNase A (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 µg mL
-1

 

RNase A). Subsequently, 200 μL P2 lysis buffer (200 mM NaOH, 1% SDS) was added 

and incubated for 3 min at RT. Then 200 μL P3 neutralization buffer (3 M potassium 
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acetate pH 5.5) was added. After 20 min centrifugation at 10000 × g and 4 °C, the 

supernatant was transferred to a new reaction tube. For DNA precipitation 350 μL of 

cold 2-propanol was added and incubated at -20 °C for 15 min. Precipitated DNA was 

pelletized by centrifugation at 10000 × g and 4 °C for 20 min. The pellet was washed 

with 70% cold ethanol and dried. Afterwards, plasmid DNA was resuspended in 50 μL 

deionized water. 

2.2.11. Transformation of E. coli 

Competent E. coli XL1-Blue cells were prepared like described in (177). Competent 

cells (50 μL) and the Gibson Assembly reaction mixture were taken for transformation, 

mixed and incubated on ice for 15 min. Subsequently, heat shock at 42 °C for 90 s was 

performed. Afterwards, reaction tubes were placed on ice for 2 min. SOC medium 

(450 μL) was added and cells were incubated at 37 °C for 1 h to produce antibiotic 

resistance proteins encoded in the plasmid backbone. After this time cells were plated 

onto LB agar plates with selection antibiotic and incubated overnight at 37 °C. 

2.2.12. Transformation of A. adeninivorans 

Linearized DNA was mixed with salmon sperm as carrier-DNA to protect it from 

degradation by nucleases. Prior to mixing the carrier DNA was incubated for 5 min at 

95 °C and cooled down again. DNA was added to frozen competent A. adeninivorans 

G1212 or MS1006 cells and incubated for 5 min at 37 °C with shaking. Subsequently, 

200 mM bicine buffer pH 8.35 with 40% PEG1000 was added and the reaction tube was 

incubated for 1 h at 30 °C. Cells were washed twice with 10 mM bicine buffer pH 8.35 

with 0.15 M NaCl. Afterwards, cells were plated onto YMM-NO3
-
 plates supplemented 

with 2% (w/v) glucose and 0.5% (v/v) vitamin mix. Plates were incubated for 3–5 days 

at 30 °C. 

2.2.13. Genomic DNA isolation form A. adeninivorans 

Cell pellets from 2 mL culture were washed with deionized water. Subsequently, cells 

were resuspended in 200 μL extraction buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 

1 mM EDTA, 2% Triton X-100, 1% SDS). After addition of 100 mg glass beads and 

200 μL phenol, chloroform, isoamyl alcohol mixture (25:24:1) cells were disrupted 

mechanically by vortexing for 1 min. Then 200 μL TE buffer (10 mM Tris-HCl pH 8.0, 

1 mM EDTA) was added and vortexing was repeated. After 5 min centrifugation at 
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10000 × g and 4 °C, 400 μL upper phase was transferred to a new reaction tube. 

Subsequently, 100 μL P1 buffer (Qiagen, Germany) was added and incubated for 

10 min at RT. For DNA precipitation, 50 μL 3 M Na-acetate pH 5.2 and 550 μL of cold 

2-propanol was added. Precipitated DNA was pelletized by centrifugation at 10000 × g 

and 4 °C for 10 min. Pellet was washed with 80% cold ethanol and dried. Afterwards, 

genomic DNA was resuspended in 50 μL TE buffer. 

2.2.14. RNA isolation 

Mycelia of fungi Trametes versicolor and Pycnoporus cinnabarinus were harvested 

after 17 days of growth on straw and total RNA was isolated using a RNeasy Plus Mini 

Kit (Qiagen, Germany). 

For isolation of total RNA from A. adeninivorans, yeast cells were grown in 

YMM+NO3
-
 supplemented with 2% (w/v) glucose and 0.5% (v/v) vitamin mix. At 

selected time points, cells were harvested and processed using a RNeasy Plus Mini Kit 

in accordance with manufacturer’s protocol. 

2.2.15. cDNA synthesis 

cDNA was synthesized from total RNA by reaction with RevertAid Reverse 

Transcriptase (Thermo Fisher Scientific, Germany) following the manufacturer’s 

protocol. A special oligo(dT) primer (5’-tgacaggataccatacagacactatttttttttttttttv-3’) 

designed previously in the Yeast Genetics Group (IPK Gatersleben, Germany) was used 

in this reaction. 

2.2.16. Preparation of A. adeninivorans cell extracts 

Cell extracts were prepared in order to analyze intracellular laccase activity. For this 

purpose A. adeninivorans strains G1212/YRC102-TEF1-TVLCC5-6H, 

G1212/YRC102-TEF1-TVLCC2-6H, G1212/YRC102-TEF1-TVLAC-6H, and 

G1212/YRC102-TEF1-PCLAC-6H were cultivated in YMM-NO3
-
 supplemented with 

2% (w/v) glucose, 0.5% (v/v) vitamin mix, and 0.4 mM CuSO4. After 0, 2, 6, 24, 30, 

48, 72, 96, and 120 h of cultivation, samples were collected. Cell pellets obtained by 

centrifugation (4000 × g) were washed with deionized water until no laccase activity 

could be measured in washing fraction. Supernatants were collected and stored on ice 

for further analysis. Washed cells were resuspended in 50 mM McIlvaine buffer pH 3.0. 

After addition of glass beads, cells were disrupted mechanically in Mixer Mill MM 400 
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(Retsch, Germany) at vibrational frequency 30 s
-1

 (three cycles for 5 min). Afterwards, 

reaction tubes were centrifuged (10 min, 12000 × g, 4 °C) and obtained cell extracts 

used for further analysis. 

2.2.17. Microsomes isolation methods 

Method I 

A method described by Pompon (178) for microsome isolation from yeast was 

followed. The yeast culture was grown in YPD medium (250 mL) until an optical 

density (OD600) of 6 was reached. Cells were harvested by centrifugation for 4 min at 

6800 × g, resuspended in 25 mL TEK buffer (0.1 M KCl, 50 mM Tris-HCl pH 7.4, 

1 mM EDTA) and incubated for 5 min at RT. After second centrifugation, the pellet 

was resuspended in 2.5 mL TES-B buffer (0.6 M sorbitol, 50 mM Tris-HCl pH 7.4, 

1 mM EDTA). The reaction tube was transferred on ice and glass beads were added up 

to the level of cell suspension. Cell walls were disrupted mechanically by hand shaking 

6 × 1 min, in between tubes were cooled down on ice. Subsequently, 5 mL of TES-B 

buffer was added and mixed, the crude extract above glass beads was collected in a new 

reaction tube. This procedure was repeated twice; all three supernatants were pooled 

and centrifuged for 10 min at 30900 × g and 4 °C. The pellet was discarded. 

Microsomes were precipitated by adding NaCl and PEG 4000 to a final concentration of 

0.15 M and 0.1 g mL
-1

,
 
respectively. The suspension was incubated for 15 min on ice 

and centrifuged for 10 min at 13800 × g and 4 °C. The pellet was resuspended in 3 mL 

TEG buffer (20% (v/v) glycerol, 50 mM Tris-HCl pH 7.4, 1 mM EDTA), with help of a 

glass Potter–Elvehjem homogenizer. DTT was added to a final concentration of 5 mM. 

Microsomes were stored at -70 °C. The presence of CYP450 was analyzed by SDS-

PAGE and Western blotting. 

 

Method II 

A differential centrifugation procedure was performed like described below. A fully 

grown cell culture (YPD medium) in volume of 100 mL was centrifuged for 4 min at 

6800 × g, the pellet was washed with deionized water. Subsequently, cells were 

resuspended in 30 mL 50 mM sodium phosphate buffer pH 7.0 with 1 mM 

phenylmethylsulfonyl fluoride (PMSF). The French press (Thermo Fisher Scientific, 

Germany) was employed to disrupt the cells. Each cell suspension was put through the 

press twice at a pressure of 1500 psi, in between tubes were cooled down on ice. 
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The crude extract was centrifuged for 10 min at 12000 × g to remove unbroken cells 

and cell debris. Afterwards, two ultracentrifugation steps were performed to remove 

mitochondria and other bigger cell particles, first at 32000 × g and second at 41000 × g, 

both for 30 min. At the end, microsomes were pelletized by ultracentrifugation at 

266000 × g for 90 min. The dark red microsomal fraction was resuspended in 50 mM 

sodium phosphate buffer pH 7.0 with usage of a glass Potter–Elvehjem homogenizer 

and analyzed by SDS-PAGE and Western blotting. 

 

Method III 

The precipitation of the microsomal fraction with CaCl2 described in (179) was 

modified. A cell pellet from 10 mL YPD fully grown culture was washed with buffer A 

(10 mM Tris-HCl pH 7.5, 2 M sorbitol, 0.1 mM DTT, 0.1 mM EDTA). Cell walls were 

digested by treatment with zymolyase (10 mg g cell wet weight
-1

) in buffer B (10 mM Tris-

HCl pH 7.5, 0.65 M sorbitol, 0.1 mM DTT, 0.1 mM EDTA), cells were incubated at 

30 °C for 1 h with gentle shaking. Afterwards, spheroplasts were washed twice with 

buffer B, resuspended in buffer A, glass beads were added and cell walls were disrupted 

mechanically by hand shaking for 5 min. After centrifugation at 3000 × g for 10 min, 

the supernatant was transferred to a new reaction tube. Sedimentation of mitochondria 

was performed by centrifugation at 12000 × g for 15 min. Prior to microsomes 

precipitation, the supernatant was centrifuged at 211300 × g for 20 min. Microsomes 

were precipitated by addition of CaCl2 at a final concentration of 16 mM and collected 

by centrifugation at 15000 × g for 15 min. After washing with 150 mM KCl in 10 mM 

Tris-HCl pH 7.5, microsomes were resuspended in buffer C (100 mM Tris-HCl pH 7.5, 

2 M sorbitol, 0.1 mM DTT, 0.1 mM EDTA). The effectiveness of this method was 

checked by SDS-PAGE and Western blotting. 

 

Method IV 

After 15 h of growth 300 mL YPD culture (inoculated 1:60) was harvested, cells were 

washed with cold distilled water. Subsequently, cells were resuspended in 4 mL 50 mM 

sodium phosphate buffer pH 7.0 with 0.2 mM PMSF. After addition of glass beads, cell 

walls were disrupted mechanically in Mixer Mill MM 400 (Retsch, Germany) at 

vibrational frequency 30 s
-1

 for 5 min. After centrifugation at 11700 × g for 10 min, the 

supernatant was transferred to a new reaction tube. Three subsequent steps of 

ultracentrifugation were performed afterwards (30 min at 32600 × g, 30 min at 42800 × 
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g, 90 min at 266000 × g). The obtained pellet containing microsomes was homogenized 

with 200 μL 50 mM sodium phosphate buffer pH 7.0. Resuspension of microsomes was 

performed by addition of 0.8% sodium cholate and gentle shaking for 1 h on ice. 

Afterwards, samples were analyzed by SDS-PAGE and Western blotting. 

2.3. Biochemical techniques 

2.3.1. SDS-PAGE analysis and molecular mass determination 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis was 

performed to verify protein purity. For this purpose, 10–12% separating and 4% 

stacking gels were prepared, and electrophoresis was carried out after Laemmli’s 

method (180). PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, 

Germany) served as molecular mass marker. Prior to loading, samples were mixed with 

loading buffer and denatured for 10 min at 95 °C. The protein bands were stained with 

InstantBlue solution (Expedion, USA). 

The native molecular mass was determined by size exclusion chromatography (SEC) 

using a HiLoad 16/600 Superdex
 

200 prep grade column and ÄKTA pure 

chromatography system (GE Healthcare Life Sciences, Germany). 20 mM Tris-HCl 

buffer (pH 7.0) with 150 mM NaCl at a flow rate of 1 mL min
-1 

was used. A mixture of 

ferritin (450 kDa), catalase (240 kDa), bovine serum albumin (67 kDa), and RNase A 

(13.7 kDa) served as a molecular mass standard. 

2.3.2. SDS-PAGE analysis of membrane proteins 

A modified procedure of detection of membrane proteins (181) was implemented to 

verify the presence of CYP450 proteins. After cultivation in YPD medium, cells were 

harvested and 200 mg was suspended in 200 μL buffer containing 1 M ammonium 

acetate, 150 mM NaCl, 30 mM Tris-HCl pH 7.5, 10 mM PMSF, and 5 mM EDTA. 

Subsequently, glass beads were added up to the level of cell suspension, cell walls were 

disrupted mechanically in a Mixer Mill MM 400 (Retsch, Germany) at vibrational 

frequency 30 s
-1

 for 5 min. The suspension was kept on ice for 2 h and afterwards 

centrifuged for 10 min at 16000 × g. The pellet containing membrane proteins was 

washed with 1 M NaCl. Prior to loading onto a gel, the pellet was dissolved in 60 μL 

sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 8 M urea, 1% β-mercaptoethanol, 

2 mM EDTA, 5% glycerol, 0.004% bromophenol blue), insoluble material was removed 

by centrifugation at 16000 × g for 10 min. 
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2.3.3. Western blotting analysis 

Proteins separated during SDS-PAGE were transferred onto a polyvinylidene difluoride 

(PVDF) membrane by electroblotting in a PerfectBlue “Semi-Dry” Electro Blotter 

(PEQLAB, Germany). Detection of laccase and A. adeninivorans CYP450s was 

performed using an anti-6×His-tagged antibody from rabbit (200 ng mL
-1

) (MicroMol, 

Germany) as primary antibody and alkaline phosphatase-conjugated anti-rabbit 

immunoglobulin antibody from goat as secondary antibody (125 ng mL
-1

) (Promega, 

Germany). Nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP) 

(Roche, Germany) served as substrate for alkaline phosphatase conjugated with the 

secondary antibody. 

Detection of hcyp2c9 was performed with usage of CYP2C9 polyclonal antibody from 

rabbit (Thermo Fisher Scientific, Germany) as primary antibody. The immunogen of 

this antibody is the peptide between amino acids 235 and 265 from the central region of 

human CYP2C9. The secondary antibody was used like above. 

2.3.4. Protein purification 

Immobilized metal ion affinity chromatography (IMAC) was performed to purify 

proteins with a polyhistidine tag. After 7 days of cultivation in YMM, the supernatant 

containing secreted laccase was separated from cells and mixed (ratio 1:1) with binding 

buffer (500 mM NaCl, 5 mM imidazole, 20 mM Tris-HCl pH 7.9), 5 mL Ni-NTA 

agarose suspension (Macherey-Nagel, Germany) was added and incubated for 2 h at 

4 °C. In 15 min intervals the solution was mixed to prevent agarose sedimentation. 

Subsequently, the whole suspension was put through the column to separate agarose 

with bound protein from liquid. The column was washed with binding buffer and 

afterwards with washing buffer (500 mM NaCl, 30 mM imidazole and 20 mM Tris-HCl 

pH 7.9). After 15 min incubation with elution buffer (500 mM NaCl, 1 M imidazole and 

20 mM Tris-HCl pH 7.9), the eluent fraction was collected. Eluted samples were 

desalted with help of PD-10 columns (GE Healthcare Life Sciences, Germany). PBS 

buffer pH 7.4 was used for exchange. 

2.3.5. Native gel electrophoresis 

Polyacrylamide (PAA) gel electrophoresis in non-reducing and non-denaturing 

conditions was carried out to perform laccase activity staining. For this purpose, 10-

12% separating and 4% stacking gels were prepared, without addition of SDS. Samples 
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were mixed with loading buffer (62.5 mM Tris-HCl pH 6.8, 25% glycerol, 1% 

bromophenol blue) and loaded onto the gel. 

2.3.6. Glycosylation staining of PAA gels 

Glycoprotein staining of purified proteins was performed after SDS-PAGE 

development. All carried out steps are listed in the table below (Tab. 11). 

Tab. 11: Steps of glycoprotein staining of PAA gels. 

Step Treatment Time and conditions 

Fixation 

Oxidation 

Washing 

Staining 

 

Reduction 

Washing 

Ethanol: acetic acid: water (3:1:6) 

1% sodium metaperiodate in 7.5% acetic acid 

7.5% acetic acid 

1% basic fuchsine, 1.9% sodium metabisulfite 

in 0.15 M HCl 

1% sodium metabisulfite solution in 0.1 M HCl 

Distilled water 

3 × 30 min 

1 h, 4 °C, darkness 

5 × 30 min 

1 h, 4 °C, darkness 

 

5 × 30 min 

30 min 

2.3.7. Deglycosylation reaction 

Purified protein was treated with PNGase F (New England Biolabs, Germany) to 

remove N-linked oligosaccharides. The reaction was performed according to the 

manufacturer’s protocol. The results of endoglycosidase treatment were analyzed by 

SDS-PAGE. 

2.3.8. Determination of protein concentration 

Protein concentration was measured using a modified procedure described by Bradford 

(182). The commercially available 5×concentrated Bradford reagent (Bio-Rad, 

Germany) was applied according to the manufacturer’s instruction manual. Bovine 

serum albumin (BSA) fraction V (Serva, Germany) served as protein standard. 

2.3.9. Determination of laccase activity 

The laccase activity was determined by oxidation of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS). The reaction mixture (100 µL) contained 

50 mM McIlvaine buffer pH 3.0, 3.5 mM ABTS, and 10 µL of suitably diluted sample. 

The appearance of green color due to ABTS oxidation was measured 

spectrophotometrically at 420 nm (Ɛ= 36000 M
-1

 cm
-1

). 

In some experiments 2,6-dimethoxyphenol (2,6-DMP) and syringaldazine (SGZ) were 

used to determine laccase activity. Syringaldazine is a specific substrate for laccases and 
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peroxidases (183). The concentration of 2,6-DMP in the reaction mixture was 3.5 mM 

and of syringaldazine 0.13 mM. Measurements were performed at 477 nm (Ɛ= 14800 

M
-1

 cm
-1

) and at 530 nm (Ɛ= 65000 M
-1

 cm
-1

), respectively. 

One unit is defined as the amount of enzyme that oxidizes 1 μmol of substrate per min 

under the assay conditions. All spectrophotometric measurements were performed using 

a Tecan Infinite M200 Microplate Reader (Tecan, Switzerland). 

Laccase activity staining of purified enzyme was performed using native PAGE. After 

development the enzyme band was visualized by incubating the gel in 50 mM sodium 

acetate buffer pH 4.5 containing 0.5 mM ABTS or 2,6-DMP. 

2.3.10. Determination of kinetic parameters 

Kinetic constants of purified laccase were determined for ABTS and 2,6-DMP as 

substrates. Concentrations of substrates were in the range 0.5–10 mM. Enzymatic 

activities were measured in 50 mM citrate-phosphate buffer pH 5.0 at 25 °C. Parameters 

of Michaelis-Menten kinetics were calculated with non-linear regression. 

2.3.11. Estimation of temperature optimum and stability 

The optimal temperature was estimated by incubation of the enzyme on ice and in a 

PCR thermocycler with temperatures ranging from 20 to 70 °C. A mixture of McIlvaine 

buffer pH 3.0 and ABTS was preincubated at a certain temperature for 5 min and then 

the enzyme was added. After 5 min the reaction was stopped by adding 0.625 M oxalic 

acid. Relative activity was measured spectrophotometrically. 

The effect of temperature on enzyme stability was tested by incubating the enzyme on 

ice and in a PCR thermocycler at temperatures from 20 to 80 °C for a certain time. After 

10, 30, 60, 90, and 120 min residual activity was measured by a standard assay. 

2.3.12. Estimation of pH optimum and stability 

The pH optimum of laccase was estimated for 3 substrates: ABTS, 2,6-DMP, and 

syringaldazine. Laccase activity of purified protein was measured in presence of 50 mM 

McIlvaine buffers with pH range 2.2–8.0. The ionic strength of buffers was adjusted to 

500 mM by addition of an appropriate amount of NaNO3. 

The same buffers were used for the pH stability test. The enzyme was incubated at a 

certain pH on ice and residual activity was measured after 10 min, 2 and 24 h of 

incubation. ABTS was used as substrate for activity measurement. 
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2.3.13. Determination of influence of ionic strength 

The influence of ionic strength on laccase activity was estimated in presence of NaNO3 

and NaCl. Reactions with purified protein, 3.5 mM ABTS, and 50 mM McIlvaine buffer 

pH 5.0 with ionic strengths ranging from 0.25 to 2 M were performed. The enzyme 

activity of samples with lowest ionic strength (0.25 M) was defined as 100% and used 

for calculation of relative activity values. 

2.3.14. Determination of metal ions influence 

The influence of different metal ions and cofactors on laccase activity was determined 

by addition of AlCl3, CaCl2, CaSO4, CoCl2, CuCl2, CuSO4, FeCl3, FeSO4, KCl, MgCl2, 

MgSO4, MnCl2, MnSO4, NiCl2, NiSO4, ZnCl2, ZnSO4, and EDTA (final concentration 

1 mM) to the reaction mixture. As a control, a reaction without addition of any cofactor 

was carried out. The enzyme activity of the control was defined as 100% and used as 

reference value for relative activity calculations. 

2.3.15. Optimization of laccase production 

The influence of copper ions on laccase production was investigated. Culture media 

were supplemented with CuSO4 in various concentrations in a range of 0.2–2 mM. 

Yield coefficients YX/S for dry cell weight and YP/S for enzymatic activity were 

calculated using maximal values for biomass and activity as follows: 

 

𝑌𝑋
𝑆⁄ =

𝐷𝐶𝑊𝑡 − 𝐷𝐶𝑊0

𝐺𝑙𝑐0 − 𝐺𝑙𝑐𝑡
 

𝑌𝑃
𝑆⁄ =

𝐴𝑐𝑡𝑡 − 𝐴𝑐𝑡0

𝐺𝑙𝑐0 − 𝐺𝑙𝑐𝑡
 

 

The effect of the cultivation temperature on laccase synthesis was analyzed. Equally 

inoculated cultures in YMM+NO3
-
 supplemented with 0.2 mM CuSO4 were cultivated 

at different temperatures — 10, 20, 30, 37, and 42 °C. 
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2.3.16. Determination of CYP450 activity 

Carbon monoxide difference spectrum measurement is used to quantify active CYP450. 

This method is based on the fact that the reduced heme iron of CYP450 reacts with CO, 

resulting in formation of a characteristic peak at 450 nm (184). A modified method for 

whole cells screening was implemented (185). Aliquots of cell suspensions in 100 mM 

potassium phosphate buffer pH 7.5 were transferred to 96-well assay plates and reduced 

with few grains of sodium dithionite. Afterwards, 10 μL of 200 mM potassium cyanide 

was added and mixed. A baseline spectrum between 400 and 500 nm (with 2 nm 

interval) was measured. Subsequently, the plate was exposed to 100% CO for 10 min in 

an airtight container. The spectrum measurement was repeated and the reduced 

difference spectrum was calculated. 

2.3.17. Laccase immobilization methods 

Method I – alginate beads 

Sodium alginate (1.5% w/v) was mixed with laccase solution under continuous stirring 

at room temperature. Beads were formed by spontaneous flow through the plastic 

syringe into 0.2 M CaCl2, CuSO4, or ZnSO4 solution and incubated overnight in those 

solutions to become hard. Beads were stored at 4 °C and washed three times with 

distilled water prior to usage. 

 

Method II – aluminum oxide 

Immobilization of Tvlcc5 onto aluminum oxide was performed by a project partner 

company — GMBU (Gesellschaft zur Förderung von Medizin-, Bio- und 

Umwelttechnologien e.V., Halle (Saale), Germany). Briefly, aluminum oxide particles 

were mixed with laccase solution and incubated for 4 h with gentle stirring. Afterwards, 

particles were washed with distilled water and dried. Enzyme prepared in this way was 

delivered for further analysis. 

 

Method III – glutaraldehyde (GA) cross-linked SiO2 

Silicon dioxide nanoparticles were modified to produce aldehyde groups, for this 

purpose 1 g of nanoparticles was sonicated for 30 min in 20 mL distilled water. After 

centrifugation, particles were resuspended in 1 M glutaraldehyde and incubated at RT 

for 2 h. Subsequently, modified nanoparticles were washed five times with distilled 
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water. Laccase solution was mixed with modified SiO2 and incubated on ice for 24 h 

with gentle shaking. Afterwards, particles were washed three times with distilled water. 

 

Method IV – glutaraldehyde (GA) cross-linked chitosan 

Chitosan (2.5 mg mL
-1

) was dissolved in 2% acetic acid and pressed through the syringe 

into a methanolic solution of 1 M NaOH. Particles were washed with distilled water and 

mixed with 6% glutaraldehyde solution. After 3 h incubation, carrier was dried 

overnight and incubated with laccase solution on ice for 24 h with gentle shaking. 

Afterwards, immobilized laccase was dried at RT. Prior to usage it was washed with 

distilled water. 

 

Method V – tripolyphosphate (TPP) cross-linked chitosan 

Chitosan (2.5 mg mL
-1

) was dissolved in 2% acetic acid and mixed with laccase 

solution. Tripolyphosphate (1 mg mL
-1

) was added and incubated at RT for 3 h with 

gentle shaking. Afterwards, immobilized laccase was dried at RT and washed with 

distilled water before usage. 

In a similar way a negative control — TPP cross-linked chitosan without Tvlcc5 was 

prepared. In this case water was used instead of laccase solution. 

2.3.18. Degradation tests for carbamazepine, diclofenac, sulfamethoxazole 

Degradation reactions of carbamazepine, diclofenac sodium salt and sulfamethoxazole 

were performed in Erlenmeyer flasks. The reaction contained lyophilized Tvlcc5, 

50 mM sodium citrate buffer pH 5.0, and 40 mg L
-1

 of pharmaceutical to be tested. 

Flasks were incubated at 30 °C on a shaker (180 rpm). During incubation samples were 

collected and analyzed by thin layer chromatography (see section 2.4.1). 

To verify the influence of the laccase redox mediator ABTS on the degradation process, 

this mediator was added to the reaction mixture in the final concentration of 1 mM. 

Samples were collected and analyzed like above. 

Degradation reactions of diclofenac sodium salt and sulfamethoxazole by Tvlcc5 

immobilized with TPP cross-linked chitosan were performed in Erlenmeyer flasks and 

incubated at 30 °C on a shaker (180 rpm). The reaction contained immobilized Tvlcc5 

(0.015 U mL
-1

), 50 mM citrate-phosphate buffer pH 5.5, and 40 mg L
-1

 of 

pharmaceutical. If mentioned ABTS was additionally added (0.5 mM). 
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2.3.19. Growth of yeast cells on medium supplemented with carbamazepine 

To investigate the degradation of carbamazepine by A. adeninivorans cells 

overexpressing CYP450s, yeast minimal medium with 2% (w/v) glucose and 0.5% (v/v) 

vitamin mix was supplemented with carbamazepine (20 mg L
-1

). Medium was equally 

inoculated with yeast cells and incubated at 30 °C. Supernatant samples were taken after 

48 and 96 h. Subsequently, samples were analyzed by thin layer chromatography 

(see section 2.4.1). 

2.3.20. Determination of laccase mediators influence on pharmaceuticals degradation 

To verify the influence of various laccase-mediator systems on the degradation of 

carbamazepine, reaction mixtures containing carbamazepine (10 mg L
-1

), Tvlcc5 

(5 U mL
-1

), 50 mM Na-citrate buffer pH 5.0, and the mediator to be tasted (2 mM) were 

prepared. Reactions with H2O instead of Tvlcc5 were performed as a negative control. 

All reaction mixtures were incubated at 30 °C with shaking. After 24 h samples were 

taken and analyzed by thin layer chromatography. 

The influence of mediator systems listed below was investigated: ABTS, ABTS with 

vanillin, vanillin, p-coumaric acid, p-coumaric acid with Tween 80, hydroquinone, 

hydroquinone with MnSO4, MnSO4, 4-hydroxybenzoic acid, phenol red, phenol red 

with hydroquinone, hydroxybenzotriazole (HOBt), HOBt with Tween 80, 

syringaldehyde, 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO). 

2.4. Analytical techniques 

2.4.1. Thin layer chromatography 

All samples prepared for thin layer chromatography (TLC) were extracted with 1 vol. 

ethyl acetate before the analysis. The CAMAG Automatic TLC Sampler (CAMAG, 

Germany) was used for samples application. Samples were applied on pre-coated TLC 

sheets POLYGRAM SIL G/UV254 (Macherey-Nagel, Germany). Development of plates 

was performed in a horizontal developing chamber with a mixture of hexane, ethyl 

acetate and acetic acid (60:40:0.1) as eluent. The CAMAG TLC Scanner was employed 

for visualization of separated compounds. Calculation of Rf values and quantification of 

each compound were performed using winCATS software. 
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2.5. Bioinformatics tools 

The CAIcal server (186) was used to determine codon usage by A. adeninivorans. 

Comparison of A. adeninivorans codon usage bias and fungal target genes was carried 

out using GENEius light software (Eurofins Genomics, Germany). 

For analysis and direct comparison of amino acid sequences a Constraint-based 

Multiple Alignment Tool (COBALT) from National Center for Biotechnology 

Information (NCBI, USA) was employed (187). 

Prediction of secretion signal peptides was performed by using the SignalP 4.1 Server 

of the Technical University of Denmark (188). 
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3. RESULTS 

3.1. Laccase gene expression 

Two different white-rot fungi, Trametes versicolor and Pycnoporus cinnabarinus, both 

well-known for the production of ligninolytic extracellular oxidative enzymes, were 

cultivated at 30 °C on straw to induce laccase production. After 17 days of growth, 

mycelia were harvested. Total RNA was isolated and used for cDNA synthesis. Laccase 

genes with native secretion signals were amplified via PCR with synthesized cDNA as a 

template. Primers used for those reactions are listed in Tab. 5 (Materials and methods). 

Amplified genes were inserted into the Xplor3.2 plasmid linearized with PacI, using 

Gibson Assembly Master Mix. Prior to yeast transformation, recombinant plasmids 

were verified by sequencing (entire strategy summarized in Fig. 6). 

 

 

Fig. 6: Cloning of laccase expressing genes from fungi to allow expression in the yeast 

A. adeninivorans. 

After transformation and screening by colony PCR, chromosomal DNA of chosen 

strains expressing laccase genes was isolated and used as a template for PCR to prove 

the presence of those genes in constructed strains. PCRs were performed using primers 

designed for amplification of the respective laccase gene (Tab. 5). Examples of PCR 

reactions are shown in Fig. 7. It can be seen that genomic DNA of A. adeninivorans 

strains G1212/YRC102-TEF1-TVLCC5-6H, G1212/YRC102-TEF1-TVLCC2-6H, 

G1212/YRC102-TEF1-TVLAC-6H, and G1212/YRC102-TEF1-PCLAC-6H contains 

corresponding genes, in contrast to genomic DNA of the negative control – strain 

G1212. 

A – Trametes versicolor

B – Pycnoporus cinnabarinus

Isolation of RNA, 

synthesis of cDNA,

gene amplification

TVLAC

PCLAC

TVLCC5

TVLCC2

A B

Construction

of expression

cassettes

d25S-rDNA2 TEF1p PHO5t ALEU2p d25S-rDNA1ATRP1mlaccase gene
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Fig. 7: PCR on representative chromosomal DNA of A. adeninivorans G1212 transformants 

expressing the indicated laccase genes. As a negative control, reactions with chromosomal DNA of 

A. adeninivorans G1212 as a template were performed. Lanes 3, 6, and 9 represent DNA ladder 

GeneRuler 1kb Plus. 

 

 

Fig. 8: Selection of laccase producing yeast. YMM agar plates contain 0.5 mM CuSO4 and 0.2 mM 

ABTS (left) or 0.01% guaiacol (right) as substrate. Each field (from A1 to F4) represents one strain 

expressing laccase gene. On the field G1 A. adeninivorans G1212 (negative control) is shown. 

Yeast transformants were pre-screened by activity staining assays on agar plates with 

ABTS and guaiacol as substrates. Colonies with green or dark red halo (Fig. 8) were 

selected for further tests. They were cultivated in deep well plates with liquid medium 

supplemented with CuSO4. Laccase activity of the supernatant was measured with 

ABTS as substrate. Enzyme activity was observed only in strains overexpressing the 

TVLCC5 gene (Fig. 9). A. adeninivorans strain G1212/YRC102-TEF1-TVLCC5-6H 

with the highest laccase activity was selected and used for further analysis. 
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Fig. 9: Determination of enzyme activity with ABTS as a substrate in supernatants of 

A. adeninivorans strains overexpressing laccase genes TVLAC (A), PCLAC (B), TVLCC2 (C), and 

TVLCC5 (D). A. adeninivorans G1212 and LS3 (wild type) strains were used as negative controls. 

Subsequently, laccase activity was measured in intracellular fractions (see Materials and 

methods, section 2.2.16) collected after 0, 6, 24, 48, 72, 96, and 120 h cultivation to 

exclude eventual dysfunctionality of the secretion system leading to accumulation of 

active enzyme within the cells. Fig. 10 (section I) shows that active laccase is present 

neither in supernatants nor in cell extracts of A. adeninivorans strains with inserted 

TVLCC2, TVLAC, PCLAC genes. 

Additionally, Western blotting analysis (Fig. 10, section II) was performed to verify the 

presence of 6×His-tagged proteins in collected fractions. As expected, no signals were 

detected in any of intra- and extracellular fraction of A. adeninivorans strains expressing 

TVLCC2, TVLAC, PCLAC genes. No protein degradation products which could explain 

lack of activity were observed. 
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Fig. 10: Analysis of intra- and extracellular laccase activity. (I) Intracellular (upper row) and 

extracellular (lower row) laccase activity of (A) A. adeninivorans G1212 (negative control) and 

strains expressing (B) TVLCC5, (C) TVLCC2, (D) TVLAC, (E) PCLAC genes. The error bars 

represent the standard deviation of the three measured values. (II) Western-blot and Coomassie-

stained SDS-PAGE analysis of intracellular (1, 3) and extracellular (2, 4) fractions isolated after 48 

(1, 2) and 120 h (3, 4) of cultivation. 

After analysis of Fig. 9 and Fig. 10 it was conducted that only Tvlcc5 laccase is 

synthesized by A. adeninivorans. In the initial phase of yeast culture growth, protein is 

accumulated within the cells. With the elongation of cultivation time, the amount of 

protein secreted into the medium is continuously increasing, reaching at the end of 

cultivation time 33.3 ± 0.1 U gDCW
-1

, whereas the amount of intracellular Tvlcc5 stays 

always below 10 U gDCW
-1

. The time-dependent distribution between enzyme stored 

intracellularly and enzyme released into the medium is illustrated in Fig. 11. It can be 

seen that for instance after 6 h of growth 63.3 ± 6.5% of overall produced Tvlcc5 was 

localized inside the cells, while after 120 h 89.4 ± 0.4% was measured extracellularly. 

1 2 3 4

G1212(-) Tvlcc5 Tvlcc2 Tvlac Pclac

100 –
70 –
55 –
40 –

kDa

100 –
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Fig. 11: Distribution of Tvlcc5 protein. Analysis of intracellular (dark gray) and extracellular (light 

gray) fractions during 120 h cultivation of A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H. 

The error bars represent the standard deviation of the three measured values. 

Experiments conducted so far showed that TVLCC2, TVLAC, PCLAC genes are present 

in genomic DNA of constructed A. adeninivorans strains. However, no functional 

proteins are formed. This finding implied analysis of the transcription process. For this 

purpose, RNA was extracted from samples taken over the cultivation time of the 

previously described experiment (Fig. 10). After cDNA synthesis, PCR was performed 

using primers shown in Tab. 10. These primers allow amplification of fragments of a 

non-conserved region of each gene, to exclude false positive signals possibly amplified 

from host multicopper oxidase-like genes. Hexokinase gene (AAHEXK) and 

transcription initiation factor AATFIID were used as positive controls. 

As demonstrated in Fig. 12, after 24 h of cultivation amplicons of TVLCC5, TVLCC2, 

PCLAC fragments as well as both positive controls were obtained, whereas no 

amplification of TVLAC fragment was observed at this time point. Since a signal was 

amplified only with specific primers for each laccase gene it can be concluded that only 

one laccase gene is transcribed in each strain. TVLCC2 and TVLAC are an obvious 

exception because they show sequence similarity so that the same primers were used for 

amplification. 
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Fig. 12: Laccase gene expression analyzed by RT-PCR after 24 h of cultivation. For amplification of 

fragments of TVLCC5 (1), TVLAC (2), PCLAC (3), AAHEXK (4), and AATFIID (5) cDNA 

synthesized from A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H, A. adeninivorans 

G1212/YRC102-TEF1-TVLCC2-6H, A. adeninivorans G1212/YRC102-TEF1-TVLAC-6H, 

A. adeninivorans G1212/YRC102-TEF1-PCLAC-6H, and A. adeninivorans G1212/YRC102 was 

used. 

Due to lack of a TVLAC fragment in cDNA synthesized after 24 h of cultivation time, a 

time course experiment was carried out to investigate whether this gene is expressed at a 

different time. Samples collected after 0, 2, 6, 24, 30, 48, 72, 96, and 120 h were 

analyzed. As detailed in Fig. 13, amplification occurred only with cDNA from a sample 

taken after 2 h of cultivation. 

 

Fig. 13: RT-PCR analysis of TVLAC expression. The cDNA used as a template for amplification of 

TVLAC was synthesized at different cultivation time points of A. adeninivorans G1212/YRC102-

TEF1-TVLAC-6H strain. (K-) PCR reaction without template. 

Subsequently, analysis of samples taken after 2 h of cultivation was performed for three 

remaining strains (G1212/YRC102-TEF1-TVLCC5-6H, G1212/YRC102-TEF1-

TVLCC2-6H, G1212/YRC102-TEF1-PCLAC-6H). Figure 14 shows that after 2 h of 

cultivation a positive signal appears also for PCLAC. This is in contrast to TVLCC2 and 

TVLCC5 which are apparently not expressed at this time point. 
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Fig. 14: Laccase genes expression analyzed by RT-PCR after 2 h of cultivation. For amplification of 

fragments of TVLCC5 (1), TVLAC (2), PCLAC (3), AAHEXK (4), and AATFIID (5) cDNA 

synthesized from A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H, A. adeninivorans 

G1212/YRC102-TEF1-TVLCC2-6H, A. adeninivorans G1212/YRC102-TEF1-TVLAC-6H, 

A. adeninivorans G1212/YRC102-TEF1-PCLAC-6H, and A. adeninivorans G1212/YRC102 was 

used. 

Codon usage bias is important for efficient translation of mRNAs. However, the 

publicly available codon usage table of A. adeninivorans was previously calculated on 

the basis of only 15 coding DNA sequences (189). Therefore, it was decided to create a 

new table with an increased amount of source data. For this purpose, more than 2700 

open reading frames (ORFs) from NCBI GenBank (USA) were chosen. Subsequently, 

they were analyzed by Codon Adaptation Index measurement. Obtained results were 

compared with codon usage of laccase gene sequences using GENEius light software 

(Eurofins Genomics, Germany) and are detailed in Tab. 12. 

Several differences between codon usage bias of the host organism and codons used in 

target genes were observed. Some triplets such as CGC, GCG or GTC are rarely used 

by A. adeninivorans but are frequently present in fungal laccase genes. In case of AGC 

(serine codon) or TGT and TGC (cysteine codons) frequency of usage was similar for 

A. adeninivorans and TVLCC5 gene, but different for other laccase genes. Additionally, 

for the majority of amino acids coded by two codons (D, N, E, Y, F), it was observed 

that the choice of codon in the host is distributed equally, whereas in laccase genes one 

codon is strongly preferred. 
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Tab. 12: Codon usage frequency of A. adeninivorans (1.) and fungal target genes TVLCC5 (2.), 

TVLCC2 (3.), TVLAC (4.), PCLAC (5.). Numbers in brackets represent the number of the respective 

amino acid in the gene. 

S R 

  1. 2. (39) 3. (33) 4. (33) 5. (38)   1. 2. (14) 3. (19) 4. (19) 5. (15) 

TCT 0.26 0.15 0.12 0.12 0.13 CGT 0.15 0.14 0.05 0.05 0.07 

TCC 0.19 0.26 0.21 0.21 0.21 CGC 0.15 0.50 0.63 0.63 0.60 

TCA 0.15 0.00 0.03 0.03 0.05 CGA 0.32 0.07 0.11 0.11 0.13 

TCG 0.16 0.28 0.18 0.18 0.21 CGG 0.13 0.29 0.16 0.16 0.07 

AGT 0.11 0.10 0.06 0.06 0.05 AGA 0.16 0.00 0.00 0.00 0.00 

AGC 0.13 0.21 0.39 0.39 0.34 AGG 0.10 0.00 0.05 0.05 0.13 

L G 

  1. 2. (40) 3. (43) 4. (43) 5. (39)   1. 2. (47) 3. (40) 4. (40) 5. (36) 

TTA 0.08 0.00 0.00 0.00 0.00 GGT 0.25 0.32 0.18 0.18 0.22 

TTG 0.21 0.25 0.12 0.12 0.28 GGC 0.24 0.49 0.35 0.35 0.47 

CTT 0.17 0.22 0.14 0.14 0.15 GGA 0.39 0.06 0.15 0.15 0.17 

CTC 0.15 0.28 0.47 0.47 0.31 GGG 0.13 0.13 0.32 0.32 0.14 

CTA 0.11 0.00 0.02 0.00 0.05 P 

CTG 0.28 0.25 0.26 0.28 0.21   1. 2. (34) 3. (42) 4. (42) 5. (46) 

V CCT 0.39 0.32 0.14 0.14 0.41 

  1. 2. (38) 3. (43) 4. (44) 5. (41) CCC 0.25 0.47 0.31 0.33 0.30 

GTT 0.25 0.16 0.14 0.14 0.15 CCA 0.26 0.03 0.05 0.05 0.07 

GTC 0.22 0.53 0.56 0.57 0.59 CCG 0.10 0.18 0.50 0.48 0.22 

GTA 0.19 0.03 0.02 0.02 0.02 T 

GTG 0.33 0.29 0.28 0.27 0.24   1. 2. (53) 3. (40) 4. (40) 5. (34) 

A ACT 0.39 0.17 0.10 0.10 0.26 

  1. 2. (46) 3. (55) 4. (55) 5. (44) ACC 0.33 0.55 0.40 0.40 0.35 

GCT 0.34 0.15 0.09 0.11 0.25 ACA 0.16 0.08 0.02 0.02 0.18 

GCC 0.31 0.35 0.31 0.31 0.39 ACG 0.12 0.21 0.48 0.48 0.21 

GCA 0.23 0.04 0.18 0.16 0.18 C 

GCG 0.12 0.46 0.42 0.42 0.18   1. 2. (5) 3. (5) 4. (5) 5. (5) 

I TGT 0.46 0.40 0.20 0.20 0.20 

  1. 2. (34) 3. (27) 4. (27) 5. (29) TGC 0.54 0.60 0.80 0.80 0.80 

ATT 0.59 0.26 0.07 0.07 0.31 K 

ATC 0.32 0.71 0.93 0.93 0.55   1. 2. (5) 3. (8) 4. (8) 5. (8) 

ATA 0.09 0.03 0.00 0.00 0.14 AAA 0.26 0.20 0.00 0.00 0.12 

STOP AAG 0.74 0.80 1.00 1.00 0.88 

  1. 2. (1) 3. (1) 4. (1) 5. (1) H 

TAA 0.57 0.00 0.00 0.00 0.00   1. 2. (15) 3. (20) 4. (20) 5. (19) 

TAG 0.18 0.00 0.00 0.00 0.00 CAT 0.51 0.13 0.15 0.15 0.37 

TGA 0.25 1.00 1.00 1.00 1.00 CAC 0.49 0.87 0.85 0.85 0.63 

D E 

  1. 2. (44) 3. (31) 4. (30) 5. (39)   1. 2. (11) 3. (7) 4. (7) 5. (11) 

GAT 0.47 0.25 0.10 0.10 0.38 GAA 0.43 0.18 0.00 0.00 0.00 

GAC 0.53 0.75 0.90 0.90 0.62 GAG 0.57 0.82 1.00 1.00 1.00 

N Y 

  1. 2. (35) 3. (31) 4. (31) 5. (32)   1. 2. (13) 3. (15) 4. (15) 5. (13) 

AAT 0.45 0.06 0.10 0.10 0.28 TAT 0.42 0.00 0.07 0.07 0.38 

AAC 0.55 0.94 0.90 0.90 0.72 TAC 0.58 1.00 0.93 0.93 0.62 

Q F 

  1. 2. (12) 3. (18) 4. (18) 5. (21)   1. 2. (31) 3. (32) 4. (32) 5. (36) 

CAA 0.36 0.17 0.28 0.22 0.29 TTT 0.58 0.19 0.09 0.09 0.17 

CAG 0.64 0.83 0.72 0.78 0.71 TTC 0.42 0.81 0.91 0.91 0.83 

W M 

  1. 2. (7) 3. (7) 4. (7) 5. (7)   1. 2. (4) 3. (3) 4. (3) 5. (5) 

TGG 1.00 1.00 1.00 1.00 1.00 ATG 1.00 1.00 1.00 1.00 1.00 
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3.2. Analysis of laccases sequences 

Of the four laccase genes isolated from T. versicolor and P. cinnabarinus only one – 

TVLCC5 was successfully expressed in the host yeast A. adeninivorans. For this reason, 

amino acid sequences of all four proteins were compared and analyzed by means of 

multiple sequence alignment (Fig. 15) to check for eventual sequence differences. 

The first observed difference occurred in the position 9–11. Three proteins which are 

not present in the culture supernatant (Tvlac, Tvlcc2, and Pclac) displayed the sequence 

FFV in this position, whereas Tvlcc5 had the sequence NVV. 

Six additional domains with amino acid sequence differences that may be related to 

functional expression of laccase genes in A. adeninivorans were identified. The 

identified sequences showed a high degree of similarity or were even identical between 

Tvlac, Tvlcc2, and Pclac. The amino acid sequence of Tvlcc5, on the other hand, is 

unequal at those positions, e.g., 49–51 LAG instead of VVN (47–49 Tvlac and Tvlcc2; 

48–50 Pclac), 253–255 HEA instead of SQP/TQP (248–250 Tvlac and Tvlcc2; 249–251 

Pclac), 294–296 DTT instead of GFA (289–291 Tvlac and Tvlcc2; 290–292 Pclac), 

308–310 TAE instead of GAP (303–305 Tvlac and Tvlcc2; 304–306 Pclac), 346–348 

PAA instead of MPV (341–343 Tvlac and Tvlcc2; 342–344 Pclac), or 433–435 TFS 

(428–430 Tvlac and Tvlcc2; 429–431 Pclac) instead of AFA. The sequence IITTD at 

position 411–415 of Tvlcc5 is not present in the other three proteins. 
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Fig. 15: Alignment of the protein sequences derived from TVLCC5, TVLAC, TVLCC2, and PCLAC 

genes in box shade format. Black boxes show identical amino acids. Gray boxes imply amino acids 

with similar residues. White text indicates amino acids without similarities. 

3.3. Cultivation condition and Tvlcc5 enzyme purification 

To obtain maximum secretion of active laccase to the cultivation medium, growth in 

different conditions was examined. Three cultivation media differing in the N-source 

were implemented and analyzed concerning growth behavior and laccase secretion 

(Fig. 16). Media were supplemented with 0.2 mM–2 mM CuSO4 to find the optimal 

concentration of copper ions for laccase production. Results are summarized in Tab. 13. 
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The highest growth yields, with average 0.68 ± 0.03 gDCW gglc
-1

, were observed for 

cultures in complex YPD medium with peptone and yeast extract as nitrogen source. 

Values for both minimal media were comparable, 0.44 ± 0.04 gDCW gglc
-1

 with 

(NH4)2SO4 and 0.41 ± 0.04 gDCW gglc
-1

 with NaNO3 as N-source, respectively. 

Significant differences in pH behavior were noticed for tested media, influencing 

laccase accumulation. Biomass production in YMM+NH4
+
 and related to it utilization of 

ammonium, led to acidification of culture media to pH 2.0 after 48 h of growth in media 

without and with 0.2 or 0.5 mM CuSO4, after 96 h with 1 mM CuSO4 and after 144 h 

with 2 mM CuSO4. Extraordinary time delay in biomass accumulation related to CuSO4 

concentration was observed in this medium. In YMM-NH4
+
 only a low accumulation of 

Tvlcc5 was detected; after maximum growth and pH 2.0 was reached, enzyme activity 

was completely lost. In case of cultivation in YMM+NO3
-
, pH was increasing from 

initial pH 6.0 to 7.0, reached after 72 h. Independently from Cu
2+

 concentration, pH 

stayed on this level until the end of cultivation. Two phases typical for growth in YPD 

medium were observed. In the first 24 h, pH was decreasing to around 4.7, later pH was 

constantly increasing to reach pH 9.0 after 216 h. Basic conditions of culture medium 

influenced laccase activity. When medium reached pH 8.0, activity of Tvlcc5 decreased 

dramatically. Maximal activity (0.48 U mL
-1

) was achieved in YPD culture with 1 mM 

CuSO4 after 72 h of incubation, although the above described pH increase inactivated 

the enzyme. In YMM+NO3
-
 supplemented with 0.5 mM CuSO4, maximum activity of 

0.40 U mL
-1

 was reached at the end of cultivation. Presence of Cu
2+

 was essential for 

production of functional Tvlcc5; without supplementation of CuSO4 no laccase activity 

was detected. Interestingly, all tested CuSO4 concentrations were leading to similar 

enzyme activity values in each medium (excluding cultivation in YMM+NH4
+
). 

A higher concentration did not increase laccase activity, but it was also not toxic for 

cells. 
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Fig. 16: Synthesis of Tvlcc5 by A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H in different 

media: YMM-NH4
+
 (left), YMM-NO3

-
 (middle) and YPD (right) containing 0 mM (), 0.2 mM (), 

0.5 mM (), 1.0 mM (), and 2.0 mM () CuSO4. The error bars represent the standard deviation 

of the three measured values. 

Interesting results were obtained during cultivation of the A. adeninivorans G1212 

strain. After 48 h of cultivation in YMM+NO3
-
, laccase activity was measured 

(Fig. 17A). Obtained values were lower but still comparable to those from the strain 

overexpressing TVLCC5 at this time point (e.g., 0.057 U mL
-1 

with 0.2 mM CuSO4 and 

0.040 U mL
-1 

with 0.5 mM CuSO4, compared to 0.096 U mL
-1 

and 0.076 U mL
-1 

respectively, obtained by the TVLCC5 overexpressing strain). Whereas continued 

cultivation of the A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H strain resulted 

in increasing accumulation of laccase in the medium, strain G1212 completely lost the 

activity. This finding suggests that A. adeninivorans synthesized some enzyme with 

laccase-like activity. However, its production was limited to a short time span, 

afterwards the protein was fully degraded. It is noteworthy that synthesis of this protein 

was highly dependent on copper concentration. As shown for the TVLCC5 
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overexpressing strain, copper was essential for the synthesis of active enzyme. On the 

other hand, low copper concentration was preferred, increased amount of copper ions 

led to decrease of enzyme accumulation. 

 

Fig. 17: Cultivation of A. adeninivorans G1212 in presence of copper ions. Cultivation performed in 

YMM-NO3
-
 medium in presence of 0 mM (), 0.2 mM (), 0.5 mM (), 1.0 mM (), and 2.0 mM 

() CuSO4. The error bars represent the standard deviation of the three measured values. 

 

Tab. 13: Summary of the specific yields obtained during the analysis of Tvlcc5 synthesis by 

A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H in YMM-NH4
+
 (NH4

+
), YMM-NO3

-
 (NO3

-
), 

and YPD. The enzyme yields were calculated for the time point with the maximum activity (YP/S) 

and biomass (YX/S) measured during the cultivation time. 

    YX/S [gDCW gglc
-1

] 
 

YP/S [mU gglc
-1

] 
 

Max. activity [mU mL
-1

] 

Cu
2+

 

[mM] 
  NH4

+
 NO3

-
 YPD 

 
NH4

+
 NO3

-
 YPD 

 
NH4

+
 NO3

-
 YPD 

0.00   0.45 0.33 0.66 
 

0.07 0.82 0.08 
 

1.55 15.86 0.85 

0.20   0.42 0.36 0.66 
 

1.01 20.24 25.03 
 

7.97 381.63 375.11 

0.50   0.49 0.43 0.72 
 

1.01 24.97 34.13 
 

13.60 397.57 444.74 

1.00   0.45 0.49 0.64 
 

1.86 24.78 32.64 
 

27.65 365.48 484.70 

2.00   0.38 0.45 0.70 
 

1.28 23.76 35.37 
 

22.35 363.31 467.01 

 

The influence of cultivation temperature on laccase production was examined (Fig. 18). 

A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H was grown at 10, 20, 30, 37, and 

42 °C. Similar growth profiles, at the end of growth phase after 49 h, were observed for 

cultures incubated between 30 and 42 °C. At the end of cultivation biomass of those 

cultures reached around 7.0 gDCW L
-1

. The highest growth coefficient was calculated for 

the culture incubated at 20 °C (0.48 gDCW gglc
-1

), also laccase production reached its 

maximum at this temperature (0.35 U mL
-1

).
 
In this case a longer lag phase had no 

influence on enzyme yield. High laccase accumulation occurred also at 30 °C 
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(0.33 U mL
-1

). With further increase of temperature, an extreme decrease of enzyme 

production was noticed (0.097 and 0.015 U mL
-1

 at 37 and 42 °C, respectively). On the 

other hand, a strong growth inhibition (max. 2.2 gDCW L
-1

) was observed in the culture 

incubated at 10 °C resulting also in poor laccase secretion (0.03 U mL
-1

). 

 

Fig. 18: Influence of cultivation temperature on laccase production by A. adeninivorans 

G1212/YRC102-TEF1-TVLCC5-6H. Time courses of DCW (A), glucose concentration (B), and 

laccase activity (C). Cultivation was performed at 10 (), 20 (), 30 (), 37 (), and 42 °C (). 

The error bars represent the standard deviation of the three measured values. 

A. adeninivorans strain G1212/YRC102-TEF1-TVLCC5-6H was cultivated in 1 L 

YMM+NO3
-
 with 0.4 mM CuSO4. After 7 days, supernatant was separated by 

centrifugation and protein was purified via immobilized metal ion affinity 

chromatography (IMAC). Collected fractions were analyzed by Coomassie staining of 

polyacrylamide gel and Western blotting (Fig. 19). All laccase molecules were bound to 

Ni-agarose and were not washed out during washing steps. Protein was eluted with 1 M 

imidazole. Laccase activity in collected fractions was determined. After mixing culture 

supernatant with 1 volume of binding buffer, a drop of the activity from initial 0.358 ± 

0.013 U mL
-1

 to 0.016 ± 0.004 U mL
-1

 was observed, possibly due to the high 

concentration of Cl
-
 ions in the buffer. Final activities of 0.882 ± 0.041 U mL

-1
, 0.589 ± 

0.043 U mL
-1

, and 0.326 ± 0.016 U mL
-1

 were recovered in three subsequent elution 

steps. A specific activity of 6.485 U mg
-1

protein
 
was estimated for the first elution 

fraction. Coomassie staining showed clear bands at around 100 kDa. Western blotting 

confirmed that this signal represents laccase tagged with 6 histidine residues. Size 

exclusion chromatography under native conditions revealed a molecular mass of 

90 kDa, thus corresponding to the result of SDS-PAGE analysis. 
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Fig. 19: Purification of recombinant Tvlcc5. SDS-PAGE (left) and Western blot analysis (right). 

Fractions collected during IMAC; flow through fraction with unbound proteins (F1), washing with 

binding buffer (W1), washing with washing buffer (W2), three subsequent elution fractions (E1, E2, 

E3). 

The discrepancy between the theoretical molecular mass of Tvlcc5 (53.6 kDa) and the 

apparent 100 kDa can be explained by hyperglycosylation of the protein. Purified 

protein was analyzed by glycosylation staining (Fig. 20A, lane 3) and deglycosylation 

reaction with PNGase F (Fig. 20C) to confirm this hypothesis. Both experiments clearly 

showed that the protein is glycosylated. Furthermore, after treatment with PNGase F, 

which is removing only N-glycans, molecular mass was still higher than theoretical, 

leading to the conclusion that O-glycans are also present. 

 

Fig. 20: PAGE analysis of purified Tvlcc5. (A) Coomassie staining (CS), Western blot signal (WB), 

and glycosylation staining (GS). (B) Activity staining of Tvlcc5 with ABTS and 2,6-DMP. 

(C) Comparison of Tvlcc5 and Tvlcc5 treated with PNGase F. 

kDa

100

70

55

F1 W1 E3E2E1W2F1 W1 E3E2E1W2
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N-glycosylation was confirmed by analysis of PROSITE database (190) for lcc5 from 

T. versicolor, screening for functional sites resulted in 13 potential N-glycosylation 

sites. 

To exclude the possibility of the presence of other enzymes with laccase activity in the 

elution fraction, activity staining of the clear native protein gel was performed with 

ABTS and 2,6-DMP (Fig. 20B). Clear and single bands, appearing in green (ABTS) and 

orange (2,6-DMP), respectively, proved protein purity and allowed to apply it in the 

further characterization. 

3.4. Biochemical characterization of recombinant laccase Tvlcc5 

During the biochemical characterization of Tvlcc5, the influence of diverse parameters 

on laccase activity was examined. Aspects like temperature and pH optimum, thermo- 

and pH stability, ionic strength, addition of metal ions were taken into consideration. 

These obtained information can be of high value for further application of recombinant 

Tvlcc5 produced by A. adeninivorans. 

 

Influence of temperature on Tvlcc5 

The relative activity of Tvlcc5 increased with increasing temperature until 50 °C, when 

it reached the maximum. Above this temperature, enzyme activity was decreasing. In 

the range of 34–58 °C the enzyme maintained 80% of activity (Fig. 21A). Low 

activities of 18.4 ± 2.3% and 19.8 ± 0.8% were achieved by performing the reaction 

either on ice or at 70 °C, respectively. 

The stability after incubation for 2 h at eight different temperatures was measured 

(Fig. 21B). Tvlcc5 was incubated at temperatures below 50 °C without any loss of 

activity. Half-life of 20 min was estimated for the enzyme at 60 °C. After 2 h in this 

temperature the enzyme maintained 12.3 ± 3.6% of activity. Enzyme treated with higher 

temperatures (70 °C, 80 °C) was immediately inactivated, already after 10 min of 

incubation no laccase activity was detected anymore. 

Additionally, storage conditions for purified protein were analyzed. It was proven that 

the enzyme is stable at 4 °C for at least one week. 
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Fig. 21: Influence of temperature on laccase activity and stability. (A) Effect of temperature on 

laccase activity measured with ABTS as substrate. Maximum activity was defined as 100%. 

(B) Stabilities of laccase at different temperatures: on ice (), 20 (), 30 (), 40 (), 50 (), 60 

(), 70 (), and 80 °C (). The error bars represent the standard deviation of the three measured 

values. 

Influence of pH on Tvlcc5 

The influence of pH was analyzed for three commonly used laccase substrates, ABTS, 

2,6-DMP, and syringaldazine (Fig. 22B) in presence of McIlvaine buffers with equal 

ionic strength. The highest activity for all substrates ranged between pH 4.6 and 5.4. 

Maximal activity for ABTS was reached at pH 4.6, for 2,6-DMP at pH 5.0 and for 

syringaldazine at pH 5.4. Complete loss of activity was observed above pH 6.2. 

 

Fig. 22: Influence of ionic strength of buffer on pH optimum of laccase. Enzyme activity measured 

for ABTS (), 2,6-DMP (), and syringaldazine () in presence of buffers without equal ionic 

strength (A) and with ionic strength adjusted to 0.5 M with addition of NaNO3 (B). The error bars 

represent the standard deviation of the three measured values. 
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For comparison, the same experiment was performed with buffers in which ionic 

strength was not adjusted to the same value (Fig. 22A). A considerable discrepancy was 

observed between obtained results. The ionic strength of the reaction buffer was found 

to be a key factor influencing the pH optimum. The optimal pH differed for each 

substrate more than in the first experiment, a shift towards acidic conditions was 

observed. Maximal activity for ABTS was measured at pH 2.6, which was the lowest 

pH tested, for 2,6-DMP at pH 3.8 and for syringaldazine at pH 4.6. 

Stability of Tvlcc5 was tested by incubation for 2 and 24 h at various pH values in 

presence of buffers with equal ionic strength (Fig. 23). Above pH 3.8, relative activities 

were stable for at least 24 h. Nevertheless, information about pH optimum from 

previous experiments should be taken into consideration, where almost no activity was 

observed for pH higher than 6.0. This led to the conclusion that the enzyme is stable 

above pH 6.0 but with minimal level of activity. In acidic conditions Tvlcc5 was less 

stable since 76.6 ± 17.7% and 60.1 ± 12.6% of initial activities were measured after 2 h 

and 24 h, respectively. Loss of activity at pH 2.2 was more intense, in this case relative 

activity after 2 h reached 61.0 ± 6.8% and after 24 h only 22.7 ± 7.7%. 

 

Fig. 23: Stability of laccase at different pH after 2 (gray) and 24 h (black) of incubation. Ionic 

strength of all buffers was adjusted to 0.5 M with NaNO3. Activity measured immediately after 

preparation of the reaction for each pH value is defined as 100%. The error bars represent the 

standard deviation of the three measured values. 
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Influence of ionic strength 

The activity of Tvlcc5 depended on the ionic strength of the buffer used in the reaction. 

Two different salts were used to maintain desired ionic strength. The influence was 

investigated for NaNO3 and NaCl (Fig. 24). Increasing ionic strength using NaNO3 led 

to increase of relative laccase activity to maximal 147.0 ± 0.7% with 2 M ionic strength. 

On the other hand, using NaCl led to decrease of activity to 18.2 ± 2.9% of initial value. 

 

Fig. 24: Influence of ionic strength on laccase activity. Ionic strength was adjusted with NaNO3 () 

and NaCl (). The error bars represent the standard deviation of the three measured values. 

Influence of metal ions 

The influence of putative co-factors was analyzed and is summarized in Tab. 14. No 

essential co-factor for laccase activity amongst tested metal ions was found. However, a 

relationship between laccase activity and salt-forming anions was observed. The relative 

activity decreased after incubation of Tvlcc5 with Cl
- 

salts of Al
3+

, Ca
2+

, Co
2+

, Cu
2+

, 

Mg
2+

, Mn
2+

, Ni
2+

, and Zn
2+

, although no decrease or significant increase could be 

observed for their respective SO4
2-

 salts. Only in case of incubation with both, FeCl3 

and FeSO4, the relative activity decreased to 22.1 ± 11.8% and 0.0 ± 4.1%, respectively, 

indicating negative influence of iron ions. 
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Tab. 14: Influence of different additives (final concentration 1 mM) in reaction mixture on laccase 

activity. Shown activities represent the respective mean values and the standard deviation of the 

assay performed in triplicate. 

Addition of: Activity [%] Addition of:  Activity [%] 

CaCl2 51.9 ± 0.8 CaSO4 113.9 ± 7.3 

CuCl2 48.3 ± 2.3 CuSO4 111.1 ± 3.1 

FeCl3 22.1 ± 11.8 FeSO4 0.0 ± 4.9 

MgCl2 49.0 ± 6.7 MgSO4 106.0 ± 0.9 

MnCl2 30.5 ± 3.1 MnSO4 108.9 ± 1.6 

NiCl2 39.0 ± 5.8 NiSO4 99.3 ± 3.0 

ZnCl2 38.5 ± 2.7 ZnSO4 104.9 ±0.7 

AlCl3 32.2 ± 1.7 EDTA 116.6 ± 2.3 

CoCl2 44.0 ± 1.3 (-) 100.0 ± 2.3 

KCl 65.5 ± 4.1   

 

Kinetic parameters 

Parameters of Michaelis-Menten kinetics of Tvlcc5 were estimated using non-linear 

regression for two substrates, ABTS and 2,6-DMP (Fig. 25). The values of Michaelis 

constant (KM), turnover number (kcat) and catalytic efficiency (kcatKM
-1

) for each 

substrate are summarized in Tab. 15. The Michaelis constant was 2-fold higher for 

ABTS than for 2,6-DMP. Therefore, concentration of ABTS has to be higher to reach 

maximum velocity. Turnover numbers were similar for both substrates, which means 

that a similar number of molecules of each substrate per active site and time unit is 

converted to product. The value of specificity constant (kcatKM
-1

) for 2,6-DMP was 

much higher, leading to the conclusion that this substrate is preferably used by Tvlcc5. 

 

Fig. 25: Influence of ABTS () and 2,6-DMP () concentration on specific activity of purified 

laccase. The error bars represent the standard deviation of the three measured values. 
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Tab. 15: Kinetic parameters of purified Tvlcc5 for ABTS and 2,6-DMP as substrates. Shown values 

represent the respective mean values and the standard deviation of the three independent assays. 

Parameter ABTS 2,6-DMP 

KM [mM] 1.1 ± 0.1 0.5 ± 0.1 

kcat [s
-1

] 1.4 ± 0.0 1.5 ± 0.0 

kcatKM
-1

 [mM
-1

s
-1

] 1243.5 ± 291.4 2808.3 ± 473.6 

 

To obtain high amounts of enzyme needed for further experiments and degradation of 

pharmaceuticals, a lab-scale cultivation of A. adeninivorans G1212/YRC102-TEF1-

TVLCC5-6H in a 5 L reactor was performed. The advantage of performing this process 

is a high level of automatization, facilitating the reproduction of results once obtained. 

The process was started with a batch phase of 24 h until initial glucose was utilized to a 

residual concentration of 4.44 ± 0.16 g L
-1

. Subsequently, the automated and growth-

controlled feeding phase was initialized. A batch volume of 2 L was increased during 

the feeding process to 3.5 L. During the whole cultivation, samples were taken and dry 

cell weight (DCW), glucose concentration, and laccase activity were analyzed. Time 

courses of those parameters are shown in Fig. 26.  

 

Fig. 26: Fed-batch cultivation of A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H. Time 

courses of DCW (), glucose concentration (), and laccase activity () are shown. The error bars 

represent the standard deviation of the three measured values. 

The cultivation was finalized after 160 h with a final dry cell weight of 96.52 ± 

3.51 g L
-1

 and an extracellular laccase activity of 4986.3 U L
-1

, resulting in yields of 

51.66 U gDCW
-1

, 37.2 U gglc
-1

, and 0.72 gDCW gglc
-1

. Collected samples were also 

analyzed by Coomassie stained SDS-PAGE and Western blotting, showing 
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accumulation of recombinant Tvlcc5 in the supernatant. Within the first 64 h of 

cultivation, putative C-terminal degradation products were observed (Fig. 27). 

 

Fig. 27: Protein accumulation during fed-batch cultivation of A. adeninivorans G1212/YRC102-

TEF1-TVLCC5-6H. Coomassie-stained SDS-PAGE (left) and Western blot (right) analysis of 

samples taken during 160 h of cultivation. 

3.5. Increase of laccase production 

Application of laccase in the industry requires availability of big amounts of enzyme. 

Few different strategies have been developed to increase the production level of laccase 

such as change of secretion signal, co-expression with copper transporters, and 

substitution of promoter. 

Laccases are extracellular enzymes, therefore the first investigated factor were signal 

peptides and their influence on laccase secretion. Three signal peptides were tested and 

compared with the native Tvlcc5 signal peptide (Fig. 28): secretion signals of cutinase 2 

from A. adeninivorans (ACut2), α-mating factor from S. cerevisiae (MFα), and acid 

phosphatase from P. pastoris (PHO1). A positive effect of changing the secretion signal 

on laccase activity was observed in all three cases. The most significant increase of 

activity was noticed for the PHO1 secretion signal. In this case activity reached 0.46 ± 

0.01 U mL
-1

 after 217 h, whereas with the native signal peptide the activity remained at 

0.25 ± 0.01 U mL
-1

. Using ACut2 and MFα signal sequences, laccase activity at the end 

of cultivation reached 0.31 ± 0.01 U mL
-1

 and 0.35 ± 0.01 U mL
-1

, respectively. Dry cell 

weight accumulation and glucose consumption plots demonstrate no differences in 

growth behavior between all strains during cultivation. 

kDa
100
70

40

15
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Fig. 28: Influence of different signal peptides on laccase production. Native Tvlcc5 signal peptide 

(), A. adeninivorans cutinase 2 (), S. cerevisiae α-mating factor (), and P. pastoris acid 

phosphatase () secretion signals were compared. The error bars represent the standard deviation 

of the three measured values. 

Since laccases belong to the enzyme superfamily of multicopper oxidases, availability 

of copper is essential for formation of active protein. To check influence of copper 

transport on laccase accumulation, three different proteins involved in copper transfer 

were selected, Ccc2 from S. cerevisiae as well as Ctr2 and Ctr3 from A. adeninivorans. 

Ccc2 is a copper-transporting P-type ATPase, involved in the regulation of cellular 

copper level. It retrieves copper from the metallochaperone ATX1 and incorporates it 

into trans-Golgi vesicles, where copper can be inserted into copper-dependent secreted 

enzymes. The copper transport protein Ctr2 provides bioavailable copper via 

mobilization of vacuolar copper stores and export to the cytoplasm (191). The copper 

transport protein Ctr3 is located in the plasma membrane and is required for high 
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affinity transport of copper into the cell (192). A. adeninivorans strains co-expressing 

the TVLCC5 gene and genes encoding the described copper transporters were 

constructed and cultivated. The activity of synthesized laccase as well as pH, DCW, and 

glucose consumption were measured and compared with values obtained for 

A. adeninivorans G1212/YRC102-TEF1-TVLCC5-6H (Fig. 29). Enhanced 

accumulation of laccase appeared in all strains producing copper transporters on a 

similar level. Presence of these proteins increased Tvlcc5 secretion almost twice. After 

208 h of cultivation, the strain with the SCCCC2 gene reached an activity of 0.59 ± 0.01 

U mL
-1

 while activities of 0.57 ± 0.01 U mL
-1

 and 0.63 ± 0.00 U mL
-1

 were obtained 

with AACTR3 and with both AACTR2 and AACTR3, respectively. For comparison, for 

the strain expressing only TVLCC5, an activity of 0.35 ± 0.01 U mL
-1 

was measured. 

Interestingly, for the first 68 h of cultivation the amount of secreted laccase was similar 

for all strains. After this time point a clear separation between G1212/YRC102-TEF1-

TVLCC5-6H and other strains can be observed on the activity plot (Fig. 29A). No 

remarkable differences were observed between all strains considering dry cell weight 

accumulation and glucose consumption. 

In addition to the strains co-expressing laccase and copper transporter genes, one strain 

with a triple integration of TVLCC5 was constructed. This strain was also analyzed for 

increased laccase production (Fig. 29). At the end of cultivation, the measured activity 

was slightly lower (0.54 ± 0.01 U mL
-1

) than with strains synthesizing copper 

transporters, but substantially higher than for the A. adeninivorans strain 

G1212/YRC102-TEF1-TVLCC5-6H. 
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Fig. 29: Laccase production by strains co-expressing laccase and copper transporter genes. Strains 

expressing TVLCC5 and SCCCC2 (), TVLCC5, AACTR2 and AACTR3 (), TVLCC5 and 

AACTR3 () were compared with strain with single () and triple () integration of TVLCC5. 

The error bars represent the standard deviation of the three measured values. 
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Fig. 30: Specific activity of Tvlcc5 under control of different A. adeninivorans-derived promoters 

(see Tab. 16), compared with the constitutive TEF1 promoter. The error bars represent the 

standard deviation of the three measured values. 

Seventeen different promoters were chosen to check the expression level of TVLCC5 

under their control. Promoters were selected from diverse pathways, being either 

constitutive or putatively induced by glucose. Information about selected promoters is 

summarized in Tab. 16. Results were compared with the strong constitutive TEF1 

promoter commonly used for heterologous gene expression in A. adeninivorans 

(Fig. 30). In case of 8 promoters (A, F, J–N, Q) increase of laccase production was 

observed. Four of the tested promoters were comparable to (E, G–I) and 5 were less 

effective (B–D, O, P) than the TEF1 promoter. The most significant increase was 

detected for the hexokinase promoter (ARAD1C18788) which led to a specific activity 

of 17.66 ± 0.59 U mg
-1

protein compared to 10.92 ± 0.67 U mg
-1

protein achieved under the 

control of the TEF1 promoter. The next highest specific activities were obtained using 

pyruvate kinase and glyceraldehyde-3-phosphate dehydrogenase promoters, with 

13.63 ± 0.51 and 13.45 ± 0.30 U mg
-1

protein, respectively. The least effective was the 

promoter of the gene encoding the pyruvate dehydrogenase alpha subunit (5.93 ± 

0.17 U mg
-1

protein). 
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Tab. 16: Summary of A. adeninivorans promoters used for TVLCC5 expression. 

  Gene ID Gene Pathway 

A ARAD1A01408g fructose-bisphosphate 

aldolase  

glycolysis, gluconeogenesis 

B ARAD1B01760g enolase I glycolysis 

C ARAD1A03058g mediator of RNA 

polymerase II transcription 

subunit 14 

regulation of transcription from RNA 

polymerase II  

D ARAD1D03960g alpha subunit of pyruvate 

dehydrogenase 

acetyl-CoA biosynthetic process from 

pyruvate, glycolysis  

E ARAD1A04928g transcription initiation 

factor IIA subunit 2 

transcription initiation from RNA 

polymerase II promoter 

F ARAD1C05566g catalytic alpha subunit of C 

terminal domain kinase I 

phosphorylation of RNA polymerase 

II C-terminal domain, regulation of 

transcription by RNA polymerase I 

and II, protein phosphorylation 

G ARAD1C05698g phosphoglycerate kinase glycolysis 

H ARAD1A11814g component of the 

mitochondrial alpha 

ketoglutarate 

dehydrogenase complex 

tricarboxylic acid cycle 

I ARAD1A11836g 2-oxoglutarate 

dehydrogenase 

mitochondrial precursor 

glycolysis, tricarboxylic acid cycle 

J ARAD1D12870g pyruvate kinase phosphorylation, glycolysis 

K ARAD1B14036g malate dehydrogenase glycolysis, tricarboxylic acid cycle, 

malate metabolic process 

L ARAD1D16896g glyceraldehyde-3-

phosphate dehydrogenase 

glycolysis, gluconeogenesis 

M ARAD1C18788g hexokinase glycolysis, phosphorylation 

N ARAD1C23892g mRNA capping 

methyltransferase 

mRNA processing, RNA methylation 

O ARAD1D32340g triosephosphate isomerase gluconeogenesis, fatty acid 

biosynthetic process, pentose-

phosphate shunt, glycolysis 

P ARAD1C38940g glucose-6-phosphate 

isomerase 

gluconeogenesis, glycolysis 

Q ARAD1D41822g hexokinase  phosphorylation, glycolysis, 

carbohydrate metabolic process 

 

3.6. Laccase immobilization 

Various techniques for immobilization of laccase were analyzed. Natural polymers like 

alginate and chitosan as well as inorganic materials (aluminum oxide, silicon dioxide) 

were applied as enzyme carriers. Examples of immobilized Tvlcc5 are shown in Fig. 31. 
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Laccase was entrapped in three kinds of alginate capsules (calcium, copper, and zinc). 

The first mentioned capsules were prepared using the chloride salt, the others with 

sulfate salts. The activity of calcium and zinc alginate spherules was determined as 74% 

and 67%, respectively, of the value obtained for copper alginate capsules. Furthermore, 

the alginate gel structure was found to be destabilized by citrate and phosphate buffers 

as well as by conditions above pH 6.6, causing leakage of enzyme. 

During the preparation of Tvlcc5 with inorganic materials as support for 

immobilization, significant loss of enzyme activity was observed. A high level of 

laccase activity measured in washing solution led to the conclusion that the enzyme was 

not bound to the carrier or interaction between enzyme and carrier was too weak. 

Additionally, covalent bonds formed between enzyme and silica can be a reason for low 

laccase activity. Covalent bonds are formed between chemical groups of the support and 

chemical groups of the enzyme due to addition of the multifunctional reagent 

glutaraldehyde. Those chemical modifications of the enzyme can result in a change of 

conformation and may lead in consequence to its inactivation. 

In case of immobilization by cross-linked chitosan, no laccase activity was detected, 

when reaction pH exceeds 6.6. Besides that, incubation in very acidic conditions 

(pH 2.2) led to the destruction of the chitosan matrix observed as increased turbidity of 

the reaction mixture. 

 

Fig. 31: Immobilization of laccase. Tvlcc5 immobilized in alginate beads during reaction with 

ABTS (A); Tvlcc5 immobilized in tripolyphosphate cross-linked chitosan, before (B) and after (C) 

reaction with ABTS; Tvlcc5 adsorbed on Al2O3 (D); Tvlcc5 inside glutaraldehyde cross-linked 

chitosan (E). 

Prepared immobilized enzymes were checked in terms of greater thermal stability 

compared to the soluble form of Tvlcc5. Tvlcc5 immobilized using carriers copper 

alginate beads, aluminum oxide, and TPP cross-linked chitosan were incubated at 60 °C 

and 70 °C for 2 h. Residual laccase activity was measured. The obtained results in 

comparison to the activity of the soluble Tvlcc5 form are shown in Fig. 32. 
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The immobilization process led to an increase of laccase stability at higher temperatures 

for carriers aluminum oxide and chitosan, compared to the soluble form of Tvlcc5. 

However, in case of immobilization with chitosan, only results obtained at 60 °C (19%) 

can be taken into consideration, since at 70 °C destabilization of the chitosan structure 

occurred. Significant improvement was observed for Tvlcc5 immobilized onto Al2O3. 

After incubation at 60 °C for 2 h, the activity of the immobilized enzyme remained at 

62% while the soluble form showed a residual activity of only 12%. Similarly, 31% of 

initial activity (immobilized Tvlcc5) and only 1% (soluble form) were detected 

following incubation at 70 °C. At those temperatures almost no activity was detected for 

laccase immobilized in alginate capsules. 

 

Fig. 32: Effect of temperature on stability of immobilized laccase. Enzyme was incubated in 60 °C 

(gray) and 70 °C (black) for 2 h. Enzyme activity of samples incubated on ice was defined as 100% 

and used for calculation of relative activity values. The error bars represent the standard deviation 

of the three measured values. 

Immobilized forms of Tvlcc5 were analyzed in terms of reuse of enzyme. However, 

some difficulties impeded clear characterization of this matter. It was observed that a 

green product of the enzymatic reaction with ABTS was accumulating inside the carrier 

material. Repeated washing steps did not release this product. It stayed trapped until a 

new reaction was started by adding a fresh portion of ABTS. Immediately after that, a 

remarkable amount of product was discharged to the supernatant disrupting 

measurement of the newly formed reaction product. 
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3.7. Cytochrome P450 gene expression 

Expression of A. adeninivorans CYP450 genes 

Having been sequenced in 2014, the A. adeninivorans LS3 strain (156) was now 

screened for genes belonging to the superfamily of cytochromes P450. Seven genes 

encoding cytochrome P450 enzymes were found. Five of them were selected and 

amplified via PCR with primers shown in Tab. 5. Four genes belong to the n-alkane 

inducible family CYP52, converting n-alkanes and fatty acids to aliphatic dicarboxylic 

acids (AACYP52A12, AACYP52A12_2, AACYP52A17, and AANAH) while one gene 

encodes phenylacetate 2-hydroxylase (Aapah). Theoretical molecular masses of proteins 

synthesized from those genes are: 61.9 kDa (Aacyp52a12), 60.6 kDa (Aacyp52a12_2), 

59.2 kDa (Aacyp52a17), 61.0 kDa (Aanah), and 57.0 kDa (Aapah), respectively. 

A. adeninivorans strains synthesizing corresponding proteins with 6×His-tag were 

constructed and analyzed. Morphological differences between yeast droplets on agar 

medium were observed. Grown out droplets differed in size, shape, and structure. 

A typical A. adeninivorans G1212 colony on agar plate has a regular, round shape; its 

surface is smooth and flat. In contrast, many colonies with overexpression of 

cytochromes P450 have a very irregular shape with a rough, wrinkled surface (Fig. 33). 

Furthermore, difficulties occurred during propagation of colonies from one plate to 

another. In many cases, cells were not growing after transfer. This led to the assumption 

that overexpression of cytochrome P450 might induce stress reactions, resulting in cell 

death. 

 

Fig. 33: Morphological differences of colonies of A. adeninivorans strains overexpressing CYP450 

genes. Colonies often occur in irregular form with a rough and wrinkled surface. 
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In addition to the homologous expression of A. adeninivorans cytochromes P450, this 

yeast was applied also for the heterologous expression of the human CYP2C9 gene. 

CYP2C9 is second highly expressed CYP in the human liver. It is known that cyp2c9 is 

responsible for the metabolism of a wide spectrum of pharmaceuticals in the human 

body (e.g., diclofenac, ibuprofen, naproxen, losartan, warfarin). The catalysis of 

approximately 20% of cytochrome mediated metabolic reactions of drugs available on 

the market is performed by this enzyme isoform (193). This feature was the reason to 

include this enzyme to the group of proteins to be analyzed. The CYP2C9 gene was 

synthesized by Eurofins (Germany) with codon optimization for the host yeast 

A. adeninivorans. The theoretical molecular mass of human cyp2c9 is 55 kDa. 

3.8. Analysis of CYP450 synthesis in A. adeninivorans 

To analyze the synthesis of CYP450 by A. adeninivorans, different strategies were 

utilized. Procedures using whole cells as well as isolated microsomes were examined. 

The first method employed was the measurement of the carbon monoxide difference 

spectrum in whole cells. This method was chosen to avoid labor-intensive sub-cellular 

fractionation. The formation of a complex between reduced heme iron of the CYP450 

and CO with a characteristic peak near 450 nm is the principal of this method. 

Screening for CYP450 expression in A. adeninivorans whole cells by CYP450-CO 

complex formation resulted in spectra presented in Fig. 34. Screening was performed 

for 20 clones of each A. adeninivorans strain overexpressing Arxula-derived CYP450s 

and human CYP2C9. The characteristic peak at 450 nm of reduced heme iron for active 

cytochrome P450 was not observed in any of the tested strains. Instead, a peak near 420 

nm was detected. 
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Fig. 34: Example of 10 carbon monoxide difference spectra obtained from whole cells of 

A. adeninivorans strains overexpressing cytochrome P450 genes (each symbol represents a different 

strain). Spectra of all other screened strains looked similar to presented ones. 

It is known that mitochondrial cytochrome oxidases interfere with CYP450 absorption 

characteristics. Those enzymes produced in significant amounts by yeasts are 

responsible for the formation of a peak near 420 nm which can completely cover the 

CYP450 absorption maximum at 450 nm. Therefore, the absence of the 450 nm peak in 

the reduced CO difference spectrum is not a crucial evidence for lack of cytochrome 

P450 in the cells (185, 194). 

Longer cultivation protocols are suggested to decrease the cytochrome oxidase 

concentration. However, in the present study, no distinction in reduced CO difference 

spectra between cultures cultivated for 48 and 144 h was observed. It is implied that 

production of cytochrome oxidases was still on a too high level and measurement of 

CYP450 was therefore hindered. 

Another explanation of the obtained result could be the usage of a self-adapted chamber 

for incubation with carbon monoxide. Possibly, carbon monoxide contact with cells was 

insufficient or the construction of the chamber did not prevent air influx and CO 

leakage. 
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A second strategy to analyze the CYP450 synthesis by A. adeninivorans was the 

isolation of the microsomal fraction from yeast cells and the detection of 6×His-tagged 

cytochromes P450. For this purpose, various methods available in the literature were 

analyzed. A description of applied methods can be found in section 2.2.17 in Materials 

and methods. Subsequently, process effectiveness was demonstrated by SDS-PAGE 

with Coomassie staining and Western blotting. 

Isolation of microsomes with method I resulted in a ladder of bands for all samples 

analyzed on Western blotting (Fig. 35). The same pattern was observed for the negative 

control G1212, which does not contain any 6×His-tagged protein. This led to the 

assumption that no CYP450 was detected and only unspecific binding of antibody 

occurred. 

 

Fig. 35: SDS-PAGE and Western blot analysis of CYP450 in microsomes isolated with method I. 

Detection was performed using anti-6×His-tagged antibody from rabbit as primary antibody. 

Results from method II vary from those obtained in the first case. Figure 36 illustrates 

microsomal samples isolated with method II. This time, only four bands were apparent 

and only in the samples with highest protein content. Nevertheless, bands at a 

corresponding position were visible also in the negative control, again indicating 

unspecific binding of the antibody. 
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Fig. 36: SDS-PAGE and Western blotting analysis of CYP450 in microsomes isolated with method 

II. Detection was performed using anti-6×His-tagged antibody from rabbit as primary antibody. 

Implementation of a detection procedure preferably used for membrane proteins 

resulted in the Western blot shown in Fig. 37. Strong signals with a molecular mass of 

around 18 kDa were visible in each sample. Additionally, in the case of Aacyp52a12_2 

clones A1 and A6, unclear bands at 55 kDa were apparent. 

 

Fig. 37: SDS PAGE and Western blot analysis of CYP450. Samples were prepared according to a 

detection procedure advantageous for membrane protein. Detection was performed using anti-

6×His-tagged antibody from rabbit as primary antibody. 

Another implemented procedure (method IV) resulted in explicit signals corresponding 

to theoretical molecular masses of targeted proteins in fractions from A. adeninivorans 

overexpressing AACYP52A12 (clones B1 and C1) as well as AACYP52A12_2 (clones 

D1 and D3). Results are presented in Fig. 38. This experiment showed effectiveness of 

method IV for isolation of microsomes from the yeast A. adeninivorans. Afterwards, 

kDa

100
70

40

15

kDa

55
70

40

15



83 
 

screening of all available clones from each CYP450 overexpressing strains was 

performed. Around 100 clones were cultivated, harvested and microsomal fractions 

were isolated. Study of all samples did not reveal any additional CYP450 signal, besides 

the four already mentioned above. 

Approximately 4% of constructed strains were able to consistently synthesize one of the 

native cytochromes P450. Interestingly, only overexpression of AACYP52A12 and 

AACYP52A12_2 was successful. It can be thus reasonably assumed that establishing a 

functional expression of cytochrome P450 genes in A. adeninivorans is a challengeable 

task. 

 

Fig. 38: SDS-PAGE and Western blotting analysis of CYP450 in microsomes isolated according to 

method IV. Detection was performed using anti-6×His-tagged antibody from rabbit as primary 

antibody. 

Four strains giving a positive signal after Western blot analysis indicative of synthesis 

of selected CYP450 were further analyzed. YPD medium was inoculated 1:60 and 

during cultivation time (5, 15, 20, 24, and 48 h) culture samples were collected. 

Microsomes were isolated according to method IV and analyzed by SDS-PAGE and 

Western blotting. Obtained results are presented in Fig. 39. The 6×His-tagged CYPs 
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accumulated within the cells over the whole growth period with the highest level of 

accumulation found for Aacyp52a12_2 D1. 

 

Fig. 39: Accumulation of Aacyp52a12 and Aacyp52a12_2 during the first 48 h of cultivation. SDS-

PAGE and Western blot analysis of collected microsomal fractions is shown. Detection was 

performed using anti-6×His-tagged antibody from rabbit as primary antibody. 

The same methods were applied for detection of hcyp2c9 synthesized in 

A. adeninivorans. The only difference was the implementation of polyclonal antibody 

cyp2c9 as primary antibody for Western blotting. Obtained results are summarized in 

Fig. 40. In all presented samples, a protein with a molecular mass slightly above 55 kDa 

was detected. The same signal appeared in fractions from the negative control G1212, 

suggesting an insufficient specificity of the used antibody. Interestingly, a positive 

control — recombinant human cyp2c9 supplied by company BioVision (USA) — 

showed several signals (Fig. 40B). One signal appeared at 55 kDa corresponding to 

hcyp2c9 while additional signals with a lower molecular mass can be considered as 

degradation products. Additionally, analysis of Coomassie staining of the positive 

control sample indicated that the protein was not purified, since a ladder of bands was 

apparent. This could lead to the assumption that signals present on the Western blot 

were products of unspecific antibody binding. 

kDa

70 –

40 –
55 –

70 –

40 –
55 –

15 –

15 –



85 
 

 

Fig. 40: Summary of methods used for detection of hcyp2c9 in A. adeninivorans G1212/YRC102-

TEF1-HCYP2C9-6H strains (1) A5, (2) A8, (3) A10, (4) E1, (5) E11, (6) F9, (7) F11. Detection was 

performed using CYP2C9 polyclonal antibody from rabbit as primary antibody. Strain 

A. adeninivorans G1212 served as a negative control (K-) while commercially available recombinant 

human cyp2c9 was used as a positive control (K+). In section (A) method I, (B) method II, 

(C) method III, and (D) immunoblotting procedure for membrane proteins were used. 
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Another explanation for the presence of such strong, clear signals in all samples 

including the negative control G1212 is the synthesis of native proteins by 

A. adeninivorans showing immunological cross-reactivity with the chosen antibody. 

 

3.9. Degradation of pharmaceuticals 

3.9.1. Degradation of pharmaceuticals by laccase 

The degradation of three common pharmaceutical pollutants of wastewater — 

carbamazepine, diclofenac, and sulfamethoxazole (26, 195) mediated by Tvlcc5 laccase 

was investigated. Chemical structures of those compounds are shown in Fig. 41. 

 

Fig. 41: Chemical structures of (A) carbamazepine, (B) diclofenac sodium salt, (C) 

sulfamethoxazole. 

Reactions containing lyophilized Tvlcc5 (20 U mL
-1

), 50 mM sodium citrate buffer pH 

5.0, and 40 mg L
-1

 of the tested pharmaceutical were prepared. After 30 min, 1, 2, 4, 8, 

and 24 h of incubation at 30 °C samples were taken and analyzed by thin layer 

chromatography (see section 2.4.1). 

Incubation with Tvlcc5 showed significant effects in case of diclofenac (46.8% 

breakdown) and sulfamethoxazole (51.1% breakdown), whereas carbamazepine 

remained unaffected. Furthermore, the influence of laccase mediator ABTS was studied 

and a remarkable increase of Tvlcc5 efficiency was observed. Under these conditions, 

diclofenac and sulfamethoxazole were fully degraded within 1 h of incubation. On the 

other hand, carbamazepine remained unaffected as before (Fig. 42). 

A B C



87 
 

 

Fig. 42: Degradation courses of carbamazepine (A), diclofenac (B), sulfamethoxazole (C). Reaction 

mixtures with tested pharmaceutical and Tvlcc5 () in the presence of 1mM ABTS () were 

compared with negative controls containing no Tvlcc5 () and with only addition of 1 mM ABTS 

().The error bars represent the standard deviation of the three measured values. 

To verify the strength of the influence of the redox mediator ABTS on the degradation 

process, reactions with decreased amounts of Tvlcc5 were examined (Fig. 43). 

Reactions with 2, 4, 8, and 40-fold lower enzyme concentrations were prepared. After 

24 h incubation either with diclofenac or sulfamethoxazole samples were extracted and 

analyzed on thin layer chromatography. Significant differences between samples with 

and without ABTS were noticed. Even in samples with the lowest Tvlcc5 concentration 

(0.5 U mL
-1

) the amount of tested pharmaceutical was decreased to 16.2% and 4.9% of 

the initial value for diclofenac and sulfamethoxazole, respectively. On the other hand, 

without ABTS no transformation of diclofenac and only 10% decrease of 

sulfamethoxazole occurred. The incubation of diclofenac with 5 U mL
-1

 Tvlcc5 and 

ABTS resulted in a complete degradation of this compound. Under the same reaction 

conditions approximately 3% of sulfamethoxazole remained unaffected. 
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Fig. 43: Influence of ABTS on degradation efficiency of diclofenac (A) and sulfamethoxazole (B) by 

Tvlcc5. Reactions containing Tvlcc5 in given concentrations (gray bars) were compared with 

reactions containing additionally 1 mM ABTS (striped bars). 

The ability of degradation of diclofenac and sulfamethoxazole by immobilized laccase 

was also investigated. Tvlcc5 immobilized with TPP cross-linked chitosan was used for 

this purpose. Results are shown in Fig. 44. It was observed that the amount of enzyme 

used in the reaction (0.015 U mL
-1

) was insufficient to degrade those pharmaceuticals. 

However, like noticed before, addition of ABTS enhanced the transformation reaction. 

Already after 2 h of incubation with immobilized Tvlcc5 and ABTS, diclofenac was 

completely removed. With sulfamethoxazole as a substrate, the influence of ABTS was 

less effective as approximately 40% remained unaffected after 96 h. 

 

Fig. 44: Degradation of diclofenac (A) and sulfamethoxazole (B) by immobilized Tvlcc5. Tvlcc5 

immobilized with TPP cross-linked chitosan () in the presence of ABTS (). As negative controls 

reactions with TPP cross-linked chitosan () in the presence of ABTS () were performed. 
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3.9.2. Degradation of carbamazepine by whole cell catalyst 

A. adeninivorans stains overexpressing AACYP52A12 and AACYP52A12_2 (cf. section 

3.8 and Fig. 38) were selected and cultivated in medium containing carbamazepine. The 

ability to degrade this compound by growing yeast cells was investigated. Supernatant 

samples collected after 48 and 96 h of incubation were analyzed by thin layer 

chromatography and compared with cell-free medium. Neither decrease in amount of 

carbamazepine nor any transformation product formation was observed. 

3.9.3. Influence of laccase-mediator system on degradation level 

Due to the fact that no degradation of carbamazepine was observed during incubation 

with sole Tvlcc5 as well as after incubation with cells overexpressing CYP450, further 

studies considering this compound were undertaken. Fifteen laccase-mediator systems 

(LMS) were chosen from the available literature and their influence on carbamazepine 

degradation by laccase was investigated. The tested mediators were: ABTS, vanillin, p-

coumaric acid, hydroquinone, MnSO4, 4-hydroxybenzoic acid, phenol red, 

hydroxybenzotriazole (HOBt), syringaldehyde, and 2,2,6,6-tetramethylpiperidine-1-

oxyl (TEMPO) in final concentrations of 2 mM. Fig. 45 shows chemical structures of 

those compounds. 

 

 

Fig. 45: Chemical structures of laccase mediators: (A) ABTS, (B) vanillin, (C) p-coumaric acid, 

(D) hydroxybenzotriazole, (E) hydroquinone, (F) 4-hydroxybenzoic acid, (G) syringaldehyde, 

(H) phenol red, (I) TEMPO. 
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Laccase mediators serve as so called “electron shuttle”. They are first oxidized by 

laccase. After diffusion from the active site, they can oxidize any other substrate, which 

for example was too big to directly enter the active site of the enzyme. Additionally, the 

oxidized form of the mediator can use different oxidation mechanisms (e.g., electron 

transfer (ET), radical hydrogen atom transfer (HAT)) and hence broaden the substrate 

spectrum (196). Oxidation mechanisms of ET and HAT reactions are shown in Fig. 46. 

 

Fig. 46: Oxidation mechanisms used by a laccase mediator. Oxidized mediator can follow either 

electron transfer (ET) or hydrogen atom transfer (HAT) route of substrate oxidation. 

A synergetic effect of some laccase mediators has been previously described and 

associated with different reaction mechanisms used by chosen mediators (ET and HAT 

routes). For this reason, several combinations of two mediators (ABTS with vanillin, p-

coumaric acid with Tween 80, hydroquinone with MnSO4, phenol red with 

hydroquinone, and hydroxybenzotriazole with Tween 80) were also investigated in the 

present work. 

After a reaction time of 24 h samples were taken, extracted and subsequently analyzed 

by thin layer chromatography (Fig. 47 and Fig. 48). Transformation of carbamazepine 

was only observed when vanillin and vanillin with ABTS were present in the reaction 

mixture as the mediator system. Moreover, in those two cases the influence of the 

mediator was noticed directly after starting the reaction. A shift in the retention factor 

(Rf) value from 0.14 to 0.13 suggested the formation of a carbamazepine transformation 
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product. After 24 h, additional products were appearing. For the enzymatic reaction 

with addition of vanillin and ABTS, retention factors of formed products were 0.03, 

0.10, 0.14, and 0.17, respectively, and for the Tvlcc5 reaction in the presence of only 

vanillin 0.03, 0.08, 0.13, and 0.17. Retention factors in samples without Tvlcc5 did not 

change, suggesting involvement of whole LMS and not transformation by the mediator 

alone. 

 

Fig. 47: Degradation of carbamazepine in the presence of selected laccase-mediator systems (ABTS, 

ABTS with vanillin, vanillin, p-coumaric acid, p-coumaric acid with Tween 80, hydroquinone, and 

hydroquinone with MnSO4). 
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Fig. 48: Degradation of carbamazepine in the presence of selected laccase-mediator systems 

(MnSO4, 4-hydoxybenzoic acid, phenol red, phenol red with hydroquinone, hydroxybenzotriazole, 

hydroxybenzotriazole with Tween 80, syringaldehyde, and TEMPO). 
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4. DISCUSSION 

Occurrence of pharmaceutical active compounds in the environment and particularly in 

the water system is an increasing problem all over the world. An expanding market of 

drugs causes the risk of chronic exposure to those substances dispersed in the 

environment. This can lead to developmental or behavioral changes in exposed species. 

By affecting the reproduction system it can even contribute to extinction of species and 

in consequence to destabilization of ecosystems. Therefore, the impact of 

pharmaceuticals on the environment has to be regulated on different levels including 

authorization and legislation, development and production, distribution, disposal and 

finally waste management. 

In the present work, the yeast A. adeninivorans was used as a host for heterologous gene 

expression of laccase and as a cytochrome P450 gene donor in order to be employed for 

the degradation of pharmaceuticals in wastewater treatment plants. This yeast is known 

for its robustness, osmo- and thermotolerance and ability to assimilate a wide spectrum 

of substrates. Uncomplicated and low-cost cultivation processes together with fast and 

high cell growth density makes A. adeninivorans an attractive organism for the 

production of high amounts of active enzymes. For this reason, it has already been 

successfully applied in many biotechnological processes (see section 1.5). 

At the beginning of this work, differences in heterologous laccase gene expression in 

A. adeninivorans were studied. Additionally, sequences of selected fungal laccases were 

compared and analyzed, together with other aspects influencing functional enzyme 

synthesis (see section 4.1). 

After the successful constitutive expression of gene TVLCC5 using the A. adeninivorans 

expression platform, recombinant protein with 6×His-tag was purified by immobilized 

metal affinity chromatography and biochemically characterized. Parameters like 

temperature and pH optimum, temperature and pH stability, influence of various co-

factors were determined (see section 4.2). 

To obtain a sufficient amount of extracellular laccase, cultivation conditions were 

optimized, including medium composition and incubation temperature (see section 4.3). 

Moreover, diverse genetic modifications were performed to enhance laccase synthesis 

(see section 4.4). Various methods of immobilization were evaluated to facilitate future 

application of Tvlcc5 (see section 4.5). 
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Homologous overexpression of cytochromes P450 (AACYP52A12, AACYP52A12_2, 

AACYP52A17, AANAH, and AAPAH) by A. adeninivorans was investigated. A variety 

of methods for enzyme isolation was analyzed (see section 4.6). 

Finally, the potential of laccase and CYP450s synthesized by A. adeninivorans to 

degrade selected pharmaceuticals was examined. Application of sole Tvlcc5 as well as 

Tvlcc5 in presence of laccase mediator systems was analyzed. Additionally, strains 

overexpressing CYP450s were tested as whole cell biocatalysts (see section 4.7). 

4.1. Analysis of laccase gene expression and factors influencing 

functional protein synthesis 

This work describes the construction of four A. adeninivorans strains with the aim of 

recombinant laccase synthesis. After successful transcription of four isolated laccase 

genes from the fungi T. versicolor and P. cinnabarinus, only one active laccase protein 

(Tvlcc5) was synthesized by the host yeast A. adeninivorans. Possible explanations for 

this result were investigated. 

It was demonstrated that all four laccase genes (TVLCC5, TVLCC2, TVLAC, PCLAC) 

were successfully inserted into the genomic DNA of A. adeninivorans strain G1212 

(Fig. 7). Transcription was analyzed by reverse transcription PCR, confirming that all 

laccase genes are indeed transcribed. Interestingly, despite using the same promoter and 

terminator during the cloning procedure, different transcription patterns were observed 

(Fig. 12–Fig. 14). Signals from mRNA of TVLAC and PCLAC were found already after 

2 h of cultivation. However, as shown in Fig. 13, a high degradation rate may occur in 

the case of mRNA from TVLAC, since no signals were detected in samples taken later 

than 2 h. Transcripts of TVLCC5 and TVLCC2 were first observed after 24 h. Presented 

evidence for transcription of TVLCC2, TVLAC, and PCLAC together with the absence 

of the respective proteins in intra- and extracellular fractions from A. adeninivorans 

strains G1212/YRC102-TEF1-TVLCC2-6H, G1212/YRC102-TEF1-TVLAC-6H, and 

G1212/YRC102-TEF1-PCLAC-6H (Fig. 10) imply that post-transcriptional effects may 

be responsible for this result. Either the translation process does not occur at all 

(possibly because of rapid mRNA degradation or problems with its secondary structure) 

or degradation of protein takes place shortly after its synthesis, due to putative protease 

recognition sites. 

In the presented work, wild type sequences were used for molecular cloning. Since 

codon usage bias differs in each organism due to degeneracy of the genetic code, 
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successful heterologous expression can be challenging. It has been found that codon 

bias influences translation efficiency by affecting translation elongation rate. It also 

contributes to cellular processes like protein folding and differential regulation of 

protein expression (197). Therefore, potential differences between the codon usage of 

host organism A. adeninivorans and codons used in laccase genes from T. versicolor 

and P. cinnabarinus were investigated (Tab. 12). The analysis showed that laccase 

genes contain some rare codons (CGC, GCG, GTC). However, they are present in all 

four laccase genes, also in the successfully expressed gene TVLCC5, meaning that 

codon usage bias is not the sole barrier for successful translation in A. adeninivorans. 

However, to expand this analysis, a variety of other parameters that are critical to 

transcription, translation, and protein folding (such as GC content, mRNA secondary 

structure, RNase recognition sites, transcriptional terminator sites, or hidden stop 

codons) could be investigated. 

Since laccases are extracellular enzymes, lack of activity in culture supernatant can be 

caused by drawbacks in the secretion process. One important issue can be the choice of 

a suitable secretion signal peptide. In this study, native signal sequences were used 

which may have led to non-functional translocation of the protein in cells of 

A. adeninivorans. Analysis of amino acid sequences of all four enzymes showed some 

differences between Tvlcc5 and other three laccases. Especially notable are differences 

in the signal peptide, like dissimilarities in position 9–11 (section 3.2; Fig. 15), which 

could be crucial for successful secretion. At this position, one asparagine and two valine 

residues (NVV) occur in Tvlcc5, while two phenylalanine residues and one valine 

(FFV) are present in all other three laccases. Side chains of those amino acids differ in 

properties – the asparagine side chain is small and polar, valine small and hydrophobic, 

whereas the aromatic phenylalanine chain is hydrophobic and one of the biggest among 

all proteinogenic amino acids. Those discrepancies may decide about functionality of 

the protein and lead to the conclusion that closer investigation into yeast signal 

sequences may be worthwhile. 

Six additional domains with differences of amino acid sequence (Fig. 15; described in 

section 3.2) may be also related to functional expression of laccase genes in 

A. adeninivorans. They may be involved in post-translational modifications (PTM) 

which are often species-specific. Failures during PTM could lead to incorrect folding by 

chaperones, different pattern of glycosylation, phosphorylation, or disulfide bonds 

formation during recombinant protein production (198, 199). Possibly, A. adeninivorans 
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is unable to process those modifications for various proteins with the same efficiency, 

resulting in synthesis of non-functional proteins. 

4.2. Molecular mass determination and biochemical characterization of 

Tvlcc5 

Native molecular mass determination of Tvlcc5 by size exclusion chromatography as 

well as by Coomassie staining (Fig. 20A) resulted in a significantly larger value (90–

100 kDa) than the one predicted from the amino acid sequence (53.6 kDa). The reason 

for this discrepancy is high glycosylation. Screening of the PROSITE database (190) 

gave evidence that T. versicolor lcc5 has 13 potential N-glycosylation sites. Treatment 

with PNGase F, leading to removal of N-glycans revealed a decrease in molecular mass 

to approx. 70 kDa, which is still much higher than the predicted value (Fig. 20C), 

possibly because of the additional presence of O-glycans. Therefore, a total glycan 

content of around 40% is implied. This is consistent with previous results of Brown et 

al. (200), reporting total carbohydrate of 40% (25% represented by N-glycans) after 

synthesis of the same isozyme in Pichia pastoris. Since hyperglycosylation by yeast is a 

well-known phenomenon, it would be a natural explanation for such high discrepancy in 

molecular mass (167). Laccases synthesized by fungi are also glycoproteins, mainly 

with carbohydrate content of 10–20% (99, 103). 

Tvlcc5 with 6×His-tag synthesized by A. adeninivorans was purified to homogeneity by 

immobilized metal affinity chromatography (IMAC). An activity of 0.882 ± 

0.041 U mL
-1 

was recovered after the purification process. Protein purity was proven by 

activity staining using ABTS and 2,6-DMP as substrates. Obtained results were suitable 

for further analysis and biochemical characterization of the enzyme. 

It was demonstrated that pH optima for all tested substrates (ABTS; 2,6-DMP and SGZ) 

are situated within the range of 4.5–5.5 (Fig. 22B). These findings deviate from 

previous results on other laccases reported in the literature, which show a variation in 

pH optimum depending on used substrate. Gu and co-workers (201) as well as Kalyani 

et al. (202) show that pH optimum value depends on used substrate (pH 3.0 for ABTS, 

pH 5.5 for SGZ, and pH 5.0–6.0 for 2,6-DMP). Similarly, Nitheranont et al. (203) 

described acidic conditions (pH 2.0) as optimal for laccase activity, using ABTS as a 

substrate. Such discrepancies were found also for many other fungal laccases (100). It is 

implied that such variation of pH optima for different substrates occurs due to variable 

degrees of substrate protonation under different pH conditions as well as structural and 
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mechanistic changes in the substrate, O2, or enzyme itself induced by pH (204). It is 

important to highlight that in the current work the pH optimum was measured with 

buffers with equal ionic strength. Unfortunately, previously cited authors do not 

mention this fact in their publications, suggesting usage of buffers with variable ionic 

strength. Ionic strength of solution is an often ignored physical factor influencing 

biochemical processes. This study demonstrates that ionic strength of buffer is a key 

factor for the measurement of the pH optimum. To prove that, pH optimum was 

measured using buffers without adjusted ionic strength, resulting in different values for 

each of the three substrates (pH 2.6 — ABTS; pH 3.8 — 2,6-DMP; pH 4.6 — SGZ) 

(Fig. 22A). Presented findings underline that choice of method and correct performance 

of the experiment are important. 

Optimal temperature for Tvlcc5 activity was found to be 50 °C, which is consistent with 

previous findings in the literature, showing temperature optima in the range of 50–70 °C 

for the majority of fungal laccases (103). Tvlcc5 is stable at temperatures below 50 °C; 

however, incubation at 60 °C leads to 50% loss of activity within 20 min. Incubation at 

higher temperatures results in immediate enzyme inactivation. This confirms the 

statement that fungal laccases usually rapidly drop their activity at temperatures above 

60 °C. On the other hand, the diversity of the laccases of the Trametes species results 

also in differentiation in their thermal properties (205). For example, Koschorreck et al. 

(206) characterized four T. versicolor laccase isoenzymes with temperature optima 

ranging from 45 °C to 80 °C. It is suggested that glycosylation is one of the factors 

influencing thermal stability of enzymes. High glycan content may protect enzymes 

from heat denaturation. Additionally, it has an impact on stabilization of conformation, 

susceptibility to proteases and the secretion process (205). 

The influence of putative co-factors on Tvlcc5 activity was also examined. No essential 

metal ion amongst the tested ones was identified. However, a detrimental effect of 

chloride ions was observed. Whereas incubation with sulfate salts had no or a slightly 

benign influence, chloride ions decreased laccase activity by 50% or more, as 

demonstrated in Tab. 14. It is remarkable that both iron salts, chloride and sulfate, 

inhibited enzyme activity almost completely, indicating that iron ions substantially 

influence Tvlcc5 activity. This is in good agreement with results reported in the 

literature (207, 208), showing negative effect of iron ions on laccase activity, too. 

However, Stoilova et al. (208) claim also negative impact of copper ions on laccase 

activity, which is surprising, considering the fact that those enzymes contain copper 
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ions as prosthetic groups. The present study has not confirmed her findings. As shown 

in Tab. 14, activity values reached 48.3 ± 2.3 U mL
-1

 and 111.1 ± 3.1 U mL
-1

 after 

incubation with CuCl2 and CuSO4, respectively. This result as well as analysis of 

activities for other metals, suggest that interpretation of results presented by Stoilova 

(208) is misleading. In fact, using chloride ions leads to the results obtained by her, not 

copper itself. Furthermore, laccase inhibition by Cl
-
 and other halides has been already 

reported by Koudelka and Ettinger (209), Xu (210), and Garzillo et al. (211). An 

inhibition order of F
-
 ˃ Cl

-
 ˃ Br

-
 was proposed and attributed to limited accessibility of 

T2/T3 trinuclear copper cluster sites by larger halides. 

Additional evidence for the negative influence of chloride anions on laccase activity 

was found during testing the effect of ionic strength. This experiment revealed that an 

increasing concentration of NaCl in reaction buffer leads to inhibition, whereas an 

increasing concentration of NaNO3 has positive effects on laccase activity (Fig. 24). 

4.3. Cultivation conditions for optimization of Tvlcc5 yield 

To obtain maximum secretion of active enzyme to the cultivation medium, optimization 

procedures in Erlenmeyer flasks were conducted prior to large-scale production of 

Tvlcc5. First, growth behavior and laccase production in three media differing in the N-

source were examined. Figure 16 illustrates synthesis of Tvlcc5 in selected media with 

various copper concentrations. Calculated specific yields are summarized in Tab. 13. 

The highest enzyme accumulation level was reached in YPD medium. However, after 

reaching pH 8.0, activity dramatically decreased, possibly as a result of utilization of 

amino acids after depletion of glucose and subsequent release of ammonia (212). 

Noteworthy is also strong acidification of the YMM+ NH4
+
 culture medium during 

cultivation time, resulting in laccase degradation. Decrease of pH occurs due to 

extrusion of H
+
 to the medium to maintain the necessary gradient for NH4

+
 uptake 

(213). As it was observed, maintenance of pH on a constant level (between pH 6.0 and 

7.0) is crucial for the production of active laccase. For this reason, usage of YMM+NO3
-
 

medium for cultivation in shaking flasks is recommended. Alternatively, other media 

can be applied after pH regulation with buffering systems. On the other hand, owing to 

constant measurement and automated regulation of pH, the choice of medium for 

cultivation in a bioreactor is less troublesome. 

The influence of supplementation with CuSO4 in different amounts was analyzed. 

Obtained results revealed that addition of Cu
2+

 ions is essential for the synthesis of 
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active enzyme. Supplementation with 0.5 mM CuSO4 was found to be optimal. Further 

increase of copper concentration did not promote stronger accumulation of Tvlcc5. 

However, there was no toxic effect on cell growth. 

The influence of cultivation temperature on growth parameters was determined 

(Fig.  18). Optimal cell growth and laccase accumulation occurred at 20 °C (9.4 g L
-1

, 

0.35 U mL
-1

, respectively). An only slightly lower activity was reached at 30 °C, 

whereas explicit decline was observed at higher temperatures. This could be attributed 

to the temperature-dependent dimorphism of A. adeninivorans which at 42 °C 

transitions from budding cells growth into formation of mycelia (157). 

Performed fed-batch cultivation of A. adeninivorans G1212/YRC102-TEF1-TVLCC5-

6H resulted in laccase production of 4986.3 U L
-1

. This value is more than three-fold 

higher than obtained by Brown et al. (200) using Pichia pastoris for the production of 

the same isozyme from T. versicolor. Biomass specific activity (51.66 U gDCW
-1

) was 

also higher than reported for two other isozymes from T. versicolor synthesized in 

P. pastoris (Lccβ — 28.3 U gDCW
-1

, Lccγ — 8.5 U gDCW
-1

) (206). This gives the 

opportunity for application of the isolated enzyme in biotechnological processes. 

4.4. Tvlcc5 localization and modifications to increase Tvlcc5 synthesis 

The distribution of Tvlcc5 between intra- and extracellular fraction was investigated. 

The findings of this study suggest some problems with effective secretion of the 

enzyme. It was observed at the initial phase of cultivation that a significant amount of 

produced enzyme is accumulated within the cells (Fig. 11). Additionally, degradation 

products of Tvlcc5 were detected (Fig. 10). For this reason, modifications concerning 

the secretory process were introduced. Moreover, changes in copper transport were 

implemented to verify its influence on laccase synthesis. 

 

Secretion signal 

Reports of use of both, native and host-originated signal peptides for heterologous 

laccase expression are available (200, 214, 215). However, results differ for each 

enzyme and host organism. Jönsson et al. (215) found that the native laccase signal was 

more effective for expression of T. versicolor laccase in P. pastoris than a variant 

containing the S. cerevisiae α-factor secretion signal. Similarly, replacement of the 

native signal sequence by the S. cerevisiae invertase SUC2 signal sequence did not 

improve the secretion of laccase Lac3 from Trametes sp. strain 30 in this yeast (216). 
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Also Otterbein et al. (173) reports an approximately similar level of activity of 

P. cinnabarinus laccase using the native and the α-factor secretion signal in P. pastoris. 

On the other hand, Koschorreck et al. (206) studied four isozymes from T. versicolor 

synthesized in P. pastoris and S. cerevisiae. Two of them reached the highest activity 

with the native secretion signal and two with the α-mating factor signal peptide, when 

expressed in P. pastoris. However, expression of all four laccase genes in S. cerevisiae 

led to a very low level of activity with both native and α-mating factor signal peptides 

(206). Available literature concerning the exchange of the secretion signal prior to 

expression of T. versicolor laccase 5 in P. pastoris reports 25% lower specific activity 

using the α-mating factor signal peptide compared to the native secretion signal (200). 

This leads to the conclusion that the choice of the most efficient signal sequence is 

currently not easy to predict and must be assayed for each expression system 

independently. 

In this study, employment of the native Tvlcc5 signal peptide as well as signal peptides 

originating from other organisms led to secretion of active Tvlcc5. Signal peptides from 

Cutinase 2 of A. adeninivorans (ACut2), α-mating factor of S. cerevisiae (MFα), and 

acid phosphatase of P. pastoris (PHO1) increased laccase secretion to the culture 

medium. Obtained activities were 80% (PHO1), 40% (MFα), and 20% (ACut2) higher 

compared to the native secretion signal (Fig. 28). 

 

Copper transport 

Due to the presence of four copper centers in the active site of the laccase, availability 

of copper ions is essential for the formation of active enzyme. However, these metal 

ions can also be toxic to cells when present in high concentrations. Therefore, 

organisms have developed complex regulatory mechanisms to maintain homeostasis. In 

yeasts, copper is reduced by plasma membrane reductases Fre1 and Fre2 prior to 

uptake. Subsequently, it is transported either by high affinity (Ctr1, Ctr3) or low affinity 

(Ctr2) transporters. The CTR1 and CTR3 genes are activated by the copper deficiency 

inducible transcription factor Mac1. Within the cell, three chaperones (Atx1, Cox17, 

and Lys7) are responsible for delivery of copper to the secretory pathway, mitochondria 

and antioxidant Cu, Zn-superoxide dismutase, respectively. In the secretory pathway, 

the ATPase Ccc2 retrieves copper ions from the Atx1 chaperone and transports them 

into the Golgi apparatus where ions can be incorporated into copper-containing 

enzymes (217). This work demonstrates the positive influence of overexpression of 
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copper transporters on laccase production by A. adeninivorans. Co-expression with 

S. cerevisiae CCC2 gene as well as A. adeninivorans CTR2 and CTR3 genes enhanced 

TVLCC5 expression (Fig. 29). This is in good agreement with results described by 

Uldschmid et al. (218), co-expressing the T. versicolor laccase gene with the copper 

transporting P-type ATPase CCC2 and the cytoplasmic copper chaperone ATX1 genes 

from S. cerevisiae as well as with ctaA and tahA, the T. versicolor homologues of those 

genes. These authors observed a significant increase in laccase production, suggesting 

that it depends on the supply of copper to the Golgi vesicle. It can be concluded that 

overexpression of genes responsible for supplementation of the Golgi apparatus with 

copper increases its flow into this compartment. 

4.5. Laccase immobilization 

Laccase immobilization can be advantageous for the biotechnological and 

environmental application of this enzyme. It can improve some properties of the 

enzyme, like increasing thermostability or protection from unfavorable environmental 

conditions. Additionally, it enables effective separation of the enzyme from reaction 

products and its reuse in several reaction cycles. Attachment of the enzyme can be 

carried out by many various methods using a large number of available support 

materials (e.g., encapsulation, adsorption, covalent binding, or self-immobilization). 

In the present work, several immobilization methods were evaluated. Entrapment in 

alginate beads using three cations (Ca
2+

, Cu
2+

, Zn
2+

) resulted in different activities for 

each ion type used. The highest laccase activity was obtained with Cu
2+

-alginate, 

followed by Ca
2+

- and Zn
2+

-alginate. This suggests a higher stability of the gel structure 

when Cu
2+

 is used. Thu et al. (219) evaluated a series of divalent cations according to 

their affinity for alginate: Pb
2+ 

> Cu
2+ 

> Cd
2+ 

> Ba
2+ 

> Sr
2+ 

> Ca
2+ 

> Co
2+

, Ni
2+

, Zn
2+ 

> 

Mn
2+

. Results obtained in the present work are in good agreement with this statement. 

Additionally, authors highlighted the sensitivity of alginate towards chelating 

compounds, like citrate or phosphate, which was also observed in the present study. 

Immobilized Tvlcc5 was tested for increased thermostability compared to free enzyme. 

Improvement was observed in the case of aluminum oxide and TPP cross-linked 

chitosan with residual laccase activity of 62% and 19%, respectively, after 2 h 

incubation at 60 °C (free enzyme: 12%) (Fig. 32). 

Immobilization of Tvlcc5 onto inorganic supports (SiO2, Al2O3) performed in the 

present work resulted in low adsorption of the enzyme. Binding affinities depend on 
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functional modifications of the support material. Various functional groups can be 

implemented (e.g., glutaraldehyde, carbodiimide, cyanogen) and thus interact with 

exposed amino acids on laccase in different ways. In the present work, glutaraldehyde 

was applied for support activation. Possibly, a future optimization of the immobilization 

process with another linker molecule would be beneficial. 

 

The immobilization process can enhance the laccase’s ability to catalyze enzymatic 

reactions in an adverse environment. Reports of successful application of immobilized 

laccase using several support materials for example in the textile or paper industry, in 

the construction of biosensors and fuel cells are available (220). However, as described 

by Brandi et al. (221), the effort required for this process does not always have to lead 

to better enzyme performance. Many relevant factors can influence effective 

immobilization — the choice of enzyme, the method of immobilization, the matrices 

used, as well as the process or application for which the enzyme is prepared. 

4.6. Expression of CYP450 genes in A. adeninivorans 

As it is well known, the isolation of cytochrome P450 enzymes might be cumbersome 

since it involves cell lysis and labor-intensive sub-cellular fractionation. Additionally, 

those enzymes require supplementation and regeneration of expensive cofactors. Often, 

the presence of proteins transferring electrons to the CYP450 is also needed. Due to the 

poor stability, inconveniences also occur during storage of the purified enzyme. Storage 

at -80 °C and repeated freeze/thaw cycles can cause rapid decrease of activity. 

Therefore, usage of a whole cell catalyst was proposed. However, unexpectedly low 

CYP450 gene expression efficiency and difficulties during yeast cells propagation 

occurred. Nevertheless, initial experiments involving whole cell catalysts were 

performed. Due to unsatisfactory results the strategy had to be changed. Further work 

focused on systems mainly based on laccase activity supported by mediator systems. 

4.7. Degradation of pharmaceuticals 

Fungal laccases belong to the group of lignin-modifying enzymes. Due to their 

relatively low redox potential (≤ 0.8 V) compared to ligninolytic peroxidases (˃ 1 V), 

their natural substrates are easy to oxidize phenols, which represent only around 20% of 

lignin polymer. However, researchers observed that under some conditions those 
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enzymes can also oxidize certain non-phenolic substrates. The presence of appropriate 

redox mediators can considerably enhance the oxidation reaction and thus expand the 

catalytic activity of laccase towards more recalcitrant compounds (196, 222, 223). 

ABTS is the most popular synthetic laccase mediator. In this case, the oxidation 

reaction of the substrate occurs via the electron transfer (ET) route, after a two-step 

oxidation of ABTS (conversion to ABTS cation radical, followed by formation of 

dication). Another reaction mechanism — hydrogen atom transfer (HAT) — is used by 

˃N–OH mediators, (e.g., 1-hydroxybenzotriazole (HBT), N-hydroxyphthalimide (HPI), 

violuric acid (VLA) or N-hydroxyacetanilide (NHA)). First, a highly reactive nitroxyl 

radical (˃N–O) is generated which can oxidize the substrate (223). ET and HAT 

reaction mechanisms are compared in Fig. 46. 

In the present work, using Tvlcc5 (20 U mL
-1

) transformation of approximately 50% of 

diclofenac and sulfamethoxazole was reached within 24 h. By addition of the redox 

mediator ABTS, the degradation process was completed within 1 h. However, no 

degradation of carbamazepine was observed. 

To verify how strong the influence of ABTS is, degradation reactions with significantly 

decreased amounts of laccase with and without ABTS were performed. It was found 

that ABTS has a crucial impact on the transformation process. Its application allows a 

40-fold reduction of the enzyme, as illustrated in Fig. 43. However, due to the high cost 

of synthetic mediators and environmental concerns, investigation for effective natural 

laccase mediators prior to industrial application may be worthwhile. This term refers to 

phenolic compounds related to lignin, which are usually involved in the biodegradation 

of lignin polymers carried out by white-rot fungi. In the degradation process, phenoxyl 

radicals generated from lignin oxidation by laccase or some phenolic monomeric 

residuals can oxidize non-phenolic residues of lignin, resulting in its depolymerization. 

Natural phenolic compounds which can serve as laccase mediators in the lignin 

degradation process are for example: acetosyringone, syringaldehyde, vanillin, 

acetovanillone, sinapic acid, ferulic acid, p-coumaric acid, 4-hydroxybenzoic acid, and 

hydroquinone. The suitability of natural phenolic mediators for the degradation of 

synthetic organic dyes, PAH, or diverse pesticides as well as enzymatic bleaching and 

delignification of kraft pulp has been already demonstrated. This shows the possibility 

of further applications in other industrial and biotechnological processes (223). 

Marco-Urrea et al. (224) demonstrated the degradation of carbamazepine by 

T. versicolor. Interestingly, they proved that the transformation process does not occur 
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due to the presence of extracellular enzymes like laccases or manganese peroxidases. 

Instead, the reaction takes place intracellularly with the involvement of the cytochrome 

P450 system. Unfortunately, due to difficulties with establishing the A. adeninivorans 

strain overexpressing CYP450, the application of this finding in the present study was 

limited. 

Exposition of only four available A. adeninivorans stains overexpressing AACYP52A12 

and AACYP52A12_2 to carbamazepine could be examined. The analysis did not reveal 

any transformation process by corresponding proteins. This suggests that a different 

protein from the cytochrome P450 family is responsible for oxidation of carbamazepine. 

Since no degradation of carbamazepine neither by Tvlcc5 and ABTS nor by available 

CYP450s was feasible, the need for further analysis of alternative laccase-mediator 

systems was essential. For degradation of this compound, fifteen additional laccase-

mediator systems were investigated (Fig. 47 and Fig. 48) and transformation products 

were observed in the presence of vanillin and vanillin with ABTS. Due to limitations of 

thin layer chromatography, further analysis with more accurate instruments is 

recommended. Additionally, the study of all transformation products is essential to 

verify that they are not more harmful to the environment than the parental compounds. 
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5. CONCLUSION AND PERSPECTIVES 

In the frame of this work, an enzymatic approach to the elimination of pharmaceuticals 

commonly present in wastewater was examined. Oxidation reactions catalyzed by 

laccase and hydroxylation performed by CYP450 are fundamental parts of the 

deactivation process. The yeast Arxula adeninivorans served as CYP450 gene donor as 

well as host for heterologous gene expression of fungal laccases. The Trametes 

versicolor laccase gene TVLCC5 was successfully expressed and recombinant protein 

was purified and biochemically characterized. Moreover, it was demonstrated that 

TVLCC5 is able to degrade commonly used pharmaceuticals like diclofenac and 

sulfamethoxazole. A strong influence of the laccase mediator ABTS on the degradation 

rate was displayed. 

Difficulties that occurred during the expression of three other laccase genes resulted in 

an absence of active protein, suggesting that further investigations are needed to solve 

the underlying problems. Amino acid sequences were compared and regions of 

dissimilarities with potential influence were highlighted; however, more detailed 

analysis (e.g., by introduction of point mutations) would be of high use. Furthermore, to 

improve gene expression, factors influencing efficacy of transcription and translation 

(such as GC content of the template and secondary structures of the mRNA) or protein 

refolding could be analyzed. 

Since cytochromes P450 which occur naturally in A. adeninivorans wild type do not 

show the ability to degrade carbamazepine and overexpression of homologous CYP450 

genes is troublesome, future studies on the fungal CYP450 are suggested. Experimental 

investigations are needed to assess if heterologous expression of fungal CYP450 in 

A. adeninivorans is achievable. 
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Fig. 49: Enzymatic removal of active pharmaceutical ingredients (APIs) during treatment in 

WWTP. Application of yeast cells secreting laccase (A), yeast cells with laccase bound to the cell 

surface (B), or cells co-immobilized with laccase (C) are possible strategies. The magnification 

shows the situation within the cell, where a non-phenolic API is hydroxylated by CYP450 to be 

later oxidized by laccase. 

 

Further work needs to be carried out to improve the laccase distribution during 

deactivation of pharmaceuticals in wastewater treatment plants. This could be achieved 

by increasing the local concentration of laccase instead of releasing it directly into 

polluted wastewater which leads to a considerable dilution of the enzyme. Both 

attachment of laccase to the yeast cell surface and co-immobilization with cells could be 

practicable (Fig. 49). 
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