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Summary 

Gout was described by Hippocrates in the 5th century BC as a disease of rich people 

and linked with excess food and alcohol. It is caused by long-lasting hyperuricemia, which is 

a result of an imbalance between excretion and production of uric acid. The surplus of uric 

acid leads to deposition of monosodium urate crystals in the joints, which can initiate a 

painful inflammation called a gout attack. Despite various pharmacological treatments for 

this disease, a low purine diet remains the basis of all gout therapies. 

Since food is rich in purines, the aim of this project was to develop a novel enzyme 

system to decrease the purine content of food, what should result in reduced serum urate 

concentration in patients with hyperuricemia. The system consists of five degrading enzymes 

(adenine deaminase, guanine deaminase, xanthine oxidoreductase, urate oxidase and purine 

nucleoside phosphorylase) that combined in one product are able to hydrolyse all purines to 

a highly soluble allantoin, which can be easily removed from the body. This approach 

provides the patients a possibility to reduce the symptoms and frequency of gout attacks or 

even doses of prescribed drugs. 

In order to obtain necessary system components, yeast Arxula adeninivorans LS3 was 

screened for enzyme activities. A. adeninivorans is known to utilise various purines and this 

ability is a result of activity of desired enzymes, two of which, adenine deaminase and 

xanthine oxidoreductase, are in focus of this thesis. 

The analysis of growth of A. adeninivorans on various carbon and nitrogen sources 

gave the first insight into the cells’ nutrient preferences indicating the presence of purine 

degrading enzymes, such as adenine deaminase and xanthine oxidoreductase. Purines, such 

as adenine and hypoxanthine, could be utilised by this yeast as sole carbon and nitrogen 

sources and were shown to trigger the gene expression of the purine degradation pathway. 

Enzyme activity tests and quantitative real-time PCR method allowed for identification of the 

best inducers for adenine deaminase and xanthine oxidoreductase, as well as their 

concentration and time of induction. 

The adenine deaminase (AADA) and the xanthine oxidoreductase (AXOR) genes were 

isolated and subjected to homologous expression in A. adeninivorans cells using Xplor®2 
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transformation/expression platform. The selected transgenic strains accumulated the 

recombinant adenine deaminase in very high concentrations. The expression of AXOR gene 

posed difficulties and remained a challenge. Additional expression of both proteins in 

alternative E. coli system was undertaken but failed for AXOR gene.  

The recombinant adenine deaminase and wild-type xanthine oxidoreductase were 

purified and characterized biochemically. The characterization included determination of 

optimal pH and temperature, stability in different buffers and temperatures, molecular 

weight, substrate spectrum, enzyme activators and inhibitors, kinetics and intracellular 

localisation. The determination of these parameters was necessary to ensure optimal 

conditions for application of these enzymes in the industry. 

At the final stage, the enzymes were combined in one mix with provided guanine 

deaminase and urate oxidase and used to degrade purines in selected food constituents. The 

application was successful and demonstrated the potential of this approach for the 

production of food with lower purine concentration. 
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Zusammenfassung 

Gicht wurde von Hippokrates im 5. Jahrhundert v. Chr. als eine Krankheit der reichen 

Leute in Verbindung mit übermäßigem Alkohol- und Lebensmittelgenuss beschrieben. Sie 

wird durch lang anhaltende Hyperurikämie verursacht, die eine Folge eines Ungleichgewichts 

zwischen Ausscheidung und Produktion von Harnsäure ist. Der Überschuss von Harnsäure 

führt zur Ablagerung von Mononatriumuratkristallen in den Gelenken, die eine schmerzhafte 

Entzündung, genannt Gichtanfall, auslösen. Trotz verschiedener pharmakologischer 

Behandlungen für diese Erkrankung bleibt eine purinarme Ernährung die Grundlage aller 

Gicht-Therapien. 

Ziel dieser Arbeit war die Etablierung eines Enzymmixes, mit dem sich der 

Puringehalt in Lebensmitteln reduzieren ließe, was bei deren Verzehr zu verringerten 

Serumharnsäure-Konzentrationen führen sollte. Der Mix umfasst fünf Enzyme (Adenin-

Deaminase, Guanin-Deaminase, Xanthin-Oxidoreduktase, Uratoxidase und Purin-Nukleosid-

Phosphorylase), welche kombiniert Purine in das gut lösliche Allantoin hydrolysieren 

können, das im Gegensatz zur Harnsäure vom Körper leichter ausgeschieden werden kann. 

Damit lassen sich bei Hyperurikämie-Patienten Gicht-Attacken abschwächen bzw. 

verhindern und die Dosis der zu deren Bekämpfung notwendigen Medikamente reduzieren. 

Um die für den Mix notwendigen Enzyme zu erhalten, wurde die Adenin-

verwertende Hefe Arxula adeninivorans LS3 auf enzymatische Aktivitäten hinsichtlich des 

Purinabbaus untersucht. A. adeninivorans ist in der Lage verschiedene Purine zu 

verstoffwechseln, die u.a. durch Mitwirkung der Enzyme Adenin-Deaminase und Xanthin-

Oxidoreduktase hydrolysiert werden können, welche im Mittelpunkt dieser Arbeit stehen. 

Wachstumsanalysen von A. adeninivorans-Zellen, kultiviert auf verschiedenen 

Kohlenstoff- und Stickstoff-Quellen, gaben eine erste Übersicht bezüglich der 

Purinverwertung, die das Vorhandensein von Purin-abbauenden Enzymen, wie der Adenin-

Deaminase und der Xanthin-Oxidoreduktase, belegten. So nutzte diese Hefe Adenin und 

Hypoxanthin als C- und N-Quellen und es kam bei ihrer Zugaben zur Induktion des 

Purinabbauweges. Mit Hilfe von Enzymaktivitätstests sowie quantitativer real-time PCR 

ließen sich sowohl der Zeitpunkt der maximalen Adenin-Deaminase- und Xanthin-
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Oxidoreduktase-Akkumulation als auch der entsprechenden maximalen 

Transkriptakkumulation ermitteln. 

Die Adenin-Deaminase (AADA)- und Xanthin-Oxidoreduktase (AXOR)-Gene wurden 

isoliert und mit Hilfe der Xplor®2-Transformations/Expressionsplattform in A. adeninivorans 

exprimiert. Hierbei ließen sich transgene Hefestämme selektieren, die rekombinante Adenin-

Deaminase in sehr hohen Konzentrationen akkumulierten. Im Gegensatz dazu stieß die 

Expression des AXOR-Gens auf Schwierigkeiten. Auch bei Nutzung alternativer 

Expressionssysteme (z.B. E. coli) war deren Expression nicht möglich. 

Sowohl die rekombinante Adenin-Deaminase als auch die in A. adeninivorans LS3 

(Wildtyp) akkumulierte Xanthin-Oxidoreduktase wurden gereinigt und biochemisch 

charakterisiert. Die Charakterisierung umfasste die Ermittlung der pH- und Temperatur-

Optima bzw. deren Stabilität in Abhängigkeit von Puffer und Temperatur. Zusätzlich wurden 

von beiden Enzymen das Molekulargewicht, das Substratspektrum, die intrazelluläre 

Lokalisation, deren Cofaktoren, Inhibitoren und kinetische Parameter bestimmt. Die 

Ermittlung aller dieser Parameter war notwendig, um eine optimale Wirkung der Enzyme 

beim Abbau von Purinen in Lebensmitteln zu gewährleisten. 

Abschließend wurden die gereinigten Enzyme Adenin-Deaminase und Xanthin-

Oxidoreduktase im Gemisch mit der zur Verfügung gestellten Guanin-Deaminase sowie 

Uratoxidase auf Eignung für den Purinabbau in ausgewählten Nahrungsmitteln überprüft. 

Die dabei erhaltenen Ergebnisse belegen das Potenzial dieses Enzymmixes für die 

Herstellung von purinarmen Lebensmitteln. 
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List of abbreviations 

% (v/v)  Volume percent  

% (w/v)  Mass percent  

Amp Ampicillin  

AMP Adenosine 5′-monophosphate 

ATP  Adenosine-5'-triphosphate  

bp  Base pair  

BSA Bovine serum albumin 

°C  Celsius degree  

dcw Dry cell weight 

DEPC Diethyl pyrocarbonate 

DNA  Deoxyribonucleic acid  

dNTP  Deoxyribonucleotide 
triphosphate  

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

FAD  Flavin adenine dinucleotide  

g  Gravity speed  

kDa  Kilo Dalton  

HEPES 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid 

HPLC  High pressure liquid 
chromatography 
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MES 2-(N-Morpholino)ethanesulfonic 
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mM  Millimolar  
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OD  Optical density  
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rDNA  Ribosomal DNA  
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Species  
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A. flavus Aspergillus flavus 
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S. cerevisiae Saccharomyces cerevisiae 
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1 Introduction 

1.1 Purine degradation pathway 

1.1.1 Purines 

Purines are aromatic compounds consisting of a pyrimidine ring fused to an imidazole 

ring. Its name comes from the Latin “purum uricum”, because a pure uric acid was used for 

its synthesis in 1899 (Fischer, 1899, McGuigan, 1921). Purines are essential components of 

nucleotides and play a key role in nucleotide metabolism. They differ by side groups on 

positions 2, 6 and 8. The major purines are adenine and guanine, which constitute the DNA 

molecule. Other purines existing naturally in the cells are xanthine, hypoxanthine, uric acid 

and isoguanine, the latter being a product of oxidative damage to DNA (Yang, et al., 1998). 

 

Figure 1 Structure of purine nucleobases (Berg, et al., 2002) 

As nitrogen source, purines are used by many microorganisms in the absence of 

preferred nitrogen sources (de la Riva, et al., 2008). They are also constituents of many 

important biomolecules. The adenosine derivative of adenosine triphosphate (ATP) is a 

universal energy transporter for biochemical reactions and it is used for the synthesis of 

many macromolecules. Purines also provide the direct precursors for the synthesis of 

essential co-enzymes such as nicotinamide adenine dinucleotide (NAD), flavin adenine 

dinucleotide (FAD) or S-adenosyl methionine (SAM). These play a crucial role in many 

biochemical reactions such as the synthesis of phospholipids (Rosemeyer, 2004). Finally, 

purines and its derivatives possess a wide range of biological properties (Dinesh, et al., 2012) 

like antimicrobial activity (Tedder, et al., 2004), antiviral (Sivets, et al., 2009), antitumor 
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(Raic-Malic, et al., 1999), anti-leishmanial (Jorda, et al., 2011), antiprotozoal (Gordaliza, 

2009). 

1.1.2 Purine degradation 

The purine degradation pathway has been studied in various organisms. All pathways 

lead to a common product, uric acid, which is a result of an oxidative purine ring opening. 

Further degradation, depending on the organism, can result in various final products, from 

allantoin to ammonia and CO2, the latter being the most frequent product (Vogels & Van der 

Drift, 1976, Scazzocchio, 1994). For instance, plants possess all enzymes of the pathway and 

are able to complete the purine degradation releasing glyoxalate and ammonia, while 

animals are lacking some enzymes and thus excrete purine nitrogen (Werner & Witte, 2011). 

Purines are components of nucleotides. They are released from nucleotides by 5’-

nucleotidase and purine nucleoside phosphorylase (Löffler & Löffler, 2007). In most of the 

organisms, adenosine is converted to inosine by adenosine deaminase. Purine nucleoside 

phosphorylase catalyses the reversible dephosphorylation of purine nucleosides (inosine, 

guanosine and xanthosine) to the corresponding purine bases (hypoxanthine, guanine and 

xanthine) and α-D-ribose-1-phosphate (Moriwaki, et al., 1999). Some lower organisms 

possess purine nucleotide phosphorylase specific for adenosine that results in adenine 

(Jensen, 1978). In bacteria and lower eukaryotes adenine is deaminated to hypoxanthine by 

adenine deaminase (Nygaard, et al., 1996). Another enzyme, guanine deaminase, hydrolyses 

guanine to xanthine and ammonia. In the next step, hypoxanthine is sequentially oxidized to 

xanthine and uric acid by single NAD-dependent enzyme, xanthine oxidoreductase.  



Introduction 
 

3 
 

 

Figure 2 Schema of purine degradation pathway and the end-products in different taxa of animal kingdom 

(based on Vogels & Van der Drift, 1976 and Löffler & Löffler, 2007) 

Uric acid is common in all organisms while its further metabolism varies from species 

to species (Vogels & Van der Drift, 1976). Humans, anthropoid apes, birds, some reptiles and 
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almost all insects excrete uric acid in the urine as the end product of purine metabolism 

(Wu, et al., 1989, Moriwaki, et al., 1999). The rest of mammals and other organisms have a 

urate oxidase, an enzyme that catalyses an opening of the purine ring in uric acid molecule 

to form well water-soluble allantoin. Some insects, gastropods and some mammals excrete 

allantoin, while most organisms living in aquatic ecosystems such as lammellibranchia, fish 

or amphibians, possess further enzymes (allantoinase, allantoicase, urease) and excrete urea 

or ammonia and CO2 (Vogels & Van der Drift, 1976, Löffler & Löffler, 2007). 

1.2 Why do humans lack urate oxidase? 

Urate oxidase was lost in primates during evolution. This change resulted in fifty 

times higher concentration of uric acid in blood of hominoids than in other organisms (Keilin, 

1959), which can lead to hyperuricemia and is associated with gout. The comparison of urate 

oxidase gene sequences of hominoids with Old and New World monkeys showed changes in 

a few codons. Several independent nonsense mutations were localized and analysed by Oda, 

et al. (2002) and some of them might be the reason for enzyme inactivation. It is now 

evident that the loss of urate oxidase in hominoids occurred in two independent events. In 

human, orangutan and chimpanzee the inactive gene stems from a nonsense mutation in 

exon 2. Whereas in gibbon a mutation at codon CGA in exon 2 or one-base indels are the 

most probable reasons. Thus, the loss of urate oxidase was not an “evolutionary accident”, 

but it happened stepwise during primate evolution (Oda, et al., 2002).  

Several hypotheses have been suggested to explain the evolutionary advantages of 

the urate oxidase loss. The oldest hypothesis was that uric acid acts as cerebral stimulant 

and increases intelligence because of its structural similarity to known stimulants like 

theobromine and caffeine. According to this interpretation uric acid raised the “mental 

activity” of the mammals, but this view is no longer supported by scientists (Orowan, 1955, 

Keilin, 1959). A second hypothesis indicates that uric acid is a powerful antioxidant that 

prevents lipid peroxidation and protects erythrocytes from peroxidative damage. This might 

have contributed to an increase in human life span and decrease of age-specific cancer rate 

(Ames, et al., 1981). Johnson, et al. (2005) proposed an alternative hypothesis, in which the 

loss of urate oxidase provided a mechanism to maintain blood pressure levels, because the 

hominoids ancestors were on low sodium and low purine diet (Watanabe, et al., 2002). The 
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ingestion of salt increased from 0.5 g/day for early hominoids to 8-10 g/day for current 

average American which makes high amount of uric acid in serum to be unnecessary and 

contributing to hypertension and cardiovascular disease (Johnson, et al., 2005, Schachter, 

2005). Despite of many evolutionary advantages of uric acid like antioxidative or stimulating 

properties, excess of uric acid in the blood is harmful and makes humans particularly 

susceptible to hyperuricemia and gout (Keebaugh & Thomas, 2010). 

1.3 Purines in food products 

Food is rich in nucleic acids, nucleosides and free purine bases as they are the 

important constituents of all living cells. These compounds are degraded in the digestive 

system to the final molecule of human purine degradation pathway, uric acid, which is then 

excreted by the kidney (Löffler & Löffler, 2007).  

Purines are present in different concentration in almost every kind of food. The 

highest amount was found in meat and seafood, such as anchovies, brains, gravies, liver, 

kidneys, sardines, sweetbreads and other organ meats (from 150 to 1,000 mg purine per 

100 g food). Moderate and high amounts (from 50 to 150 mg purine per 100 g) were found 

in asparagus, cauliflower, spinach, poultry, red meat (veal, beef, pork and lamb), fish 

(salmon, tuna and trout), kidney beans, lentils, peas, soy beans, mushrooms, oatmeal, 

lobster, shellfish. Low purine food (from 0 to 50 mg per 100 g) includes dairy products, nuts, 

sweets, beverages, fats and vegetables (excluding those with high and moderate purine 

content) (Grahame, et al., 2003). 

The total amount of ingested dietary purines may vary depending on the food 

preparation process. Sarwar and Brule (1991) have reported changes in the purine contents 

and release of free bases in meat, fish, and poultry products that were stewed, roasted, 

boiled or broiled. Also DNA and RNA may break-down to the purines contributing to their 

total pool, but the nature of these changes in processed food is still not clear (Schlesinger, 

2005, Burkard & Huth, 2010). 

1.4 Uric acid and hyperuricemia 

Elevated level of uric acid in primates is a result of absence of urate oxidase enzyme. 

It is largely present as a monosodium urate salt and has a poor solubility in water and blood, 
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especially in lower temperatures (low solubility limit of around 380 µmol/l) (Richette & 

Bardin, 2010). In women the normal range of serum uric acid is 2.4-6.0 mg/dl and in men 

3.4-7.0 mg/dl (Chizynski & Rozycka, 2005).  

Approximately one third of total body urate is produced by dietary purines, while 

around two thirds is endogenous and comes from purine salvage pathway and de-novo 

synthesis. The excretion of 20-30% of synthesized uric acid occurs via the intestine, the main 

share of formed uric acid is eliminated via the kidney (Nawroth & Ziegler, 2001, Schlesinger, 

2005). In kidney, the urate in plasma is freely filtrated at the glomerulus into the renal 

tubule, where it is effectively reabsorbed. Only about 5-10% of filtered urate is excreted to 

the urine and this amount is independent of increase in urate concentration (Lipkowitz, 

2012). The uric acid excreted via the gut is subjected to the bacterial degradation (Nawroth 

& Ziegler, 2001).  

 

Figure 3 Nitrogen metabolism in humans (based on Burkard & Huth, 2010) including a novel three-

component model for urate excretion. The model of Lipkowitz (2012) includes glomerular filtration, enormous 

reabsorption and secretion. 
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Many factors influence plasma urate level. There are two known conditions, 

hyperuricemia and hypouricemia, in which the uric acid concentration is above and below 

the normal range. Such abnormal amounts are related to various medical conditions and are 

not diseases themselves. Hyperuricemia is more common condition and its defined as serum 

urate concentration in excess of urate solubility (>6.0 mg/dl for women and >7.0mg/dl for 

men) (Schlesinger, 2005). However, this criterion is not fixed and a lot depends on a person’s 

age, sex and daily activities (Leitzmann, et al., 2003). 

Hyperuricemia may have different causes and are classified into three types: 

overproduction, underexcretion and mixed types. Causes of increased production include 

disorders in enzymes of purine degradation pathway: hypoxanthine-guanine phosphoribosyl 

transferase (HGPRT) or 5-phospho-α-D-ribosyl 1-pyrophosphate (PRPP) synthetase. 

Moreover, complications after organ transplant or after treatment of cancer (tumor lysis 

syndrome) produce huge levels of uric acid. The common minor cause of elevated serum uric 

acid is a purine-rich diet, especially high in the uricogenic bases as adenine and 

hypoxanthine (Brule, et al., 1992). Causes of decreased excretion include antiuricosuric 

drugs, disturbance in the function of urate transporters in kidney or abrupt body weight loss 

(Scott, 1991, Yamamoto, 2008). Causes of mixed type act by increasing production and 

decreasing excretion of urate like in glucose 6-phosphatase deficiency, starvation and 

alcohol abuse (Nawroth & Ziegler, 2001, Nakagawa, et al., 2006, Yamamoto, 2008).  

Hyperuricemia is associated with many medical conditions (Bomalaski & Clark, 2004). 

Elevated uric acid is linked to ischemic stroke, lipid abnormalities and elevated blood 

pressure (Cardona, et al., 2003, Johnson, et al., 2003). Hyperuricemia is probably also a 

direct reason for cardiovascular diseases and was shown to be an independent risk factor for 

hypertension and cardiovascular mortality (Feig & Johnson, 2003, Krishnan, et al., 2008, 

Gaffo, et al., 2009). Chronic hyperuricemia is the key risk factor for development of gout 

what affects about 10% of hyperuricemic patients (Vitart, et al., 2008, Merriman & Dalbeth, 

2011). 

1.5 Gout 

Gout (diathesis urica, arthritis urica) is a common inflammatory arthritis caused by 

deposition of monosodium urate crystals in the joints. It is the oldest known metabolic 

http://en.wikipedia.org/wiki/PRPP
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disease described as the “disease of kings” due to its association with a rich diet (Kim, et al., 

2003, Nuki & Simkin, 2006). It affects 1-2% adults in developed countries, mainly males and 

older woman. Younger women are protected by uricosuric action of estrogen, which is lost 

in menopause. The prevalence of gout rises with age and was estimated to be on average 

1.4% with 7% in men over 75 years old (Mikuls, et al., 2005, Tausche, et al., 2009). Recent 

studies show doubling of the prevalence over 10 years and this trend can be observed 

worldwide (Wallace, et al., 2004, So & Thorens, 2010). The increase is believed due to 

changes in modifiable risk factors for gout that are: rising obesity, diet rich in purine foods, 

alcohol consumption, use of certain medications and organ transplants. Other risk factors 

are age and sex, but these are non-modifiable (Saag & Choi, 2006, So & Thorens, 2010). 

Gout is caused by longstanding hyperuricemia, when the uric acid precipitates and 

forms crystals in the joints. The formation of monosodium urate crystals (tophi) can be 

promoted by lower temperature and pH changes, as well as by acute water loss (Eggebeen, 

2007). Those tophi initiate an intense inflammatory response in the joint called a gout attack 

characterized by swelling, excruciating pain and warmth (Mandell, 2008).  

A 

 

B 

 

Figure 4 Chronic gout. (A) Multiple tophi overlying both knees in a patient with gout (Mandell, 2008). (B) 

Crystals of monosodium urate under polarizing microscope (Mylona, et al., 2012). 

There are four stages in gout development that can progress over 20-40 years 

(Masseoud, et al., 2005, Mandell, 2008): 

1. Asymptomatic hyperuricemia 

2. Acute gout 

3. Intercritical period 

4. Advanced chronic gout 
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Most of patients with asymptomatic hyperuricemia do not develop clinical gout, 

however, the urate crystals may start to deposit. This condition may last for several years 

until the first gout attack and is not an indication for therapy (Bieber & Terkeltaub, 2004). 

Lifestyle and diet modification is recommended as a gout prevention (Richardson, 1991). 

In an acute gout flare, the monosodium urate crystals activate cellular and humoral 

components of the immune system. The crystals attract neutrophilic granulocytes and 

activate various inflammatory mediators like interleukin-1 beta (IL-1β) and interleukin-8 (IL-

8) (Schlesinger, 2012). The acute attack of gout is manifested in throbbing pain in the 

affected joint combined with massive swelling and strong tenderness. The attack without 

treatment peaks within 6 to 12 hours and lasts around a week (Tausche, et al., 2009, 

Richette & Bardin, 2010). The gout flare is usually triggered by a sudden rise in serum urate 

mostly caused by excess dietary purines, alcohol intake or drugs (Masseoud, et al., 2005, 

Tausche, et al., 2009). 

10% of patients have only one gout attack in a lifetime, but 90% experience recurrent 

attacks within 6 months to 2 years (Masseoud, et al., 2005, Tausche, et al., 2009, Richette & 

Bardin, 2010). In the symptom-free interval of time the uric acid crystals may increase 

silently in other tissues and form the so-called gout tophi, but do not result in the 

inflammation. Tophi are frequently localised on hands, feet, knees, helix of the ear 

(Masseoud, et al., 2005, Eggebeen, 2007, Richette & Bardin, 2010) and can lead to structural 

joint damage (Schlesinger & Thiele, 2010, Silva, et al., 2010). This can be prevented by 

therapy with uricosuric drugs or xanthine oxidase inhibitors, otherwise patients may have 

more gouty attacks (Chen & Schumacher, 2006). 

In chronic gout, the attacks tend to last longer and involve multiple joints. The 

symptoms continue causing joint stiffness and in the worst case, it may come to bone 

proliferation. However, this stage of gout is rare and can be avoided (Chen & Schumacher, 

2006, Gaffo & Saag, 2008, Mandell, 2008). 

1.6 Treatment of hyperuricemia and gout 

Treatment of gout depends on the clinical phase of the disease (acute, recurrent, and 

chronic) and the patient’s specific risk factors (obesity, high serum uric acid, alcohol intake). 

The first-line aim for acute gout is to ease the pain of the patient and eliminate the 
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inflammation in the joints with non-steroidal anti-inflammatory drugs (NSAIDs), colchicine, 

and corticosteroids. The treatment for intercritical period of gout focuses on preventing 

recurrent attack and tophi formation by maintaining low uric acid levels. The therapy for 

chronic gout aims in lowering serum urate levels by reduction of the synthesis and increase 

of the urate excretion. Such a urate-lowering therapy is counted to a long-term treatment. 

The modification of risk factors (i. e. diet, weight, alcohol consumption) should accompany 

the therapy during every phase of the disease (Masseoud, et al., 2005, Neogi, et al., 2006, 

Gaffo & Saag, 2008, Schlesinger, 2012). 

 

Figure 5 Targets of hyperuricemic and gout drugs (Burns & Wortmann, 2011) 

The following medications are the most prescribed drugs used all around the world. 

A few new agents and therapy options are discussed. 

1.6.1 Acute gout treatment 

Non-steroidal anti-inflammatory drugs (NSAIDs) belong to the standard management 

of acute gout attacks. They are also used as prophylaxis during the intercritical period 

(Richette & Bardin, 2010). All available NSAIDs block cyclooxygenase-2 (COX-2), which 

produce prostaglandin involved in the inflammatory response (Masseoud, et al., 2005, 
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Gaffo & Saag, 2008). Traditional NSAIDs (ibuprofen, indomethacin, naproxen), however, can 

cause gastrointestinal damage including gastric ulcers and bleeding, renal insufficiency, 

because of low selectivity. The new generation drugs, celecoxib and etoricoxib, inhibit COX-2 

selectively and have less adverse effects, thus can be better tolerated by patients (Cronstein 

& Terkeltaub, 2006, Gaffo & Saag, 2008). 

Colchicine is a plant alkaloid isolated from the autumn crocus Colchicum autumnale. 

It has been used in the acute gout treatment for about 2 000 years, but its exact mechanism 

of action is still not known. It was demonstrated that colchicine binds to tubulin dimers and 

prevents the polymerization of microtubules decreasing phagocytosis (Cronstein & 

Terkeltaub, 2006, Schlesinger, et al., 2009). It also inhibits indirectly caspase-1 activation and 

IL-1β processing (Martinon, et al., 2006). Colchicine is effective in reducing the symptoms of 

acute inflammation and is used to prevent next gout flares. Besides the reduction of pain, 

colchicine causes the majority of patients’ unpleasant side effects like nausea, vomiting and 

diarrhoea. Colchicine is generally well tolerated, but its toxic effects increase with patients’ 

age and dose. Serious side effects include myopathy, neuropathy, bone marrow suppression, 

aplastic anaemia and muscle damage.  

Corticosteroids are used only in rare cases, when patients have contraindications for 

the use of colchicine or NSAIDs. Glucocorticoids bind to the glucocorticoid receptor and 

participate in the regulation of anti-inflammatory protein expression. They are powerful and 

provide rapid relief of symptoms, but are associated with many side effects in long-term 

treatment like osteoporosis, hypertension or Cushing's syndrome (Masseoud, et al., 2005, 

Man, et al., 2007, Janssens, et al., 2008). 

Interleukin-1 family is a group of proinflammatory cytokines, which are released prior 

inflammation. They participate in neutrophils recruitment and development of acute 

response (Ren & Torres, 2009). New group of drugs, Interleukin-1β inhibitors, has been 

applied to treat painful gout attacks. Anakinra, rilonacep and canakinumab bind to three 

different forms of IL-1 and thus inhibit the IL-1β signalling pathway resolving the 

inflammation (Burns & Wortmann, 2011, Schlesinger, 2012). All three drugs have no serious 

adverse effects and effectively relieved the inflammatory symptoms of gout in recent studies 

(So, et al., 2007, Burns & Wortmann, 2011, 2012, Mitha, et al., 2013).  
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1.6.2 Uricostatic drugs 

This class of drugs reduce serum urate by inhibiting uric acid production by enzyme 

xanthine oxidoreductase. They are used in a long-term therapy and for the prevention of 

gout recurrence. 

Allopurinol is the first-line drug in urate-lowering therapy. It is a structural isomer of 

hypoxanthine and is rapidly metabolised into oxipurinol, a xanthine analogue that inhibits 

xanthine oxidoreductase activity. Allopurinol is effective in 85% of patients (Shoji, et al., 

2004) and can be used in a long term. Allopurinol is generally well tolerated with side effects 

limited to rash, fewer and allopurinol hypersensivity syndrome occurring in 2% of patients 

(Baker & Schumacher, 2010).  

Febuxostat is a new non-purine inhibitor with similar effectiveness to allopurinol 

(Becker, et al., 2005), but binds to xanthine oxidoreductase in a different mode. Febuxostat 

can be used in patients with chronic renal insufficiency, because it is metabolized in the liver 

(Eggebeen, 2007) and is recommended for patients with hypersensivity reactions to 

allopurinol (Burns & Wortmann, 2011). The most frequent side effects of this drug are 

diarrhoea, abdominal pain, dizziness and headache (Burns & Wortmann, 2011).  

1.6.3 Uricosuric drugs 

This class of drugs inhibit the reabsorption of uric acid in the kidney mediated by the 

urate transporter, URAT-1, that results in increased renal urate clearance. They are 

considered as second-line therapy and used as both prevention and long-term treatment. 

Benzbromarone is a traditional uricosuric drug used in gout (Burns & Wortmann, 

2011). It was withdrawn from the market in 2003 after reports of serious liver damage in a 

few patients, but it is still available in some countries in Europe (Jansen, et al., 2004). It is a 

very potent long-acting drug, effective in patients with mild renal insufficiency. 

Benzbromarone is generally better tolerated than allopurinol and has a stronger urate-

lowering effect (Baker & Schumacher, 2010). 

Lesinurad is a novel drug currently in phase 3 of clinical trials, which selectively 

inhibits urate transporter, URAT1. Lesinurad was well tolerated with no serious drug-related 
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side effects during the phase 2 (Burns & Wortmann, 2011). So far, the drug demonstrated 

high efficacy and safety profile (www.clinicaltrials.gov). 

1.6.4 Uricolytic drugs 

This kind of medications represents group of urate oxidases, which degrade uric acid 

to allantoin and hydrogen peroxide. All uricases are given to the patient as an infusion. 

The first urate oxidase purified from Aspergillus flavus (Uricozyme™) was used in the 

late 1960s for tumor lysis syndrome (Laboureur & Langlois, 1968). It was found to be more 

effective than allopurinol but its production was difficult and 4.5 % of patients responded 

with acute allergic reaction (Pui, et al., 1997). In the 1960s, a new recombinant urate oxidase 

was cloned from A. flavus and expressed in Saccharomyces cerevisiae giving 100 times more 

enzyme of higher activity (Rasburicase™) (Navolanic, et al., 2003). Rasburicase is very 

powerful, however, it has a short half-life (18 h) and some patients developed antibodies 

and allergic reactions resulting even in death. Due to antibodies, which inhibited the enzyme 

activity, the therapy with rasburicase may be given to the patients only once in their lifetime 

(Bomalaski & Clark, 2004). The newest uricase (Pegloticase, Uricase-PEG 20) was obtained by 

covalent attachment of polyethylene glycol what reduced the immunogenic response 

towards the drug. The half-life of modified urate oxidase has improved to 6-14 days and the 

enzyme can effectively reduce serum urate in a short time after infusion (Bomalaski & Clark, 

2004, Burns & Wortmann, 2011). Generally, uricases are suitable for patients with a large 

excess of serum urate and tophaceous gout but the high therapy costs of about 10,000 

Euros/year makes them to be used only in rare cases (Tausche, et al., 2009). 

1.6.5 Prevention of gout 

Despite various pharmacological options, a low purine diet remains the basis of all 

gout therapies. Over 2,000 years ago Hippocrates linked an excessive food and wine intake 

with gout and his observation was confirmed by scientists during the last century 

(Schlesinger, 2005). It was shown that diet could disturb the balance between formation and 

excretion of uric acid in hyperuricemic patients (Choi, et al., 2005, Burkard & Huth, 2010). 

Patients are encouraged to undertake diet and lifestyle changes that means to reduce 

weight, alcohol consumption and to decrease the intake of purine-rich foods.  



Introduction 
 

14 
 

Obesity has been shown to contribute to increased production and decreased renal 

excretion of urate (Dessein, et al., 2000). Body mass index (BMI) is positively correlated with 

the risk for gout; a change in BMI from 21 to 25 kg/m2 causes a relative gout risk to increase 

2.35 times (Saag & Choi, 2006). On the contrary, weight loss results in reduction of serum 

urate levels (Nicholls & Scott, 1972).  

An important element in nutrition to prevent the gout attack is limited consumption 

of alcohol, especially beer and liquors. Beer is rich in guanosine and its degradation results in 

concentration of uric acid (Saag & Choi, 2006).  

Low purine food is recommended for all gout patients, as dietary purines account for 

1/3 of total body urate (Schlesinger, 2005). The strongest increase of serum uric acid is 

caused by consumption of meat and seafood that have the highest purine concentration. 

Some vegetables also contain high purine levels (e.g. asparagus, peas, beans, lentils). On the 

contrary, diet should be rich in dairy products and supplemented with cherries both of which 

have been shown to lower serum urate (Garrel, et al., 1991, Jacob, et al., 2003). 

Data on purine-free diet indicate that it is possible to reduce serum uric acid by 15-

20% (Nicholls & Scott, 1972). In minority of patients such a decrease could be enough to 

prevent further gout attacks. Moreover taking uricosurics and uricostatics having many 

adverse effects could be avoided (Baker & Schumacher, 2010). However, in a strict purine-

free meals there would not be much sustenance and they are not recommended for a long 

period of time (Schlesinger, 2005). The better option is balanced nutrition based on food 

with low and moderate purine content. 

1.7 Adenine deaminase 

Adenine deaminase is an enzyme of purine degradation pathway that irreversibly 

catalyses the reduction of uricogenic adenine to hypoxanthine and ammonia. To date it has 

only been found in bacteria (e.g. Escherichia coli and Bacillus subtilis) and lower eukaryotes 

such as S. cerevisiae, Crithidia fasciculata (Nygaard, et al., 1996), but not in animals (Ribard, 

et al., 2003, Pospisilova & Frebort, 2007). Organisms that lack adenine deaminase (e.g. 

Salmonella typhimurium, Nygaard, et al., 1996) use bypasses to convert adenine to 

hypoxanthine. Then the route follows via adenosine and inosine (Vogels & Van der Drift, 

1976). 
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The natural substrate of adenine deaminase is adenine, but this enzyme can also 

hydrolyse N6-substituted adenine and guanine derivatives and compounds bearing 

substituents on position 2 and 6 (Hartenstein & Fridovich, 1967, Scazzocchio, 1994). 

All structurally characterized deaminases belong to the amidohydrolase superfamily, 

which is characterized by (α/β)8-barrel structural fold containing one divalent cation in the 

active site (Ribard, et al., 2003, Seibert & Raushel, 2005). One exception is enzyme from 

E. coli that requires two divalent cations for activity (Kamat, et al., 2011). As shown by Ribard 

(2003), fungal adenine deaminases are more closely related to the bacterial and eukaryotic 

adenosine deaminases than to bacterial adenine deaminases. Ribard suggests that adenine 

deaminases have appeared twice in the course of evolution because bacterial and fungal 

enzymes have no evident sequence similarity. 

In several yeast species, adenine deaminase utilizes adenine as sole nitrogen source 

(Oestreicher, et al., 2008). S. cerevisiae lacks urate oxidase and adenine deaminase present 

in this yeast is only involved in purine interconversion (Cultrone, et al., 2005). So far, the 

transcriptional regulation of adenine deaminase has not been thoroughly studied. The first 

details on regulation of gene expression provided the analysis of Aspergillus nidulans nadA 

gene presenting three induction signals that start the transcription (Oestreicher et al. 2008). 

It is known that ammonium and various purines can induce or repress the gene 

transcription, but this action varies in different organisms (Oestreicher, et al., 2008). 

1.8 Xanthine oxidoreductase 

Xanthine oxidoreductase is one of the most conserved enzymes in all kingdoms 

(Cultrone, et al., 2005). It was first isolated in 1902 from bovine milk but wrongly identified 

as aldehyde reductase (Schardinger, 1902, Nishino, et al., 2008). The enzyme catalyses the 

last two steps of purine degradation in primates: oxidation of hypoxanthine to xanthine and 

xanthine to uric acid with concomitant reduction of NAD+ or molecular oxygen.  

Xanthine oxidoreductase belongs to a group of molybdenum-containing hydroxylases 

and is present in eukaryotes, prokaryotes and archea. Eukaryotic enzymes form a dimer of 

two identical, independent from each other subunits, (α)2, with a molecular weight of 

150 kDa per subunit (Coughlan & Rajagopalan, 1980, Hille, 1996). This is in contrast to 

bacterial xanthine oxidoreductases, e.g. the enzyme of Rhodotobacter capsulatus, which has 
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an (αβ)2 heterotetrameric structure (Leimkühler, et al., 1998). Despite different subunit 

composition, each molecule of the enzyme contains four iron-sulphur clusters, two FAD 

molecules and two molybdenum cofactors in the form of molybdopterin (Schumann, et al., 

2008). One enzyme reaction cycle includes the oxidation of substrates (xanthine or 

hypoxanthine) at the molybdenum centre with simultaneous reduction of Mo (VI) to Mo (IV). 

Then, the electrons are transferred from molybdenum cofactor via iron-sulphur clusters and 

FAD to NAD+ or O2 as the electron acceptor (Kalimuthu, et al., 2011). In case of xanthine 

dehydrogenase (XDH), NAD+ is the most common final electron acceptor, in contrast to the 

xanthine oxidase (XO), which uses molecular oxygen. Studies on eukaryotic xanthine 

dehydrogenases/oxidases have shown that the enzyme exists in vivo mainly as NAD-

dependent form. However, proteolysis, oxygen, heat treatment or organic solvents can 

cause a conversion of dehydrogenase to oxidase form (Waud & Rajagopalan, 1976). 

Proteolysis causes an irreversible change in the protein structure, whereas the change 

caused by the oxidation of cysteine residues responsible for disulfide bridges can be 

reversed (Nishino, et al., 2005).  

In contrast to the eukaryotic xanthine oxidoreductases, no conversion could be 

described from the XDH in the XO form in prokaryotes (Leimkühler, et al., 1998). Also the 

avian enzyme is present only as xanthine dehydrogenase (Sato, et al., 1995). 

In humans, activity of xanthine oxidoreductase is associated with various medical 

conditions like hyperuricemia, xanthinuria and ischemic reperfusion injury (Harrison, 2002). 

Xanthine oxidoreductase belongs to important targets of therapeutic medications against 

gout. 

1.9 Arxula adeninivorans 

Arxula adeninivorans is a dimorphic, ascomycetous yeast species that exhibits some 

unusual properties. It was discovered in chopped maize herbage, soil and wood hydrolysates 

in the Netherlands, South Africa and Russia (Siberia) respectively (Kunze & Kunze, 1994). 

Initially, the species was named as Trichosporon adeninovorans, but in 1990 it was renamed 

as Arxula adeninivorans to be reclassified to a genus Blastobotrys in 2007 (Gienow, et al., 

1990, Van der Walt, et al., 1990, Kurtzman & Robnett, 2007). However, the synonym name, 

Arxula, is still used by scientists and in this work. 
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Table 1 Taxonomic classification of the species B. adeninivorans (synonym A. adeninivorans; Kurtzman & 

Robnett, 2007) 

Taxonomic classification 

Kingdom Fungi 

Division Ascomycota 

Class Saccharomycetes 

Order Saccharomycetales 

Family Saccharomycetaceae  

Genus Blastobotrys  

Species B. adeninivorans  

 

A. adeninivorans is an osmotolerant and xerotolerant organism; it can grow on 

various sugars, amines, starch, alcohol, organic acids, purines and several other compounds 

as sole carbon source. Furthermore, they can assimilate nitrate, urea, adenine and further 

nitrogen sources (Middelhoven, et al., 1985, 1991). The yeast is able to grow up to 48 °C and 

above 42 °C a reversible transition from budding cells to filamentous (mycelial) form occurs 

(Wartmann, et al., 1995). It was shown that the elevated cultivation temperature leads to an 

alteration of gene expression and resulting increased secretion of extracellular proteins to 

the medium (Wartmann, et al., 1995).  

Due to excellent growth parameters and extensive C-and N-source spectrum 

A. adeninivorans is an interesting organism for biotechnological applications. This yeast 

provides an attractive gene expression platform and has been already used for the 

production of a variety of proteins, such as human serum albumin (Wartmann, et al., 2002), 

interleukin-6 (Böer, et al., 2007) or enzymes like lipase, tannase, phytase, alcohol 

dehydrogenase (Böer, et al., 2005, 2009, Kaur, et al., 2007, Giersberg, et al., 2012). 

Based on these interesting biotechnological properties, as well as on the fact that 

A. adeninivorans possesses all necessary purine-degrading enzymes, strain A. adeninivorans 

LS3 was used in this work as the host for protein production. 

1.10 Xplor®2 transformation/expression platform 

Production of proteins has always been of great interest for basic research and 

biomedical industry. A number of microbial and eukaryotic cells have been used for this 

purpose (Gellissen, 2005). The use of prokaryotes as a host for expression of mammalian 
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cells may result in a protein not correctly folded or lacking some necessary post-translational 

modifications. The expression in the animal cells, on the other hand, is expensive, very often 

inefficient and prone to viral infection (Nasser, et al., 2003). On the contrary, yeast cells are 

suitable for expression of many eukaryotic genes, carry out post-translational modifications 

according to a general eukaryotic scheme and their cultivation is inexpensive (Gellissen, et 

al., 2005). 

In the present work, the yeast-based Xplor®2 transformation/expression platform 

was used. This platform has been successfully applied for the construction of transgenic 

A. adeninivorans strains that resulted in high expression levels of tannase, lipase and alcohol 

dehydrogenase (Böer, et al., 2005, 2009, Giersberg, et al., 2012). 

The Xplor2 vector consists of an E. coli-based plasmid part and two A. adeninivorans-

derived ribosomal DNA fragments, 25S rDNA, that are separated by a multicloning site 

where up to five yeast modules for selection and expression can be inserted. E. coli 

sequence can be removed before transformation by digestion with SbfI or AscI. The choice of 

restriction enzyme determines the integration position of the linearized fragment. AscI-

digested vector contains 25S rDNA fragments and is targeted to rDNA sequences; such a 

fragment is called Yeast rDNA Integrative Expression Cassette (YRC). SbfI-digested vector is 

deprived of 25S rDNA and can be integrated in the random place in the genome; such an 

element is called Yeast Integrative Expression Cassette (YIC) (Böer, et al., 2009). 
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Figure 6 Design and functional components of the Xplor2 vector. The vector contains bacterial sequences 

necessary for propagation in the E. coli system and two 25S rDNA sequences separated by a multi-cloning site. 

The MCS allows the insertion of up to five modules (e.g. selection and expression modules) (Böer, et al., 2009). 

Yeast positive transformants can be selected by complementation of the auxotrophic 

A. adeninivorans strain with an auxotrophic selection marker. The marker of choice in this 

study consisted of the ATRP1m coding sequence under the control of ALEU2 promoter and it 

was used to complement a tryptophan auxotroph, A. adeninivorans G1212 strain. Xplor2 

vector carrying the tryptophan selection marker was named Xplor2.2 (Alvaro-Benito, et al., 

2012). 

Further elements of the systems are promoters such as a constitutive TEF1 or 

inducible AYNI1 (both A. adeninivorans -derived), and terminator PHO5 from the yeast 

S. cerevisiae. One expression module contains a promoter of choice, a gene and the PHO5 

terminator (Böer, et al., 2009). 
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2 Aim of the thesis 

Gout is one of the first disorders that have been recognized as a clinical entity. There 

is no cure for this disease but the recurrent attacks can be prevented and the patients’ 

condition can be improved thanks to various medications. However, gout therapies have 

various untoward and even potentially life-threating adverse effects. 

Despite the existing medical treatments, it is strongly recommended to change the 

dietary habits by limiting food rich in purines and alcohol. Unfortunately, only 20% of 

patients are ready to change their unhealthy eating habits and alcohol use (Levinson, et al., 

2001). Moreover, a strict purine-free diet can affect a balanced nutrition. Therefore, the 

main purpose of this study was to create an enzyme tool to degrade purines in purine-rich 

food before consumption in order to provide patients with healthy products without 

persuading them to make sacrifices.  

To assure complete purine degradation to well water-soluble allantoin, the two-part 

project aims in over-expression of five enzymes: adenine deaminase, guanine deaminase, 

purine nucleoside phosphorylase, xanthine oxidoreductase and lost-in-humans urate 

oxidase. These enzymes should be then combined into one set for simultaneous purine 

hydrolysis. This thesis is a one part of the project and focuses on adenine deaminase and 

xanthine oxidoreductase as necessary elements of the purine degrading system. 

The first task of this work was to isolate the genes and over-express the desired 

enzymes in homologous system of A. adeninivorans. 

The second aim was to characterize obtained proteins in relation to basic 

biochemical parameters, stability and kinetics, and to investigate the conditions for gene 

expression in order to ensure high enzyme yield.  

The third aim of this thesis was to investigate the suitability of recombinant proteins 

for degrading adenine, xanthine and hypoxanthine is selected food constituents. 

In broader perspectives, this project offers the patients an increase in a life comfort 

by providing them safe, nutrient-rich, low purine food of choice that may contribute to a 

better control of the disease. 
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3 Materials and methods 

3.1 Microorganisms 

Table 2 Strains 

Strain Genotype Origin 

E. coli TOP 10 
F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacΧ74 recA1 araD139 Δ(ara-leu) 7697 galU galK 
rpsL (StrR) endA1 nupG λ- 

Invitrogen 

E. coli XL1 Blue 
endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 
F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15 Amy CmR] 
hsdR17(rK- mK+) 

Stratagene 

E. coli 
BL21 (DE3) 

F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) Invitrogen 

A. adeninivorans LS3 Wild-type Siberia, Russia 

A. adeninivorans 
G1212 

aleu2 atrp1::ALEU2 Gatersleben, Germany 

A. adeninivorans 
G1217 

aleu2 afrd1::ALEU2 Gatersleben, Germany 

3.2 Oligonucleotides 

Table 3 List of oligonucleotides used for PCR reactions 

Name Nucleotide sequence 5’-3’ 

Cloning primers 

AADA-fw GAA TTC ATG ACT GTA GAT GCA TTT ACC C  

AADA-rv GGA TCC CTA ATT TGG GGT TAG ATC TTG G 

AADA-rv-His GGA TCC CTA ATG GTG ATG GTG ATG ATG ATT TGG GGT TAG ATC TTG G 

AXOX-fw TGA TCA ATG GTT GAC CTG CAA CTC CAT 

AXOX-rv GCG GCC GCT TAG GCA TTG ACA AAG AAT GGC 

AXOX-rv-His GCG GCC GCT TAA TGG TGA TGG TGA TGA TGG GCA TTG ACA AAG AAT GGC 

AXOX-AsiSI-fw ATT ATA GCG ATC GCA TGG TTG ACC TGC AAC TCC ATC AG 

AXOX-NotI-Rv AAT ATA ATA TGC GGC CGC TTA GGC ATT GAC AAA GAA TGG CTT G 

AXOX-NotI-Rv-His  
AAT ATA ATA TGC GGC CGC TTA ATG GTG ATG GTG ATG ATG GGC ATT GAC AAA 
GAA TGG CTT GTC ATC GCC 

pBS-NotI-Fw TAG GGA ATT AGC GGC CGC TAA TTC CCT AGA GTC GAG GGG AAC ACT ACT C 

pBS-AsiSI-Rv AAT ATA GCG ATC GCT GTA AGT GTG TAG TCA AGC AAT TGC AAA ACG TTG AC 

coliAADA-NdeI-Fw TAT AAT ATC ATA TGA TGA CTG TAG ATG CAT TTA CCC 

coliAADA-NdeI-Fw TAT AAT ATC ATA TGA TGA CTG TAG ATG CAT TTA CCC 

coliAADA-XhoI-Rv ATT ATA CTC GAG ATT TGG GGT TAG ATC TTG GTA C 

pBS-TEF-AsiSI-Rv AAT ATA GCG ATC GCT GTT GAT TAT GTT TTT AAG AAC TAC TCA GAA TGA AAT G 
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Real-time primers 

AADA-fw CCC AGG TGA AGG AAA AGT AC 

AADA-rv ATT GGG GTC AGG GAT AGG 

AXOX-fw TTG TAG CAC CCA TGA CGA C 

AXOX-rv CCA TTA GGC ATT GAC AAA GA 

TEF1-fw CTC TTG GAC GAT TCG CC 

TEF1-rv CCG TTA CCG ACA ATC TAT TT 

ALG9-3 CAT GGG CCA AGG TAT ACT G 

ALG9-4 AGA ATG CGA CCG ATA CCA 

TFIID-3 AGT TTG TGT CTG ATA TTG CCT C 

TFIID-4 GAA GAG CTT GCT ACC GAA CT 

AHSB4-fw CTC ATT TAT GAG GAG ACC CG 

AHSB4-rv ATA AAG AGT TCG TCC CTG TC 

Knock-out mutants’ primers 

5'-SacII-Fw TTA TCC GCG GGT GGC CCG ACA TGT GAT AC  

5'-SpeI-Rv TTA TAC TAG TAT GGA TTT CTC GTA GCT TTC TG 

3'-SalI-Fw TTA TGT CGA CGT CAA TAA TGA GCT GGT ACG G 

3'-ApaI-Rv TTA TGG GCC CTG GGT CAC TAC CGT AAT TCC 

Underlined letters – 6xHis-tag; bold type letters – restriction enzymes site 

3.3 Plasmids and vectors 

Table 4 List of plasmids and vectors 

Name Features 

pCR4®4-TOPO® For cloning PCR products in E. coli, promoter lacl, Ampr, Kanr 

pB25S-ALEU2-ATRP1m-AS For expression in yeast, selection TRP1m, Kanr 

pBS-AYNI1-PHO5-SS For cloning of AXOX gene, Ampr 

pBS-AYNI1-PHO5-SA For cloning of AADA gene, Ampr 

pBS-TEF-PHO5-SS For cloning of AXOX gene, Ampr 

pET-21b(+) For expression in E. coli, promoter lacl, Ampr 

3.4 Culture media 

3.4.1 Bacterial media 

Table 5 List of bacterial media 

Medium Components Final concentration 

Luria-Bertani LB-Broth, Sigma (Steinheim, Germany) 2%  
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Luria-Bertani agar LB-Agar, Sigma (Steinheim, Germany) 3,5%  

SOB, pH 7.5 

Tryptone (Difco, USA) 
Yeast extract (Gibco, GB) 
NaCl 
KCl 
MgCl2 
MgSO4 

2%  
0.5%  
10 mM 
2.5 mM 
10 mM 
10 mM 

SOC 
SOB 
Glucose 2% 

 

All media were dissolved in H2OMQ, autoclaved and stored at 4 °C up to 3 months. 

3.4.2 Yeast media 

Table 6 List of media for yeast cultivation 

Medium Components Final concentration 

YPD YPD-Broth (Fluka, Gemany) 6.5 % 

YMM-NO3  
pH 6.1  
 

NaNO3  
KH2PO4 
K2HPO4  
MgSO4 x 7H2O 
Mineral mix 
FeCl3 x 6H2O 
Ca(NO3)2 x 4H2O  

43.5 mM 
50 mM  

10 mM  

8 mM 
0.1%  
0.012 mM 
0.12 mM  

YMM-NH4  
pH 6.0  
 

NH4H2PO4  
KH2PO4  
K2HPO4  
MgSO4 x 7H2O 
Mineral mix 
FeCl3 x 6H2O 
Ca(NO3)2 x 4H2O  

43.5 mM 
13 mM 
10 mM 
8 mM 
0.1%  
0.012 mM 
0.12 mM  

YMM-inducer 
pH 6.1  
 

Inducer (different purines) 
KH2PO4 
K2HPO4  
MgSO4 x 7H2O 
Mineral mix 
FeCl3 x 6H2O 
Ca(NO3)2 x 4H2O  

0.5-5 mM 
50 mM  

10 mM  

8 mM 
0.1%  
0.012 mM 
0.12 mM  

YMM-supplement 1  Glucose 1%  

YMM-supplement 2 Vitamin mix 0.5 % 

Mineral Mix 

H3BO4  
CuSO4 x 4H2O  
KI  
MnSO4 x 4H2O  

6.4 mM 
0.63 mM 
0.6 mM 
2.65 mM 
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ZnSO4 x 7H2O  
Na2MoO4  
CaCl2  

2.48 mM 
0.97 mM 
0.77 mM 

Vitamin mix 

Thiamine hydrochloride  
Inositol  
Nicotinic acid  
Ca-D-Pantothenate  
Pyridoxine  
Biotin  

1.19 mM 
22.2 mM 
0.81 mM 
1.53 mM 
2.36 mM 
0.016 mM 

 

All media were dissolved in H2OMQ, autoclaved and stored at 4 °C up to 3 months. The 

sterile YMM was supplemented with YMM-supplement 1 and 2 before use. 

3.5 Enzymes and chemicals 

 Restriction enzymes and DNA-modifying enzymes were obtained from Thermo 

Scientific (Germany), Applied Biosystems (USA) and New England Biolabs (USA). 

 Kits for gel extraction and PCR clean-up were obtained from Macherey-Nagel 

(Germany), set of buffers for DNA isolation from Qiagen (Germany). 

 The antibodies used in this study were obtained from MicroMol (Germany; primary 

rabbit anti-His antibody) and from Promega (Germany; gout anti-rabbit IgG 

conjugated with alkaline phosphatase). 

 All chemicals used in this study were obtained from various commercial sources: 

Roth (Germany), Sigma-Aldrich (Germany), Merck (Germany), Roche (Switzerland), 

Difco (USA), Applichem (Germany).  

3.6 Cultivation of microorganisms 

3.6.1 Cultivation of E. coli cells 

E. coli cells were grown in liquid or solid LB medium supplemented with ampicillin 

(100 μg/ml) or kanamycin (50 μg/ml) at 37 °C overnight. Liquid culture was incubated in 

Erlenmeyer flasks or in test tubes with shaking. 
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3.6.2 Cultivation of yeast cells 

Wild-type and transgenic yeast strains were cultivated under non-selective 

conditions in YPD or under selective conditions in YMM with glucose (1% w/v) as carbon 

source. Cultivation of yeasts under selective conditions was carried out in two steps: pre-

culture with initial OD600 = 0.1 in YMM-NH4 at 30 °C, shaking at 180 rpm, for 24 h (growth 

phase). Wild type cells were then shifted to YMM supplemented with 43.5 mM NH4H2PO4 or 

43.5 mM NaNO3 or different purines as N-source and grown at 30 °C for up to 72 h 

(production phase). Recombinant strains were shifted to YMM-NO3 and shaken at 30 °C for 

up to 72 h. 

3.7 Methods used for work with DNA 

3.7.1 Agarose gel electrophoresis 

DNA fragments were separated by agarose gel electrophoresis at an agarose 

concentration suitable for the DNA fragment of defined length. The agarose gel contained 

ethidium bromide at a final concentration of 0.5 µg/ml. Samples were mixed with 4x DNA 

loading buffer and loaded onto the gel along with the DNA molecular weight marker for 

determination of the size of separated fragments. Electrophoresis was performed at room 

temperature in 1x TBE buffer at a constant voltage of 8-10 V/cm.  

Table 7 Solutions for agarose gel electrophoresis 

Solution Components Final concentration 

4x DNA loading buffer 

Tris-HCl pH 7.6  

Glycerol  

EDTA  

Bromophenol blue  

10 mM  

60%  

60 mM  

0.03%  

10x TBE buffer  
Tris  

EDTA  

Boric acid  

0.9 M  

25 mM  

0.9 M  

 

3.7.2 DNA fragment extraction from agarose gel 

The desired DNA band was cut out from the agarose gel with a razor blade under UV 

light. DNA was extracted using the gel extraction kit NucleoSpin® Extract II from Marcherey-

Nagel (Germany). 

http://www.mn-net.com/tabid/1452/default.aspx
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3.7.3 Mini isolation of plasmid DNA from E. coli cells 

The cells were grown overnight in test tubes with 2 ml LB medium containing a 

defined antibiotic, at 37 °C. The cultures were then transferred to Eppendorf tubes and 

centrifuged for 1 min. The supernatant was completely removed and the pellet re-

suspended in 200 µl buffer P1 (containing RNase). After 200 μl of buffer P2 was added and 

inverted 5x, the suspension was incubated at 25 °C for 3 min. Then, 200 μl of buffer P3 was 

added, inverted 5x and centrifuged for 30 min at 4 °C. The clear supernatant was transferred 

to a new 1.5 ml tube and 350 µl isopropanol added to precipitate the plasmid DNA. After 

2 min, the precipitate was pelletized for 25 min and then washed with 70% ethanol (RT). The 

pellet was dried in a vacuum dryer for 5 min and then suspended in 50 µl H2OMQ. All 

centrifugation steps were carried out at 17,900 g. 

3.7.4 DNA restriction 

DNA digestions with restriction enzymes were performed according to the 

manufacturer, assuming that 1 U of the enzyme digest 1 µg of λ-DNA in 1 hour under 

optimum conditions of temperature and buffer. 

3.7.5 DNA ligation 

Ligation reaction was carried out for 1 h at RT. The threefold molar excess of the 

insert relative to the vector was used. Ligation reaction volume was 20 ml, including 0.5 

Weiss U of ligase T4 and buffer. After the reaction, the enzyme was inactivated (10 min, 

65 °C). 

For the direct ligation of PCR products, TOPO TA Cloning® Kit (Invitrogen) was used 

following the manufacturer's instructions. 

3.7.6 Ethanol precipitation of DNA 

After incubation, the restriction mixture (50 µl) was mixed with 5 µl 3 M sodium 

acetate (pH 5.2) and 112 µl of ice-cold ethanol (96%). The mixture was placed to -20 °C for 

10 min and then centrifuged for 10 min. Supernatant was removed and pellet washed 2 

times with 1 ml of 70% cold ethanol and 1 time with 96% ethanol. After a final centrifugation 

for 3 min, the pellet was air-dried at RT for about 10 min and suspended in 30 µl H20MQ. All 

centrifugation steps were carried out at 17,900 g. 
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3.7.7 Transformation of E. coli cells 

Competent E. coli cells were thawed on ice. 10-20 μl of DNA ligation mixture were 

added to 100 μl chemical competent cells and incubated:  

 30 min on ice 

 90 seconds at 42 °C 

 2 min on ice 

Following 500 µl SOC medium was added and cells were incubated with shaking for 

45 min at 37 °C. Cells were spread on a selective LB plate containing the appropriate 

antibiotic and incubated overnight at 37 °C. 

3.7.8 Preparation of E. coli competent cells 

The E. coli TOP 10 strain from the agar plate was used to inoculate 10 ml of LB and 

cultured for around 10 h at 37 °C. Then, this preculture was diluted in a series from 10-1 to 

10-5 with LB medium and incubated overnight at 37 °C. One of the precultures was then 

diluted 1:100 with 100 ml LB medium and incubated in an Erlenmeyer flask at 37 °C until 

OD600 reached 0.4. Finally, the culture was cooled down on ice for 15 min and centrifuged for 

10 min at 3,000 g at 4 °C. The pellet was suspended in 20 ml ice-cold CaCl2-solution and 

again centrifuged. Then, the cells were re-suspended in 20 ml ice-cold CaCl2-solution and 

incubated on ice for 30 min followed by centrifugation. Finally, the pellet was suspended in 

2 ml CaCl2-solution, frozen in liquid nitrogen as 100 µl aliquots and stored at -80 °C. 

Table 8 Solution used for preparation of E. coli competent cells 

Solution Components Final concentration 

CaCl2-solution CaCl2 

Glycerol 

100 mM 

15% 

 

3.7.9 Polymerase Chain Reaction (PCR) 

For amplification of target genes, PCR was carried out in a standard reaction set up as 

described in a volume of 25 or 50 μl. The reaction was performed in an Eppendorf 

Mastercycler Gradient. 
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Table 9 Standard composition of PCR reaction 

Components Final concentration 

Template DNA 

Forward primer 

Reverse primer 

Buffer 

dNTPs 

Polymerase 

50 - 1000 pg/µl 

0.5 µM 

0.5 µM 

1x 

400 µM 

0.05-0.02 U/µl 

 

Table 10 Standard programme for PCR reaction 

Cycle Step Duration Temperature 

1 Initial denaturation 3 min 95 °C 

30 
Denaturation 30 sec 95 °C 
Annealing 30 sec 57-60 °C 
Elongation 1-4 min* 68-72 °C** 

1 Final elongation 15 min 68-72 °C** 
1 Hold ∞ 4 °C 

* depends on the sequence length;  

** 68 °C for Fermentas Long PCR Template Enzyme Polymerase; 72 °C for Fermentas DreamTaq 

Polymerase. 

3.7.10 Southern blotting 

Southern blot analysis was performed as described by Sambrook and Russell (2001), 

but with some modifications. The genomic DNA (at least 10 µg) was cut in a 50 µl reaction 

mixture with restriction enzymes (SpeI/BamHI and SacII/XbaI) for 12 h at 37 °C. 

Subsequently, the mixture was mixed with 4x DNA loading buffer and separated in a 0.9% 

agarose gel (6 x 8 cm) at 50 mV for 2-3 h. The gel was soaked in TBE with 0.01% ethidium 

bromide for 15 min. After taking photography of the DNA bands, the ethidium bromide was 

removed from the gel by shaking three times in H2OMQ for total 30 min. The gel was soaked 

in a depurination solution for 15 min, then washed three times in H2OMQ and incubated for 

15 min in an alkaline transfer buffer. While the agarose gel was soaked again for 20 min in 

fresh alkaline transfer buffer, the positively charged nylon membrane (Hybond N+, 

Amersham) was prepared. The membrane was soaked in water and then equilibrated in 

alkaline transfer buffer for 5 min. The transfer of the DNA to the membrane was carried out 

by the upward capillary transfer method with alkaline transfer buffer overnight. The next 
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day, the blot was disassembled and the membrane incubated in prehybridization solution in 

an oven with rotation for 2 h at 65 °C. Prehybridization of the charged nylon membrane and 

subsequent hybridization and washing of the membrane was carried out according to the 

protocol of Southern blot hybridization with Roti®-Hybriquick (Roth) buffer. About 7 µg of 

digoxigenin-labeled DNA probe was used. The production of a digoxigenin-labeled probe was 

carried out according to the Roche PCR Dig Probe Synthesis Kit with primers AADA-fw and 

AADA-rv (Table 3). Hybridization and washing steps were done in hybridization oven at 

65 °C. All subsequent steps for the detection were performed as described the protocol of 

DIG Wash and Block Buffer Set (Roche). The Anti-Digoxigenin-AP antibody was diluted 

1:10,000, the signal was detected with BCIP/NBT solution (Roche) at the room temperature. 

Table 11 Solutions used in Southern hybridization 

Solution Components Final concentration 

Depurination solution HCl 0.2 M 

Alkaline transfer buffer 
NaOH 

NaCl 

0.4 M 

1 M 

 

3.8 Methods used for work with RNA 

3.8.1 RNA isolation from yeast cells 

Total RNA was isolated from 2 ml cell cultures that were harvested, washed one time 

with DEPC-treated water and frozen in liquid nitrogen. The cells were suspended in 500 µl 

Z6-extraction buffer and disrupted using 500 µl DEPC-treated 0.5 mm silica beads (BioSpec 

Products) in a Mixer Mill MM 400 (Retsch) for 1 min at 30 Hz, 4 °C. Another 500 µl of Z6-

extraction buffer was added to the 2 ml Eppendorf tube along with 500 µl of Roti®-Aqua-

P/C/I solution (Roth). The tube content was vortexed and centrifuged for 15 min at 4 °C. The 

upper phase was transferred to the new tube and the extraction with P/C/I solution was 

repeated. Then, the upper phase was treated with 50 µl of 1 M acetic acid and 1 ml of 70% 

ethanol and incubated for 10 min on ice. After 10 min of centrifugation, the supernatant was 

discarded and the pellet washed two times with 600 µl of 3 M sodium acetate (pH 5.2). 

Finally, the pellet was washed with 600 µl of 70% ethanol, air-dried and re-suspended in 

30 µl DEPC-treated water. All centrifugation steps were carried out at 17,900 g, 4 °C. 
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Table 12 Components of buffer used for RNA extraction 

Solution Components Final concentration 

Z6-extraction buffer 

(Logemann, et al., 1987) 

guanidine-HCl 

MES 

EDTA 

β-mercaptoethanol 

8 M 

20 mM 

20 mM 

50 mM 

 

The concentration of the RNA was determined by measuring 1:10 diluted samples in 

Picodrop Microliter UV/Vis Spectrophotometer (Picodrop). The purity of RNA was 

determined from the A260nm/A280nm ratio, which should be at 1.8 to 2.0. The yield of the 

total RNA isolated with this procedure was between 10 – 100 µg RNA/2 ml of culture. 

3.8.2 Electrophoresis of RNA 

This procedure was performed according to the method of Sambrook and Russell 

(2001). For 100 ml gel volume, 1.5 g agarose was dissolved in 75 ml DEPC-treated water. 

Then 10 ml of 10x MEN buffer and 16.2 ml of 37% formaldehyde were mixed with agarose 

and poured into a DEPC/H2O-rinsed gel tray. The RNA samples (filled up to 8 µl with DEPC-

treated water) were mixed with 12 µl RNA loading buffer and 1 µl ethidium bromide 

(0.5 µg/ml final concentration), heated for 15 min at 65 °C, chilled on ice and loaded onto 

the gel. The gel electrophoresis was carried out at 4 to 5 V/cm for 2-4 h in 1x MEN buffer. 

Table 13 Solutions used for RNA electrophoresis 

Solution Components Final concentration 

10x MEN buffer 

MOPS 

mM sodium acetate 

EDTA 

200 mM 

80 mM 

5 mM 

RNA loading buffer 

Formaldehyde 37% 

Formamide 

10x MEN buffer 

6.2% 

66% 

16% 

 

3.8.3 Removal of genomic DNA from RNA samples 

Procedure was performed using Thermo Scientific DNase I, RNase-free enzyme. Into 

the nuclease-free tubes on ice following reagents were added: 
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RNA 1 μg  

10x DNase I reaction buffer with MgCl2  1 μl  

DNase I, RNase-free  1 μl  

DEPC-treated water  to 10 μl 

The mixture was incubated for 30 min at 37 °C. Then, another 1 μl of DNase I was 

added and incubated for 30 min to assure the complete removal of genomic DNA. At the 

end, 1 μl of 25 mM EDTA was added and the sample was incubated for 10 min at 65 °C to 

stop the reaction. 

3.8.4 cDNA synthesis 

cDNA was synthesized according to the manual provided with the kit RevertAid™ H 

Minus First Strand cDNA Synthesis Kit (Thermo Scientific) using oligo(dT) primers. 

3.8.5 Real-time quantitative PCR 

The quantification of mRNA was performed using ABI PRISM 7700 Sequence 

Detection System (Applied Biosystems, United States). The appropriate cDNA fragments 

were amplified in presence of SYBR Green fluorophore (Power SYBR® Green PCR Master Mix, 

Applied Biosystems, United States). In each PCR run, the measurement of analyzed samples, 

housekeeping genes (AHSB4 (Wartmann, et al., 2003), TEF1 (Rosel & Kunze, 1995), AALG9 

and ATFIID), and controls, RNA and water (non-template control), were performed. Primers 

for qPCR are listed in the Table 3. The amplification efficiency for each oligonucleotide pair 

was estimated by a serial dilution series of pooled cDNA samples. Calculations of the relative 

transcript level were made using mathematical model of Pfaffl (Pfaffl, 2001) modified by 

Hellemans et al. (Hellemans, et al., 2007). 

3.9 Methods used for work with proteins 

3.9.1 Determination of protein concentration 

Protein concentrations were determined by the dye-binding method (Bradford, 1976) 

using Bio-Rad Protein Assay and purified bovine serum albumin as standard. Samples were 

measured on 96-well microtiter plates (Corning Life Sciences) by Tecan Infinite M200 

microplate reader. 
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3.9.2 Protein electrophoresis in a polyacrylamide gel (SDS-PAGE)  

Proteins were separated by electrophoresis performed on a polyacrylamide gel under 

denaturing conditions according to Laemmli (1970). 

Prepared gels in size of 8 x 10 x 0.08 cm were placed in the vertical electrophoresis 

system (Bio-Rad).The composition of the separation and stacking gel are shown in Table 14 

and 15. Samples were mixed with 4x Laemmli buffer, heated for 5 min at 95 °C, chilled on ice 

and loaded onto the gel. The electrophoresis ran in 1x Electrophoresis buffer at a constant 

current of 38 mA. The molecular weight of protein was estimated based on protein markers. 

 After the electrophoresis, the gel was soaked in fixation solution for 5 min and then 

placed in a staining solution containing Coomassie dye for 1 h. After destaining with several 

portions of fresh decolourizer solution, the gel was put into a 5% glycerol solution for 1 h. 

Finally, the gel was dried under vacuum for two hours. 

Table 14 Composition of resolving gel 

Components 
Gel concentration (%) 

7,5 10 12.5 15 

40% acrylamide mix (ml) 1.12 1.5 1.87 2.25 

1.88 M Tris-HCl pH 8.8 (ml) 1.2 1.2 1.2 1.2 

H2OMQ (ml) 3.62 3.24 2.87 2.49 

20% SDS (μl) 30 30 30 30 

TEMED (μl) 5 5 5 5 

25% APS (μl) 30 30 30 30 

 

Table 15 Composition of stacking gel 

Components 5% gel 

40% acrylamide mix (ml) 0.25 

0.625 M Tris-HCl pH 6.8 (ml) 0.4 

H2Odest (ml) 1.34 

20% SDS (μl) 10 

TEMED (μl) 2 

25% APS (μl) 10 
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Table 16 Solutions used for electrophoresis and staining 

Solution Components Final concentration 

4x Laemmli buffer 

SDS  0,4 g 

Bromophenol blue 20 mg 

Glycerol 2 ml 

β-mercaptoethanol 1 ml 

Tris-HCl pH 6.8 

4% 

0.2% 

20% 

200 mM 

100 mM 

10x Electrophorese buffer 
Tris 

Glycine 

SDS 

250 mM 

2.5 M 

1% 

Staining solution 
Coomassie Brilliant Blue R-250 

Ethanol 96% 

Acetic acid 

0.05% 

50% 

10% 

Decolourizer Ethanol 96% 

Acetic acid 

50% 

10% 

Fixation solution Ethanol 96% 

Acetic acid 

33% 

10% 

 

3.9.3 Protein electrophoresis in a native polyacrylamide gel 

The native PAGE was performed according to the procedure of Laemmli (1970). All 

solutions and buffers were prepared without the addition of SDS. The samples were mixed 

with loading buffer and loaded directly onto the gel along with the molecular weight marker 

for determination of the size of separated proteins (High Molecular Weight Calibration Kit 

for native electrophoresis, Amersham, GE Healthcare). 

The separated proteins were stained for enzyme activity. Xanthine dehydrogenase 

staining was described by Murison (1969) and xanthine oxidase staining was described by 

Ozer et al. (1998). In both methods the gel was incubated in the darkness at 37 °C for 5 min 

in a solution containing PMS and NBT. After detecting the bands, gels were colourized with 

Coomassie solution to visualise all proteins. 

3.9.4 Western blotting (immunoblotting) 

Proteins were separated by polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to polyvinylidene difluoride (PVDF, Roth) membrane prior to detection by 

specific antibodies. Transfer of proteins to the membrane was performed in the apparatus 
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from Bio-Rad for wet transfer. PVDF membrane was briefly washed in methanol and soaked 

in Transfer buffer together with 6 filter papers (6.5 cm x 8.5 cm; Whatmann 3MM) and 2 

pieces of fabric per gel. The gel and membrane were placed between filter papers and fabric 

pieces. The transfer ran at a constant current of 100 mA for 2-3 hours in a Transfer buffer. 

After transfer of proteins, the membrane was placed for 1 hour in blocking solution 

(3% skimmed milk powder in PBST buffer). Then, the membrane was washed 3x 5 min in 

PBST before it was put into primary antibody solution for 1 h with gentle shaking. Non-

specifically bound antibody was washed away by washing the membrane with PBST buffer 

(3x 15 ml), then the membrane was incubated for 1 h with the appropriate dilution in PBST 

buffer of the secondary antibody (alkaline phosphatase conjugated anti-rabbit IgG). 

Subsequently, the membrane was equilibrated in a carbonate buffer pH 9.8 and developed 

with Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega, Germany). After 

the appearance of bands of the desired intensity, the reaction was stopped by washing the 

membrane with H2O. 

Table 17 Solutions used for Western blotting 

Solution Components Final concentration 

Transfer buffer pH 8.3 

Tris 

Glycine 

Methanol 

SDS 

25 mM 

192 mM 

10% 

0.1% 

10x PBS 

NaCl 

KCl 

Na2HPO4 x 2H2O  

KH2PO4  

1.48 M 

26.8 mM 

42.9 mM 

13.9 mM 

PBST PBS 

Tween 20 

10% 

0.05% 

Carbonate buffer pH 9.8 NaHCO3  

MgCl2 x 6H2O  

52.5 mM 

0.5 mM 
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3.10 Protein purification 

3.10.1 Cell wall disruption 

The enzyme activities in crude extracts were measured using 2 ml culture samples. 

The cells were harvested, washed with H2OMQ and suspended in 500 µl 0.1 M potassium 

phosphate buffer (pH 7.4 or 8.0 – depending on the target enzyme). Cells were homogenized 

using 500 µl 0.5mm silica beads (BioSpec Products) in a Mixer Mill MM 400 (Retsch) for 

3 min at 30 Hz, 4 °C. The protein extract was separated from cell debris and silica beads by 

centrifugation at 17,000 g for 5 min, 4 °C. 

For purification purposes, yeast cells from 1 l culture were harvested, suspended in  

a) 5 ml of potassium phosphate buffer (50 mM, pH 7.4 or 8.0 - depending on the 

target enzyme) – for ion exchange and gel filtration 

or 

b) 5 ml of binding buffer – for Ni-NTA chromatography, 

frozen in liquid nitrogen and ground with mortar and pestle. Cell debris was pelleted by 

centrifugation for 15 min at 27,000 g, 4 °C and the supernatant collected. 

E. coli cells were lysed through sonication and centrifuged for 15 min at 27,000 g, 4 °C. 

3.10.2 Affinity chromatography (Ni-NTA chromatography) 

This method was used for purification 6x His-tagged proteins expressed in 

A. adeninivorans and E. coli cells. The column was packed with Ni2+-charged His-Bind resin 

(Novagen), loaded with cell extract, washed with Washing buffer and eluted with Elution 

buffer. Subsequently, the proteins were dialyzed 3 times against 10 mM potassium 

phosphate buffer and concentrated using a Spin-X UF concentrator (Corning, Life Sciences, 

United States). 

Table 18 Solutions used in affinity chromatography 

Solution Components Final concentration 

Binding buffer 

Imidazole 

NaCl 

Tris-HCl 

5 mM 

0.5 M 

20 mM 
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Washing buffer 

Imidazole 

NaCl 

Tris-HCl 

20 mM 

0.5 M 

20 mM 

Elution buffer 

Imidazole 

NaCl 

Tris-HCl 

0.5 M 

0.5 NaCl 

20 mM 

 

3.10.3 Ion exchange and gel filtration 

The crude extract was precipitated by adding ammonium sulphate to the 

supernatant 

a) to 65% and then to 95% saturation – for adenine deaminase 

b) to 40% ant then to 60% saturation – for xanthine oxidoreductase. 

The resulting precipitate was re-dissolved in 2 ml potassium phosphate buffer and 

the solution was dialyzed against potassium phosphate buffer (50 mM, pH 7.4 or 8.0). The 

enzyme was subsequently purified by DEAE-Sepharose (Econo-System, Bio-Rad) ion 

exchange column equilibrated with 0.05 M potassium phosphate buffer (pH 7.4 or 8.0). The 

protein was eluted with a phosphate buffer containing a linear gradient of 0-0.5 M KCl. The 

flow speed was 0.8 ml/min and 40 or 80 fractions of 3 ml were collected. Active fractions 

were pooled and loaded on the gel filtration column SuperdexTM 200 (HiLoadTM16/60, 

Amersham) equilibrated with 0.05 M sodium phosphate buffer (pH 7.4 or 8.0) containing 

0.15 M sodium chloride. At the flow speed of 1 ml/min, 160 fractions of 1 ml were eluted 

and then analysed for enzyme activity. 

The gel filtration column was calibrated in order to determine a molecular mass of 

enzymes. The calibration standards used were dextran blue (Mr 2,000,000), ferritin (Mr 

440,000), catalase (Mr 232,000), alcohol dehydrogenase (Mr 150,000), bovine serum 

albumin (Mr 68,000) and ovalbumin (Mr 45,000). 

3.11 N-terminal sequencing 

The N-terminal sequencing of xanthine oxidoreductase was done by Metabion GmbH 

(Germany). Proteins from cell extract containing wild-type xanthine oxidoreductase were 

separated by SDS-PAGE and blotted onto PVDF membrane. The bands were visualised by 
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Coomassie staining and finally the membrane was sent to the company for N-terminal 

sequencing by automated Edman degradation. 

3.12 MALDI-TOF 

The identification of peptides was performed as described by Witzel, et al. (2007). 

Protein sample was run on SDS-PAGE (see 3.9.2) and the appropriate band was excised from 

the gel. The sample was then washed for 30 min with 400 µl of 10 mM ammonium 

bicarbonate/50% acetonitrile and dried in the vacuum concentrator (Eppendorf, Germany). 

The proteins were digested by the 7.5 µl trypsin solution (10 ng/µl in 5 mM ammonium 

bicarbonate/5% acetonitrile; Sequencing Grade Modified Trypsin V511A, Promega, 

Germany) for 5 h at 37 °C. The digestion was stopped by adding 1 µl of 1% trifluoroacetic 

acid and stored overnight at 5 °C. 

MALDI-TOF mass spectra were acquired using a Reflexflex III MALDI-TOF mass 

spectrometer (Bruker Daltonics, Germany) operating in reflector mode. 0.5 µl of the 

digested sample were put onto a target plate AnchorChip 800 µm (Bruker Daltonics) and 

covered with 1 µl matrix solution (0,7 mg/ml α- Cyano- 4- hydroxycinnamic acid dissolved in 

a solvent mixture containing 90% acetonitrile, 10% water, 0.1% TFA and 1 mM NH4H2PO4). 

Measured peptide masses were identified by comparison with peptide sequences obtained 

by theoretical trypsin cleavage of know protein sequence. Parameters were following: 1 

missed cleavage, monoisotopic mass accuracy, allowed variable modification: oxidation 

(Met) and propionamide (Cys). 

3.13 Methods used for work with yeast 

3.13.1 Transformation of yeast cells 

Yeast transformation was performed according to Dohmen, et al. (1991). First, 20 μl 

of DNA carrier (herring sperm DNA) was denatured at 95 °C for 5 min and placed on ice for 

1 min. The carrier DNA and 10 µl of target DNA were put on frozen competent cells and 

incubated in thermomixer at 37 °C for 5 min under gentle shaking. Next, 1 ml of 40% PEG 

1000 (polyethylene glycol) + 0.2 M bicine pH 8.35 was added and the suspension was 

incubated at 30 °C for 1 h without shaking. Afterwards, centrifugation for 5 min at 4,000 g at 

RT was performed. Supernatant was discarded using a pipette and pellet was suspended in 
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1 ml sterile 0.15 M NaCl + 0.01 M bicine, pH 8.35 solution. Cell were again centrifuged and 

then suspended in 500 µl of 0.15 M NaCl + 0.01 M bicine. The suspension was divided and 

spread on 5 selective YMM plates (without tryptophan) then incubated at 30 °C for 3-5 days. 

3.13.2 Preparation of competent A. adeninivorans G1212 cells 

A single colony of A. adeninivorans G1212 [aleu2 atrp1::ALEU2] cells was used to 

inoculate 5 ml of YPD medium supplemented with 40 mg/l tryptophan (final concentration) 

and shaken at 30 °C and 180 rpm for 24 h. 5 µl ml of this starting culture was moved to 

200 ml YMM medium supplemented with 2% glucose and 40 mg/l tryptophan and cultivated 

at 30 °C and 180 rpm over night until the OD600 reached a value of approximately 1.0. Then, 

50 ml of cell culture was centrifuged at 25 °C, 3,500 g for 5 min. The pellet was suspended in 

10 ml of 50 mM sodium phosphate buffer pH 7.5 supplied with 250 μl 1 M DDT and 

incubated at 30 °C for 20 min without shaking. After centrifugation in the same conditions, 

pellet was washed once with 25 ml solution A and then suspended in 250 µl of solution A. 

Aliquots of 80 μl were pipetted into sterile Eppendorf tubes and stored at -80 °C. 

Table 19 Composition of buffer used for competent cell preparation 

Solution Components Final concentration 

Solution A 

Sucrose 

Tris pH 7.5 

MgCl2 x 6H2O 

270 mM 

10 mM 

1 mM 

 

3.13.3 Stabilization of insert in the yeast genomic DNA 

Yeast positive transformants were selected by autotrophy to tryptophan in YMM-

NH4. The cells were then stabilized by passaging on selective (YMM-NH4) and non-selective 

(YPD) agar plates to attain a high level of protein production (Kuriyama, et al., 1992, 

Klabunde, et al., 2003). The stabilization lasted 3 weeks and was performed in 96 deep-well 

plates (riplateSW® 2.5 ml of bio-HJ, Mönchengladbach, Germany). Single colonies from 

transformation plates were inoculated in each well in 500 µl YMM-NH4 medium. Cells were 

grown for 48 h and re-cultivated in fresh YMM medium using 10 µl of culture. This process 

was repeated six times. Next two passages were done in 500 µl YPD medium for 24 h and 

the last one again in YMM medium for 24 h. Finally, 3 µl of each culture were dripped onto 
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the YMM agar plate and grown for 48 h. All cultivation steps in liquid media were done at 

30 °C with shaking at 340 rpm. 

3.13.4 Isolation of yeast chromosomal DNA 

The isolation was based on method of Hoffman and Winston with some 

modifications (Hoffman & Winston, 1987). A single colony was inoculated in 2 ml of YPD and 

cultivated in shaker overnight at 30 °C. After harvesting, cells were washed with H2OMQ in a 

microcentrifuge tube and re-suspended in 200 µl of Extraction buffer. The suspension was 

vortexed 1 min in presence of 100 µl of silica beads and 200 µl of phenol-chloroform. 200 µl 

of TE buffer was added to the tube and vortexed again. After 5 min of centrifugation, the 

upper phase was moved to the new tube and incubated for 10 min at 25 °C with 100 µl of 

Qiagen buffer P1. The genomic DNA was precipitated with 50 µl of 3 M sodium acetate and 

500 µl of isopropanol. After centrifugation for 10 min, the pellet was washed with 80% 

ethanol, air-dried and re-dissolved in 20-50 µl TE buffer. 

Table 20 Solution for chromosomal DNA isolation 

Solution Components Final concentration 

Extraction buffer 

Tris pH 8.0 

NaCl 

EDTA 

Triton X-100 

SDS 

100 mM 

100 mM 

1 mM 

2% 

1% 

TE buffer 
Tris pH 8.0 

EDTA 

10 mM 

1 mM 

3.14 Expression of wild-type proteins, Aadap and Axorp, in A. adeninivorans LS3 

The inducible enzymes of A. adeninivorans were expressed by cultivation of LS3 

strain in a YMM supplemented with an appropriate purine inducer as a sole nitrogen source. 

A single colony was inoculated in 5 ml YMM-NO3 and cultivated overnight. This starter 

culture was used to inoculate 1 l of YMM-NO3 to an optical density (OD600nm) of approx. 0.1. 

The cells were grown for 24 h and then centrifuged at 5,000 g and RT, washed with H2OMQ 

and placed in the same volume of fresh inducer-containing medium (YMM-inducer). The 

culture was incubated for 6-8 h depending on the induced gene and washed with H2OMQ 
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after harvesting. The pellet was frozen in liquid nitrogen and stored at -80 °C. All cultivation 

steps were performed in rotary shaker at 180 rpm and 30 °C. 

3.15 Cultivation of transgenic strains for protein expression 

3.15.1 E. coli 

The transformants of E. coli were grown from single colony in LB medium containing 

ampicillin. After inoculation of 50 ml LB with the starter culture the cells were cultivated at 

37 °C up to OD600nm~0.6 . IPTG was added to the medium in concentration of 0.1 mM and the 

cultivation was continued for 4 h at RT. Harvested cells were washed with H2OMQ 

(centrifugation at 5,000 g, 5 min, 4°C), frozen in liquid nitrogen and stored at -80 °C. 

3.15.2 A. adeninivorans 

The cultivation process of yeast transformants containing an expression cassette with 

nitrite reductase promoter (AYNI1) was divided into two phases: growth and production 

phase. In the first stage, one colony was inoculated in 5 ml YMM-NH4 and grown overnight. 

Next, this preculture was used to set the optical density of fresh 1 l YMM-NH4 to approx. 0.1. 

In the next 24 h the value of OD600nm was increasing as the cells were multiplying (growth 

phase). The cells were washed with H2OMQ and shifted to 1 l YMM-NO3 to induce the gene 

transcription (protein production phase). After 6-8 h of cultivation, the cells were harvested, 

washed and frozen in liquid nitrogen. Cultivation was performed in rotary shaker at 180 rpm 

and 30 °C, centrifugation at 5,000 g and RT. 

3.16 Subcellular fractionation 

Protoplasts preparation: Transgenic A. adeninivorans cells were inoculated into 

50 ml YMM-NO3 at OD600 ~0.1 and grown to OD600 1.2. After harvesting, cells were washed in 

10 ml 0.9% NaCl, centrifuged 5 min at 3,800 g, RT and incubated for 10 min at 20 °C in 10 ml 

solution VBM. The cells were then washed twice with 10 ml 0.9% NaCl, once with 1 M 

sorbitol (3,800 g, 5 min, RT), re-suspended in 10 ml of medium PP and incubated for 2 h at 

20 °C with gentle shaking. Protoplasts were examined under a microscope and then washed 

twice with 5 ml 1 M sorbitol (2,500 g, 5 min, RT). 

Fractionation: Protoplasts were suspended in 0.4 ml 1.8 M sorbitol and lysed by 

addition of 3.2 ml (in drops) chilled 10 mM Tris-HCl, pH 7.5. Cell debris was removed by 
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centrifugation at 1,100 g for 4 min and the supernatant was loaded onto a 15-55% sucrose 

density gradient and centrifuged in an ultracentrifuge (Beckmann LE-70, United States) for 

2.5 h at 150,000 g at 4 °C. 0.5 ml fractions were collected from a range of gradients and 

stored in 1.5 ml tubes on ice for up to 1 week. 

Table 21 Solutions used in cell fractioning 

Solution Components Final concentration 

Solution VBM 

Tris-HCl pH 9.0 

EDTA 

Β-mercaptoethanol 

10 mM 

5 mM 

1% 

Medium PP 

Sorbitol 

Lysing enzyme from 

Trichoderma harzianum 

1 M 

3 mg/ml 

3.17 Yeast cells microscopy 

Microscopic examinations of the cell morphology were made with a Confocal Laser 

Scanning Microscope, Zeiss LSM 510 META (Germany), equipped with C-Apochromat® 

63x/1,2 W Corr water immersion objective. A documentation of the results was carried out 

with the help of a digital camera Zeiss AxioCam HRc (Germany). 

3.18 Cell growth monitoring 

3.18.1 Optical density of the culture 

The cell growth was followed by measuring of culture optical density. 1 ml of cell 

suspension was transferred to a plastic cuvette (path length of 1 cm) and the extinction was 

recorded at a wavelength of 600 nm using spectrophotometer Shimadzu UV-1601 (Japan). 

The pure culturing media or water served as a blank. Considering the error limits of the 

spectrophotometer and the measurement accuracy, the samples were diluted when the OD 

value exceeded 0.8. 

3.18.2  Dry cell weight 

The dry weight of the yeast cells was determined using 1 ml of culture. The samples 

were centrifuged, pellet washed once with H2OMQ and frozen. Then, the cells were 

lyophilised till no change of mass was observed. 
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3.19 Enzymatic assays 

3.19.1 Adenine deaminase 

Adenine deaminase activity was assayed by a non-direct method. The reaction was 

initiated by adding the enzyme to a pre-warmed reaction mixture.  

Assay mixture (300 µl): 

1.65 mM Adenine 

33 mM Potassium phosphate pH 7.4 

7 mM DTT (optional - only for tests with purified protein) 

100 µl Enzyme or crude extract in a proper dilution 

 

The reaction ran at 40 °C for 10 min and was terminated by heating for 5 min at 

95 °C. The precipitate was separated by centrifugation for 3 min at 4 °C. 200 µl of 

supernatant were used for NH4
+ determination according to the Merck Spectroquant 

Ammonium-Test manual (Merck, Germany). The ammonium concentration was measured 

on 96-well microplates at 690 nm using Tecan Infinite M200. Activity units were calculated 

from the standard curve for ammonium. One unit of enzymatic activity is defined as that 

amount which catalyzes the deamination of 1 µmol of adenine per minute at 40 °C. 

 

Figure 7 Standard curve used for calculation of ammonium concentration 
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3.19.2 Xanthine dehydrogenase 

Xanthine dehydrogenase activity was assayed by a direct method in the 96-well 

microtiter plates (modified method of Kalckar, 1947).  

Assay mixture (300 µl): 

1.33 mM Xanthine 

1 mM NAD+ 

1 µM FAD 

33 mM Glycine-NaOH pH 8.5 

100 µl Enzyme or crude extract in a proper dilution 

 

The measurement started after addition of NAD+ and the progress of reaction at 

43 °C was monitored at 340 nm for 30-50 min. The molar extinction coefficient for NADH at 

340 nm is 6,220 M-1cm-1. One unit of enzymatic activity is defined as that amount which 

catalyzes the formation of 1 µmol of NADH per minute at 43 °C. 

Xanthine stock solution was prepared by dissolving xanthine in 0.1 M NaOH to a 

concentration of 8 mM. The working solution was made by mixing 100 parts of stock 

solutions with 85 parts of water and 15 parts of 0.5 M HCl resulting in 4 mM xanthine 

solution of pH 9 to 10.  

3.19.3 Xanthine oxidase 

Xanthine oxidase activity was analysed based on a reduction of oxygen and parallel 

oxidation of xanthine to uric acid (modified method of Kalckar, 1947). The reaction progress 

can be followed by measuring a formation of uric acid at 293 nm. For the test purpose an air-

saturated buffer was used. 

Assay mixture (300 µl): 

0.1 mM Xanthine 

1 µM FAD 

33 mM Glycine-NaOH pH 8.5 

100 µl Enzyme in a proper dilution 
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The 96-well microtiter plates with samples were incubated at 43 °C for up to 30 min. 

The molar extinction coefficient for uric acid at 293 nm is 12,200 M-1cm-1. One unit of 

enzymatic activity is defined as that amount which catalyzes the formation of 1 µmol of uric 

acid per minute at 43 °C. 

3.19.4 Urate oxidase 

The activity of urate oxidase was determined in 0.1 M potassium phosphate buffer 

pH 7.8 in a total volume of 200 µl (modified method of Kalckar, 1947). The substrate was 

0.2 mM uric acid and its oxidation was measured at 293 nm and 37 °C for up to 30 min. The 

molar extinction coefficient for uric acid at 293 nm is 12,200 M-1cm-1. Activity is expressed in 

µmol of uric acid hydrolyzed per min. 

3.19.5 Glucose-6-phosphate dehydrogenase 

The detection of glucose-6-phosphate dehydrogenase activity was performed 

according to a method of Gibon, et al. (2002, 2004) with some modifications. It is based on 

the NADP+-cycling assay. Glucose-6-phosphate is stoichiometrically converted to 6-phospho-

D-glucono-1,5-lactone in presence of NADP+ that is reduced to NADPH. The NADPH is then 

oxidised by phenazine methosulphate (PMS) in the presence of thiazolyl blue tetrazolium 

bromide (MTT). The product of the latter reaction, formazan, can be measured 

spectrophotometrically at 570 nm. 

For the activity determination, 2 µl of protein extract (fraction) were pipetted into 

the wells of 96-well microtiter plate and mixed with 18 µl assay mixture. 

Assay mixture (18 µl): 

40 mM Tricine-KOH pH 8.0 

10 mM MgCl2 

0.05% Triton X-100 

5 mM Glucose-6-phosphate (or H2O for blank) 

0.5 mM NADP+ 

 

The plate was incubated at 25 °C for 20 min, then 20 µl 0.5 M NaOH was added and 

the plate was sealed with aluminium foil and heated at 95 °C for 5 min. After cooling on ice, 
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the plate was centrifuged for 30 sec. 20 µl 0.5 M HCl in 100 mM Tricine-KOH, pH 9 was 

added and mixed. The second reaction started with addition of 50 µl determination mixture. 

Determination mixture (50 µl): 

200 mM Tricine-KOH pH 9.0 

16 mM EDTA 

10 mM Glucose-6-phosphate 

0.25 U Glucose-6-phosphate dehydrogenase prepared by 

diluting with 200 mM Tricine-KOH + 10 mM MgCl2, pH 9 

2 mM MTT 

0.4 mM PMS 

 

The solutions were mixed and the absorbance was read every 1 min at 570 nm and 

RT for 20 min. 

3.19.6 α-D-mannosidase 

α-D-mannosidase was assayed by the modified method of Opheim (1978). The 

standard assay of 30 µl contained 1.7 mM p-nitrophenyl-α-D-mannopyranoside, 20 mM 

sodium acetate (pH 6.5) and was initiated by the addition of enzyme. After 3 h incubation at 

30 °C, the reaction was stopped by the addition of 50 µl 10% trichloroacetic acid. The 96-well 

plate was then centrifuged for 10 min at 4,500 g and the supernatant was moved to the new 

plate with 125 µl 1 M glycine, pH 10.5. The absorbance was read at 405 nm. 

3.20 Analysis of food samples 

3.20.1 High Performance Liquid Chromatography (HPLC) 

The food samples were analysed using Hitachi LaChrom Elite® L-2130 HPLC system 

(Merck, Germany) fitted with TSKgel Amide-80 analytical column (4.6 mm ID x 25 cm, Tosoh 

Bioscience, Japan). The samples were fractionated by isocratic elution with 0.1% 

trifluoroacetic acid/acetonitrile (15:85 v/v) at a flow rate of 1.2 ml/min over a period of 

20 min at 25 °C. Signals were detected at 260 nm. 
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3.20.2 Purine standard 

The components of the sample move through the column at different velocities. The 

individual purines (adenine, hypoxanthine, xanthine, and uric acid) at a concentration of 

10 mg/l were used to determine their velocities, retention time, in the given mobile phase. 

To calculate the purine concentration in each sample, a standard curve of dilution series was 

used.  

3.20.3 Beef broth analysis 

1 g of beef broth (REWE Bio Klare Rinderbrühe, Germany) was ground using a mortar 

and pestle, suspended in 1.5 ml of 0,5 M NaOH together with 1 mg adenine and heated for 

20 min at 40 °C. The mixture was diluted with 18.5 ml of 0.1 M potassium phosphate buffer 

pH 3.0 and again mixed for 20 min at 40 °C. Then, 4.2 U of adenine deaminase was added to 

the sample and incubated at 40 °C for up to 20 min. The reaction was stopped at 100 °C for 

5 min, centrifuged and 20 µl was loaded on the HPLC column. 

3.20.4 Yeast extract analysis 

0.2 g of yeast extract (Ohly® KAT GMP; Ohly, Germany) was ground, dissolved in 

0.3 ml 0.5 M NaOH and heated for 20 min at 40 °C. Then, the mixture was filled with 1.2 ml 

20 mM potassium phosphate buffer pH 3.0 and again mixed for 20 min at 40 °C. An enzyme 

mix containing 1 U of xanthine oxidoreductase and 0.125 U each of urate oxidase, adenine 

deaminase and guanine deaminase was added to this mixture and supplemented with NAD+ 

cofactor (3 mg/ml) necessary for xanthine oxidase activity. The reaction ran at 40 °C for up 

to 240 min and was stopped by heating at 100 °C for 5 min. After centrifugation, 20 µl were 

loaded on an HPLC column. 
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4 Results 

 

Objectives 

1. To study the A. adeninivorans growth behaviour in presence and absence of various 

purines. 

2. To analyse the expression conditions of enzymes of purine degradation pathway. 

3. To express and characterize adenine deaminase and xanthine oxidoreductase. 

4. To investigate the application of enzyme system to degrade purines in food. 

4.1 Physiological characterization of A. adeninivorans LS3 

Arxula strain was isolated from the soil in the 1980s by the enrichment culturing with 

adenine as the sole carbon, nitrogen and energy source (Middelhoven, 1984). Surprisingly, 

the yeast can also utilize other purine derivates (uric acid, guanine, xanthine, hypoxanthine), 

and amino acids as C- and N-source. Moreover, it grows on most conventionally used 

nitrogen sources (Middelhoven, 1991). Based on melibiose utilisation ability, two species 

were recognized in the Arxula genus: A. terrestris (not able to utilize) and A. adeninivorans 

(able to utilize). Here, the characteristics of A. adeninivorans LS3 strain are presented. 

4.1.1 Growth behaviour of A. adeninivorans LS3 

4.1.1.1 Influence of nitrogen source on yeast growth 

The investigation of A. adeninivorans LS3 growth depending on nitrogen source 

included four N-sources. The control was prepared without a nitrogen compound. The cells 

were cultured in 50 ml YMM at 30 °C for up to 72 h. Each of the four flasks contained basic 

YMM medium supplemented with one 5 mM nitrogen compound: adenine, hypoxanthine, 

uric acid or NaNO3. All five flasks contained 5 mM glucose as a carbon source. Before the 

start of culturing, the optical density of each medium was set to 0.1 using fresh cells from a 

preculture in a logarithmic growth phase. The growth behaviour of A. adeninivorans LS3 was 

monitored by measuring the optical density (Figure 8); the cells were also examined under a 

microscope after 24 h (Figure 9).  
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Figure 8 Utilisation of purines as sole nitrogen source by A. adeninivorans LS3. Carbon source was equal in all 

cultures, 5 mM glucose, while the 5 mM nitrogen source was varied. The cell growth was followed in 

spectrophotometer at 600 nm. 

In the experiment, yeast cells reached the highest optical density in medium 

supplemented with adenine as sole nitrogen source, followed by sodium nitrate. Both 

compounds were utilized with similar velocity, whereas hypoxanthine and uric acid limited 

the growth as compared with the control containing only the carbon source. 

The microscopic examination revealed the presence of intracellular aggregates in the 

cells cultured on hypoxanthine, uric acid and without N-source. Moreover, in the latter case, 

the number of aggregates was higher. Cells exhibiting the best growth during OD 

measurement showed no abnormalities.  

 

Figure 9 Morphology of A. adeninivorans cells grown in various nitrogen sources. The cells were cultivated in 

YMM with: A – adenine, B – hypoxanthine, C – uric acid, D – NaNO3, E – no nitrogen source. The pictures were 

taken after 24 h using confocal laser scanning microscope. 
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4.1.1.2 Influence of carbon source on yeast growth 

The utilisation of purines as sole carbon source was investigated. Each flask in the 

experiment contained YMM-NO3 medium without carbon source and one of the following 

compounds at 5 mM: adenine, hypoxanthine, uric acid, and glucose or none (for control). 

The cell growth was followed spectrophotometrically (Figure 10) starting from OD600nm=0.1. 

 

 

Figure 10 Utilisation of purines as sole carbon source by A. adeninivorans LS3. Nitrogen source was equal in all 

cultures - NaNO3, while the 5 mM carbon source was varied.  

The optimal growth curve was obtained with glucose; adenine sample reached one 

third of glucose sample level. The last two compounds were used by the cells only on a 

limited scale. 

The photographs A-E (Figure 11) represent morphologically distinct A. adeninivorans 

cells after cultivation with various C-sources. Cells of picture A (adenine) and B 

(hypoxanthine) are similar in shape and size; while on picture C (uric acid) a few inclusion 

bodies can be seen. The glucose sample (D) represents the yeast in its optimal growth 

conditions. Cells are bigger and have large vacuoles what is in contrast to the cells deprived 

of C-source (E). 
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Figure 11 Morphology of A. adeninivorans cells grown in various carbon sources. The cells were cultivated in 

YMM-NO3 with: A – adenine, B – hypoxanthine, C – uric acid, D – glucose, E – no carbon source. The pictures 

were taken after 24 h of cultivation. 

4.1.1.3 Influence of purines as sole carbon and nitrogen sources  

In the last experiment purines served as both carbon and nitrogen source. The 

A. adeninivorans grew in presence of 5 mM adenine, hypoxanthine, uric acid or NaNO3 and 

without C- and N-source starting from OD600nm=0.1 (Figure 12). 

 

 

Figure 12 Utilisation of purines as sole carbon and nitrogen source by A. adeninivorans LS3. Each compound in 

concentration 5 mM served as C- and N-source.  

The outcome of OD measurement proves that adenine is a nitrogen source as well as 

a carbon. The cell growth was also observed in medium with hypoxanthine, although the N-
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source test result was negative. Uric acid is definitely not a source of both carbon and 

nitrogen. 

On Figure 13, cells in adenine and hypoxanthine medium show correct morphology, 

in contrast to cells with uric acid or deprived of carbon and nitrogen where several 

aggregates can be observed. 

 

Figure 13 Morphology of A. adeninivorans cells grown in various carbon/nitrogen sources. The cells were 

cultivated in YMM with: A – adenine, B – hypoxanthine, C – uric acid, D – no carbon source. The pictures were 

taken after 24 h of cultivation. 

4.2 Adenine deaminase, Aadap, of A. adeninivorans LS3 

Adenine deaminase is an intracellular enzyme that converts adenine to hypoxanthine 

and ammonia. It has been found in bacteria and lower eukaryotes, but not in animals. Native 

adenine deaminases have been purified and their properties have been investigated from 

various microorganisms like E. coli (Matsui, et al., 2001), Pseudomonas synxantha (Sakai & 

Jun, 1978) and S. cerevisiae (Deeley, 1992). 

This part of the study comprises results of investigation on A. adeninivorans adenine 

deaminase. 

4.2.1 Purine-dependent expression of the AADA gene 

Adenine deaminase was shown to be an inducible enzyme (Deeley, 1992, Nygaard, et 

al., 1996, Matsui, et al., 2001), however the gene regulation is not well known. To examine 

the A. adeninivorans enzyme inducibility, two approaches were used. First of them was the 

measurement of the enzyme activity, the second was the determination of the AADA gene 

transcript level. Both experiments were carried out under various growth conditions, as 

various inducers, time of induction and concentration of inducers. For this purpose, the 
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yeast cells were grown for 24 h (see 3.14) and transferred to media with various nitrogen 

sources. Samples were taken at different time points and analyzed. 

In Figure 14A, the time-dependent regulation of adenine deaminase activity is 

shown. The goal was to estimate the optimal induction time with two potentially best 

compounds (described in the literature) in order to apply this time to cultivations with other 

purines. The enzymatic activity of Aadap increased with adenine and hypoxanthine during 

the first 6 hours. Hypoxanthine had a better effect on gene activation than adenine, but it 

was less constant over time. 

 

Figure 14 The influence of different inducers on adenine deaminase activity and transcript level. LS3 strain 

was cultivated as described in Materials and methods with shift to YMM supplemented with purines in 

different concentrations. (A) Time-dependent induction with adenine and hypoxanthine (both 5 mM) in 

enzyme activity units. (B) The fold change in expression of the target gene at each time point (using 5 mM 

inducers) and (D) at each inducer concentration. (C) Concentration-dependent induction with adenine, 

hypoxanthine, uric acid and ammonium chloride in enzyme activity units; samples were taken after 4 h of 

induction. Error bars represent standard error. 

The estimation of transcript accumulation using qPCR method revealed a similar 

relation between adenine and hypoxanthine with the latter being again twice the level of 

adenine (Figure 14B). Here however the transcript level reached maximum 2 h after the cells 
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transfer to the inducing medium. This is related to the time shift between gene transcription 

and protein production. After 2 h the mRNA amount decreased to the basal level. 

Figure 14C demonstrates adenine deaminase activity depending on inducer 

concentration. Out of four presented compounds, two have a significant impact on the 

activity. Hypoxanthine is the best inducer in any concentration higher than 0.5 mM, followed 

by adenine, which reaches two third of activity with the hypoxanthine. No significant 

induction with uric acid was observed in this approach; the enzyme activity was close to that 

of a control, ammonium chloride. Two more purines, guanine and xanthine, were also tested 

with results of 2.5 and 4.0 U/mg respectively. Nevertheless, guanine and xanthine have low 

solubility in water, which accounts for the low level of induction with these N-sources. The 

highest concentration achieved in YMM was 0.2 mM, and out of this reason, both purines 

are not presented in the graph. 

Levels of mRNA for Aadap synthesis followed the same patterns observed for the 

enzyme (Figure 14D). Transcript accumulation was measured for each inducer concentration 

on samples induced for 2 h where transcription was maximal. The medium was 

supplemented with 0.5, 1, 3, 4 and 5 mM adenine, hypoxanthine and uric acid (treated 

samples) or with the same concentrations of NaNO3 (non-treated samples). The estimated 

transcript level of AADA in medium containing low inducer concentrations was negligible. 

The highest transcript level was observed in the samples cultivated with 3-4 mM purines, 

moreover the hypoxanthine exhibited a two-fold more efficient induction than adenine, and 

uric acid having limited influence on AADA gene induction. 

4.2.2 Gene isolation 

The gene AADA encoding adenine deaminase was identified in sequenced und 

annotated genome of A. adeninivorans by comparing it with ADA sequences from other 

fungi using BLASTp tool. The gene sequence was obtained by PCR on A. adeninivorans 

genomic DNA using gene-specific primers (Table 3). The open reading frame of the gene 

comprises 1065 base pairs, coding for a protein of 355 amino acids. It is located on smallest 

chromosome Arad0A from 1417700 to 1418764 bp and has no introns. A potential TATA box 

can be recognized in the promoter region of the gene at amino acids position -59 to -52. 

Further analysis using InterProScan (EMBL-EBI) indicated that the Aadap belongs to 
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amidohydrolase superfamily, which is typical for all known adenine deaminases of fungi and 

bacteria. 

 

Figure 15 Phylogenetic tree of closely related adenine deaminases from various fungal species. The 

GeneBank accession numbers are in given brackets. 

 

The adenine deaminase amino acid sequence of A. adeninivorans was aligned with 

the amino acid sequences of other organisms using ClustalX2 (Figure 16). The protein shows 

a high degree of identity to the adenine deaminases of the fungi Dekkera bruxellensis (55%), 

Candida glabrata (54%), Scheffersomyces stipitis (54%), Saccharomyces cerevisiae (54%), 

Kluyveromyces lactis (53%), Schizosaccharomyces pombe (52%), Candida albicans (53%) and 

Aspergillus nidulans (49%). The protein length varies between 347 (S. cerevisiae, C. glabrata) 

and 367 amino acids (S. pombe). On the protein level, a medium degree of conservation was 

detected. 
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Figure 16 Alignment of the amino acid sequences of adenine deaminases of A. adeninivorans, S. cerevisiae, 

S. stipitis, D. bruxellensis, S. pombe, and A. nidulans. The alignment was performed using ClustalW software 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Residues marked with an asterisk are identical in all sequences 

in the alignment. A colon indicates conserved substitutions and a dot indicates semi-conserved substitutions. 

4.2.3 Cloning of the AADA gene 

To assess the expression of adenine deaminase gene in A. adeninivorans, the gene 

was amplified by PCR using A. adeninivorans chromosomal DNA as template. The primers 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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(listed in Table 3) used for amplification flanked the gene sequence with EcoRI and BamHI 

restriction sites and incorporated the coding sequence for 6 histidines at 3´-end of the ORF. 

The amplified fragment, EcoRI-AADA6H-BamHI, was inserted into pCR®4-TOPO® vector, 

released by digestion and cloned into a linearized pBS-AYNI1-PHO5-SA vector between 

nitrite inducible AYNI1 promoter and PHO5 terminator. The promoter-gene-terminator 

sequence was excised using SalI-ApaI restriction sites and introduced to the Xplor2.2 vector. 

The resulting plasmid Xplor2.2-AYNI1-AADA6H consists of the AYNI1-AADA6H-PHO5 module 

and selection module flanked by 25S rDNA fragments and an E. coli section encoding the 

kanamycin resistance marker. To prepare the cassettes for transformation, Xplor2.2-AYNI1-

AADA6H and the control plasmid Xplor2.2 lacking an AADA6H expression module were 

digested with AscI (YRC) and/or with SbfI (YIC) to remove the E. coli sequences including the 

resistance marker. The resulting restriction products YRC102-AADA6H, YIC102-AADA6H and 

YRC102, YIC102 (controls) were used to transform A. adeninivorans G1212 (Figure 17). 

  

Figure 17 Physical map of the yeast integrative expression cassettes. All cassettes contain the selection 

marker ATRP1m together with the ALEU2 promoter, but just two of them contain one copy of the expression 

module: AYNI1 promoter–AADA6H–PHO5 terminator.  

4.2.4 Expression of recombinant adenine deaminase 

Yeast positive transformants were selected by auxotrophy to tryptophan in YMM- 

NH4H2PO4 lacking this amino acid. Around 50 clones of each transformation were chosen for 
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the analysis and were passaged to establish high plasmid stability (see 3.13.3). The 

mitotically stable transformants were then cultivated in YMM-NH4 for 24 h and shifted to 

YMM-NO3 for 4 h to induce the AYNI1 promoter. Cells were harvested and screened for 

Aadap activity. The screening results (Figure 18) revealed variability within the 

transformants; elevated activity was observed in 98% of transformants, when compared to 

the controls YIC102 and YRC102 cultured under identical conditions. Moreover, the activity 

exhibited by the best transgenic strain (G1212/YIC102-AADA6H-82) was nearly 40 times 

higher than the control (G1212/YIC102). 

 

Figure 18 Screening of stabilized transformants. The activities of transformants YRC102-AADA6H and YIC102-

AADA6H were compared with activities of the control YRC102 and YIC102 (presented by the last two bars 

number 91 and 92). The grey bars represent the transformants chosen for further analysis. 

Four best clones (2x YICs and 2x YRCs) were selected for thorough activity testing; 

among them the transformant number 82 (G1212/YIC102-AADA6H-82) exhibited 

considerably higher activity and it was chosen for further analysis. 

The best AADA-transformant was compared with the wild-type strain, LS3, and with 

the G1212/YIC102 control in a time course experiment. Figure 19 presents the activities of 

all samples under inducible conditions measured in crude extracts. The transgenic strain and 

control strain were cultivated in YMM-NH4 at 30 °C for 24 h and shifted to YMM-NO3. 

Samples were taken after 0, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60 and 72 h after the shift. LS3 

strain was also cultivated in YMM-NH4 at 30 °C for 24 h, but shifted to YMM-glucose 

supplemented with 2.5 mM hypoxanthine. Samples were taken in the same time points after 

the shift. The activity of transformants increases dramatically between 6 and 10 h after the 
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shift to the inducer-containing medium. After 10 h, activity decreases to 1/3 of the highest 

value but remains stable thereafter. Similar behaviour can be observed for LS3 wild-type 

strain, although enzymatic activity is almost 20 times lower than in the transgenic strain 82, 

while the control strain G1212/YIC102 didn’t increase at all over the sampling period. 

 

Figure 19 Time course experiment for comparison of the best G1212/YIC102-AADA6H-82 transformant with 

G1212/YIC102 control and LS3 wild-type strain induced with 2.5 mM hypoxanthine. The test was done using 

crude extracts. Error bars represent standard error. 

To improve the yield, the cultivation conditions of G1212/YIC102-AADA6H-82 were 

optimized. The transgenic strain and the control strain (G1212/YIC102) were cultivated in 

different conditions: 30, 37, 45 °C and 1, 2, 5% w/v glucose. The differences in enzyme yield 

of particular culture were not significant, therefore the conditions chosen for calculations 

were 37 °C and 2% glucose. Figure 20 presents the enzyme yield in optimal conditions for 

the transformant and the control over time. Y(P/X) represents the yield coefficient of 

product P [U] per biomass X [g]. The biomass was determined from 1 ml culture medium 

after freeze-drying (see 3.18.2). The yield reaches its maximum at 5 h and then constantly 

decreases to the initial concentration. The activity of crude extract in U/ml of the culture is 

highest after 10 h but falls thereafter. 
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Figure 20 High-efficiency production of Aada6hp in shake-flasks. (A) Production strain G1212/YIC102-AADA6H, 

(B) control strain G1212/YIC102. Both strains were cultured up to 50 h at 37 °C in 2% glucose. ▲ – dry cell 

weight, ■ – Aada6hp activity per milliliter of culture, × – activity output Y(P/X). 

4.2.5 Verification of expression cassettes integration 

The integration of the expression cassettes, YIC102-AADA6H, was verified by 

Southern hybridization. 

Duplicated samples containing genomic DNA of the transformant G1212/YIC102-

AADA6H-82, A. adeninivorans LS3 and G1212 were first digested with (a) SpeI/BamHI or (b) 

SacII/XbaI, and the resulting fragments were separated by electrophoresis through an 

agarose gel. The DNA was then denatured and transferred from the gel to a nylon 

membrane. An oligonucleotide probe was hybridized to the DNA attached to the membrane 

and the bands were detected by a non-radioactive system. 

The SpeI/BamHI enzyme combination should generate an AADA-containing fragment 

of 4848 bp in the control samples, strains LS3 and G1212, as well as in the G1212/YIC102-

AADA6H-82 transformant. This fragment contains the endogenous adenine deaminase 

sequence. Moreover, the BamHI itself cuts within the expression cassette (YIC102-AADA6H) 

in the transformant sample and should give an AADA-containing fragment of 2400 bp.  

On the contrary, the SacII/XbaI enzyme combination should generate an AADA-

containing fragment of 1956 bp in the all above-mentioned samples, but it does not cut 

within the expression cassette.  
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Figure 21 The band pattern of Southern hybridization verifying the integration of expression cassette to the 

A. adeninivorans G1212 genome. The genomic DNA was digested with SpeI/BamHI (1-3) and with SacII/XbaI 

(4-6).  

1 and 4 – A. adeninivorans LS3, 

2 and 5 – A. adeninivorans G1212,  

3 and 6 – A. adeninivorans G1212/YIC102-AADA6H-82,  

M – DNA Molecular Weight Marker II, Digoxigenin-labeled (Roche). 

A Southern blot (Figure 21) has indeed shown one intense band of around 4800 bp in 

all samples 1-3 digested with SpeI/BamHI and one additional band of double intensity in the 

transformant sample. Similar pattern can be observed in samples 4-6 with a band of around 

2000 bp plus additional 2 bands in the transformant sample. That leads to the conclusion 

that the expression cassette was integrated into the A. adeninivorans G1212 genome in at 

least one copy. 

4.2.6 Purification and molecular weight estimation 

4.2.6.1 Purification of the wild-type adenine deaminase 

In order to determine adenine deaminase biochemical parameters, the enzyme had 

to be purified. One liter of hypoxanthine-induced LS3 strain culture was harvested and 

disrupted (see 3.10). Adenine deaminase was precipitated by ammonium sulphate, dialyzed 

and purified by DEAE-Sepharose ion exchange column. The fractions with highest activity 

were pooled and loaded on the gel filtration column SuperdexTM 200. After elution, samples 

were analysed for enzyme activity.  
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Figure 22 Separation of Aadap by chromatography. (A) Ion exchange using DEAE-Sepharose, (B) gel filtration 

using Superdex
TM

 200. Activity is given as a light absorbance at 690 nm after performing ammonium test (see 

3.19.1). 

The wild-type enzyme was partially purified (5.26 fold) as and had a specific activity 

of 9.89 U/mg. 

Table 22 Purification steps for wild-type adenine deaminase 

Step 
Total protein 
[mg] 

Total 
activity [U] 

Specific activity 
[U/mg] 

Yield 
[%] 

Purification 
fold 

Crude extract 741.9 1396.1 1.88 100 1 

(NH4)2SO4 precipitation 112.4 131.1 1.16 11.04 0.84 

DEAE-Sepharose column 16.8 140.9 8.34 10.09 4.43 

Superdex
TM

 200 column 4.2 37.4 9.89 2.68 5.26 

 

The results of gel filtration were used for molecular weight estimation. The column 

was calibrated with ferritin, catalase, alcohol dehydrogenase, bovine serum albumin and 

ovalbumin. Dextran blue was used as a void volume marker. 
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Figure 23 Determination of native molecular weight of adenine deaminase. The enzyme was assayed after 

elution from the gel filtration column, the molecular weight standards were measured at 280 nm directly in the 

Bio-Rad system. 

The adenine deaminase activity was detected after filtration in fraction number 96. 

The calculated molecular mass for the enzyme was approximately 40-41 kDa. Theoretical 

molecular mass of adenine deaminase based on amino acid sequence is 39.6 kDa and it is in 

agreement with the mass estimated by gel filtration. Samples of every purification step were 

separated and visualized in the SDS-PAGE where a protein band around 40 kDa can be 

identified (in a red box). 

 

Figure 24 Purification steps of wild-type enzyme visualised with Coomassie in 11% gel. M – protein marker 

PageRuler Prestained Protein Ladder (SM0671, Fermentas), 1 – crude extract, 2 – 65-95% ammonium sulphate 

precipitation, 3 – DEAE-Sepharose chromatography column, 4 – gel filtration on Superdex
TM

 200, 5 – 

recombinant adenine deaminase as a control. 

4.2.6.2 Purification of the recombinant adenine deaminase 

The recombinant adenine deaminase with the C-terminal His-tag was purified on 

affinity chromatography column using Ni-NTA agarose (see 3.10.2). For this purpose, 1 liter 

of cell culture was used. After loading the column with crude extract, all non-specifically 
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bound proteins were washed away from the column by buffer containing imidazole. The 

final elution was carried out by increasing the imidazole concentration. 

 
Figure 25 Purification steps of recombinant Aada6hp on His-Bind resin in 11% gel. (A) Coomassie staining, (B) 

Western blot with anti His-tag antibodies. M – protein marker PageRuler Prestained Protein Ladder (SM0671, 

Fermentas), 1 – crude extract, 2 – flow though the column, 3 – washing step with binding buffer, 4 – washing 

step with washing buffer, 5 – eluted and concentrated protein, 6 – crude extract of non-induced, wild-type 

strain as a control. 

Samples of the individual purification steps were visualized on an 11% SDS-

polyacrylamide gel by Coomassie blue staining. Western blot analysis with anti-His antibody 

confirmed the presence of recombinant Aada6hp of around 40 kDa. The total output of 

adenine deaminase purification was 2.8 mg of protein obtained from 1 l of culture. 

Similarly to the wild-type protein, the recombinant enzyme was subjected to the 

native molecular mass analysis. It was eluted form the gel filtration column in the same 

fraction number 96, what corresponds to molecular weight of 40-41 kDa. 

4.2.7 Properties of the recombinant adenine deaminase 

For characterization of adenine deaminase the recombinant form of the enzyme was 

used. The purification fold of the wild-type protein was not satisfactory, as well as its final 

concentration. All that could have influence on the estimates of biochemical parameters. 
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4.2.7.1 Determination of optimal pH 

Optimum pH of adenine deaminase was determined by examining the activity at 

different pH ranging from 3 to 12. Different 0.1 M buffers were used to provide desired pH 

for the assay: sodium citrate buffer for the pH 3.0-6.0, sodium acetate buffer for pH 4.0-5.5, 

MES buffer for pH 5.5-6.5, potassium phosphate buffer for pH 6.0-8.0, HEPES buffer for pH 

7.0-8.5, sodium bicarbonate buffer for pH 9.0-11.0 and disodium hydrogen phosphate buffer 

for pH 11.0-12.0. All the reagents were added in each reaction and finally equal amount of 

purified adenine deaminase was added in all the Eppendorf tubes to make up the volume of 

the assay mix to 300 μl. The reaction was incubated at 40 °C for 10 min and the ammonium 

test was performed as described in Materials and methods. The maximal enzyme activity 

was measured at pH 6.5 in potassium phosphate buffer. In a relatively narrow pH range 

of > 5.5 to 7.5 the enzyme exhibits at least 80% of activity in either phosphate or HEPES 

buffer. 

  

Figure 26 pH spectrum of recombinant adenine deaminase. The activity was measured in seven different 

buffers at 40 °C. The diagram shows the highest activity point for each pH. 

4.2.7.2 Determination of optimal temperature 

The effect of temperature on the activity of adenine deaminase was measured by 

incubating reaction mix at different temperatures ranging from 4 to 80 °C at the optimal pH. 

The assay reagents were pre-incubated at respective temperatures for 10 min except for the 

enzyme, which was pre-incubated for 1 min. The reaction was started with the addition of 

enzyme. It was found that adenine deaminase showed maximum activity at 40 °C. In a 

temperature range of 34 to 46 °C the enzyme exhibits at least 80% of activity in phosphate 

buffer. 
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Figure 27 Temperature spectrum of recombinant adenine deaminase 

4.2.7.3 Determination of pH stability 

The effect of pH on the stability of the adenine deaminase was studied using buffers 

with different pH ranging from 3.0 to 12.0 as described in 4.2.7.1. The enzyme was 

incubated in buffers at 30 °C for 24 h. After this time, all reagents of the assay were added 

and the pH of the mix was maintained according to the optimum pH of the enzyme. The 

activity was measured after 10 min of incubation at 40 °C. Adenine deaminase remains 

active between pH 7.5 and 8.5 in HEPES buffer. In potassium phosphate buffer the activity 

reaches 70% of the HEPES activity over the same pH range. 

 

Figure 28 pH stability of recombinant adenine deaminase 

4.2.7.4 Determination of temperature stability 

The effect of temperature on stability of adenine deaminase was studied at three 

different temperatures, 30, 40 and 50 °C. Enzyme was incubated in the optimal buffer in 

respective temperatures for 1 h. Samples were taken after 0, 10, 30 and 60 min and added 

directly to the reaction mix pre-warmed to 40 °C. After 10 min the reaction was stopped and 

the released product was measured with the ammonium test. The enzyme was found to be 
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stable at 30 °C, whereas at 40 °C the enzyme loses 35% of its catalytic function. At 50 °C the 

activity drops within 10 min to 0 %. 

 

Figure 29 Temperature stability of recombinant adenine deaminase 

4.2.7.5 Substrate spectrum 

Investigation of substrate specificity included all purine nucleosides, selected purines 

and their analogues, as well as AMP and FAD (Table 23). Ammonium test used for 

determination of enzyme activity was capable of measuring only NH4
+ as one of the 

products. This approach is improper when the reaction does not result in NH4
+ formation. To 

detect which compound is a substrate of adenine deaminase, a spectrum of progressing 

reaction was recorded at wavelength from 230 to 400 nm. The analysis exposed three 

substrates apart from adenine, two of which could not be detected with ammonium test. 

The quantifications of activity of all the substances were performed using HPLC-UV method. 

Table 23 Substrate spectrum for adenine deaminase. Final concentration of all substrates was 0.33 mM. 

Substrate Structure Relative activity [%] 
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Guanosine 

 

0.0 

Xanthosine 

 

0.0 

2-chloroadenine 
 

0.0 

6-chloropurine 

 

119 

2,6-diaminopurine 
 

73 

6-amino-7-deazapurine 
 

0.1 

2-amino-6-bromopurine 
 

109 

FAD 

 

0.0 

AMP 

 

0.1 

 

Adenine deaminase has only 1 natural substrate, adenine, but the enzyme can also 

hydrolyze N6-substituted adenine derivates (6-chloropurine) and compounds bearing 

substituents on position 2 and 6 (2,6-diaminopurine, 2-amino-6-bromopurine). 

4.2.7.6 Effects of various additives on enzyme activity 

The determination of the effect of metal ions and other substances on adenine 

deaminase activity was done with a standard activity assay. All additives were 1 mM in a 

final reaction mixture. As shown in Table 24, Mg2+, Mo2+ and Ca2+ had either no effect or only 

a weak effect. Addition of Cd2+, Cu2+, Mn2+, Ni2+, Zn2+ and Fe2+ caused a major decrease in 

enzyme activity. Presence of EDTA in the reaction mixture was not inhibitory, in opposite to 

1,10-phenanthroline. 
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Table 24 Effect of metal salts on adenine deaminase activity at 1 mM final concentration. The given relative 

enzyme activity comes from a comparison with a non-additive control, which has 100% of activity. 

Supplement Relative activity [%] 

none 100 

MgSO4 99 

Ca(NO3)2 105 

CuCl2 64 

ZnSO4 56 

Na2MoO4 102 

MnSO4 32 

FeSO4 7 

CdSO4 28 

NiSO4 48 

EDTA 102 

1,10-phenanthroline 66 

 

4.2.7.7 Kinetic studies 

The kinetics of adenine deaminase was examined to evaluate the catalytic efficiency 

of the enzyme. The parameters of the reaction catalysed by Aada6hp were determined at its 

optimum pH and temperature. The substrate was added in increasing concentrations 

ranging from 0.083 µM to 2.66 mM (0.083, 0.16, 0.33, 0.66, 1.00, 1.33, 1.66, 2.00 2.33 and 

2.66 mM). The assay reagents were added to the tubes in triplicates and incubated at 40 °C 

to stabilize the reagents. Equal amount of enzyme was added and the reaction ran for 10 

min. After this time reaction was stopped and the usual ammonium test was performed. The 

kinetic constants were determined by the non-linear regression using Microsoft Excel add-in, 

Excel Solver. 

Table 25 Kinetic constants for two substrates of adenine deaminase 

Substrate KM [mM] kcat [1/s] kcat/KM [µM-1 s-1] 

Adenine 0.66 20.8 31.7 

2,6-diaminopurine 0.47 12.3 38.2 

 

The parameters for 6-chloropurine and 2-amino-6-bromopurine could not be 

measured (see the Discussion section for reasons). 
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4.2.8 Subcellular localization of adenine deaminase 

The localization of adenine deaminase in the yeast cell has been reported in the 

cytoplasm (Pospisilova, et al., 2008). Sequence analysis in HMMTOP transmembrane 

topology prediction server (Tusnady & Simon, 2001) did not reveal transmembrane 

segments. Similarly, the SOSUI algorithm (Hirokawa, et al., 1998) predicted that adenine 

deaminase is a soluble protein without a signal peptide. 

To confirm that prediction, G1212/YIC102-AADA6H-82 transformant was subjected 

to a sucrose gradient centrifugation. After separation of the cell compartments, gradients 

were controlled for a refractive index by the refractometer to confirm gradient integrity. All 

23 fractions were analysed for Aada6hp and marker enzyme activities as described in the 

Materials and methods section. α-D-mannosidase was used as a marker for vacuolar 

enzymes and was found in fractions 17-20. Glucose-6-phosphate-dehydrogenase served as a 

cytosolic marker and its activity was measured in fractions with the least sucrose 

concentration (19-23). Another marker protein for mitochondria, Osm1p, fumarate 

reductase, was detected in fractions 14-16 by Western Blot analysis with anti-Osm1p 

antibodies. Adenine deaminase was found in fractions 18-23 which also suggests a cytosolic 

localization. 

 

       

Figure 30 Subcellular localisation of Aada6hp by a sucrose gradient centrifugation. Collected fractions were 

analysed for subcellular marker proteins: vacuolar α-D-mannosidase, cytoplasmic glucose-6-phosphate-

dehydrogenase and mitochondrial fumarate reductase. Refractive index indicates the change of sucrose 

concentration of samples. 
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4.3 Xanthine oxidoreductase, Axorp, of A. adeninivorans LS3 

Xanthine oxidoreductase (XOR) is an intracellular enzyme that belongs to the group 

of molybdenum-containing hydroxylases. It catalyses the oxidation of hypoxanthine to 

xanthine and xanthine to uric acid using NAD+ (XDH; xanthine dehydrogenase) or O2 (XO; 

xanthine oxidase) as an electron acceptor. This enzyme is present in different eukaryotic and 

prokaryotic organisms. Xanthine oxidoreductases have been well characterized, especially in 

humans. 

This part of the study comprises results of investigation on A. adeninivorans xanthine 

oxidoreductase. 

4.3.1 Purine-dependent expression of the AXOR gene 

Similar to adenine deaminase, xanthine oxidoreductase was also described to be an 

inducible enzyme (Scazzocchio & Darlington, 1968, Lyon & Garrett, 1978). To understand 

what triggers the induction in A. adeninivorans, the AXOR transcript accumulation was 

determined under different growth conditions. In addition to this analysis, measurements of 

the enzyme activity depending on the induction time and the molar concentration of the 

inducer were carried out. For this purpose, the yeast cells were grown for 24 h and shifted to 

media with various nitrogen sources. Samples were taken at different time points and 

analysed.  

In Figure 31A the time-dependent regulation of xanthine oxidoreductase activity is 

shown. A potentially best inducer, hypoxanthine at 5 mM, was used to determine the 

optimal harvest time point. Enzyme assay test showed that the enzyme production peaked 

at 6 h. To investigate changes in mRNA levels during this period, quantitative real-time PCR 

method was used and the cells were induced with hypoxanthine and adenine, both 5 mM. It 

was observed (Figure 31B) that hypoxanthine increased gene transcription to twice the level 

of the transcription increase due to adenine. Transcription reached maximum level after 2-

4 h, but then decreased to the basal level. 
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Figure 31 The influence of different inducers on xanthine oxidoreductase activity and transcript level.  LS3 

strain was cultivated as described in Materials and methods with shift to YMM supplemented with purines in 

different concentrations. (A) Time-dependent induction with 5 mM hypoxanthine in enzyme activity units. (B) 

The fold change in expression of the target gene at each time point (using 5 mM inducers) and (D) at each 

inducer concentration. (C) Concentration-dependent induction with adenine, hypoxanthine, uric acid and 

ammonium chloride in enzyme activity units; samples were taken after 6 h of induction. Error bars represent 

standard error. 

The influence of different molar concentrations of the inducers on enzyme level was 

determined after 6 h of induction. Adenine and hypoxanthine have a positive effect on 

enzyme production when supplied at a concentration higher than 1 mM. A strong decrease 

in activity was measured in samples induced with 5 mM adenine compared to 2.5 mM 

adenine. The difference (almost two-fold) at concentration of 5 mM between adenine and 

hypoxanthine was similar to the difference between those compounds at mRNA level, which 

was expected. No significant uric acid induction was observed, as it was the case with 

adenine deaminase; ammonium caused no increase in the specific enzyme activity too. 

Guanine and xanthine were also supplemented to the medium, but for the reasons 

described for Aadap, a high induction level could not be achieved due to a limited solubility 

of those compounds. 
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The influence of different inducers concentrations on the relative expression level of 

AXOR was determined after 2 h from the cells shift, where the transcription was close to 

maximal. The medium was supplemented with 0.5, 1, 3, 4 and 5 mM adenine, hypoxanthine, 

uric acid or NaNO3. The detected mRNA levels at low concentrations, 0.5 and 1 mM, were 

negligible. The increase in the molar concentration up to 5 mM resulted in an increase of the 

transcript levels, however, the optimal concentration was observed in the samples cultivated 

with 3-4 mM purines. Uric acid had a limited influence on mRNA level and it is in agreement 

with the outcome of enzyme activity test. 

Regulation of the xanthine oxidoreductase activity is determined not only by the 

purines present in the growth medium, but also by an inorganic nitrogen source, such as 

NH4
+ and NO3

2-. A regulation with ammonium was observed in fungi such as Neurospora 

crassa and A. nidulans (Arst & Cove, 1973, Lyon & Garrett, 1978). The following experiment 

was done by measuring xanthine oxidoreductase activity in crude extracts of 

A. adeninivorans LS3 (Figure 32). 

 

Figure 32 Induction of xanthine oxidoreductase under various conditions. Wild type cells were grown on 

different nitrogen sources and samples were taken after 0, 3 and 6 h. Data labels Ade 3h+NO3
-
 and Ade 

3h+NH4
+
 indicate, that the cells were induced only by adenine during the first 3 h, but enrichment with 

ammonium or nitrate for the next 3 h resulted in no further increase. Samples named Ade+NO3
-
 and Ade+NH4

+
 

contain both nitrogen sources during the entire cultivation period. 

 The cells were grown in YMM-NO3 medium from OD=0.1 for 24 h and then 

transferred to other nitrogen sources. Samples were taken after 0, 3 and 6 h. Cells grown on 

43 mM ammonium and 43 mM nitrate (not induced) showed low levels of xanthine 

oxidoreductase activity. In addition, cells grown in medium containing 43 mM 
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ammonium/nitrate and 2.5 mM adenine showed enzyme levels only 2-3-fold higher than the 

non-induced level. This is in contrast to cells grown only on adenine where the increase was 

more than 10 fold. The addition of another N-source after 3 h to the adenine-induced 

culture (sample Ade 3h+NO3
- and Ade 3h+NH4

+), however, appears to stop the induction. 

Obviously, ammonium and nitrate do not have any influence on the amount of enzyme 

already produced, but they play a role in the gene induction. 

4.3.2 Gene isolation 

The gene AXOR encoding xanthine oxidoreductase was identified by comparing 

annotated A. adeninivorans genomic sequences with fungal XOR sequences using BLASTp 

tool. The 4218 bp sequence was obtained by PCR on A. adeninivorans genomic DNA using 

gene-specific primers (Table 3). The AXOR gene is present in a single copy in the 

A. adeninivorans LS3 genome, is located on the largest of the four chromosomes, Arad1D 

from 952072 to 956289 bp and has no introns. A potential TATA box can be recognized in 

the promoter region of the gene at amino acids position -88 to -81. The ORF encodes a 

protein of 1405 amino acids with theoretical molecular mass of 153 kDa and isoelectric point 

of 6.04.  

 

Figure 33 Phylogenetic tree of closely related xanthine oxidoreductases from various yeast species. The 

GeneBank accession numbers are in given brackets. 

The derived amino acid sequence exhibits a high degree of similarity to xanthine 

oxidoreductases from Pichia pastoris (58%), Trichophyton equinum (54%), Gromerella 

graminicola (53%), Neurospora crassa (53%), Aspergillus nidulans (53%) and Aspergillus niger 

(53%). On the protein level, a medium degree of conservation was detected. Analysis using 

InterProScan (EMBL-EBI) led to identification of numerous conserved motifs in the amino 

acid sequence of xanthine oxidoreductase: 2Fe-2S iron-sulfur binding domain, CO 
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dehydrogenase flavoprotein C-terminal domain, molybdopterin-binding domain and FAD-

binding domain. 

A. nidulans           --------MAPGVLLQPSQSE------LEAASPPKAAASLLQLTEEWDDTIRFYLNGTKV 46 

A. niger              --------MAPGILESPKPT--------VAAS---KAVTLAQLTEDWDDTIRFYLNGTKV 41 

N. crassa             --------MAP--SAVPVES---------GATPLNLGSLPGSLTTTFDDTLRFYLNGTRV 41 

P. pastoris           MTTTVYGKLTPSSSDSSMDHQKSKLWTMDTTPQDITVVHPYLSHIAFSNTLKFYLNGRLM 60 

A. adeninivorans      ----------------MVDLQ----------------LHQSLGHHNFTNKLTFYVNGVKR 28 

                                                                    : :.: **:**    

 

A. nidulans           ILDSVDPEITLLEYLRGIG-LTGTKLGCAEGGCGACTVVVSQINPTTKKLYHASINACIA 105 

A. niger              VLDSINPEVTLLEYLRGIG-LTGTKLGCAEGGCGACTVVVSHFNTTTKKLYHASVNACLA 100 

N. crassa             VLDDIDPEITLLEYLRGIG-LTGTKLGCGEGGCGACTVVVSQFNPTTNKIYHASVNACLA 100 

P. pastoris           VVKNPNPEGTLLDFIRTQANLTGTKLCCSEGGCGACTVTVAEFDQEKSTIRYQAVNSCIV 120 

A. adeninivorans      TISNPDPRGTLLDFIRTHEGLTGTKLGCSEGGCGACTVVVASWDREQGEIIYSAVNSCIV 88 

                       :.. :*. ***:::*    ****** *.*********.*:  :     : : ::*:*:. 

 

A. nidulans           PLVAVDGKHVITVEGIGNVKNPHAIQQRLAIGNGSQCGFCTPGIVMSLYALLRN-DPKPS 164 

A. niger              PLISVDGKHVITVEGIGDVKNPHAVQQRLAVGNGSQCGFCTPGIVMSLYALLRN-NSAPT 159 

N. crassa             PLVSVDGKHVITVEGIGNVKKPHPAQERVAKGNGSQCGFCTPGIVMSLYALLRN-NDNPS 159 

P. pastoris           PLISVDGKHLITVEGIGSTNDPHPVQERMAKFHGSQCGFCTPGIIMSMYALLRSKNGTVS 180 

A. adeninivorans      PLVAVEGKHLITVEGIGSSNNPHPAQERIALFHGSQCGFCTPGIVMSLYALLRNTGGQPS 148 

                      **::*:***:*******. :.**. *:*:*  :***********:**:*****. .   : 

 

A. nidulans           EHAVEEAFDGNLCRCTGYRPILDAAQSFT-------------------------SPIGCG 199 

A. niger              EHDVEEAFDGNLCRCTGYRPILDAAQSFT-------------------------APKGCG 194 

N. crassa             EHDIEEAFDGNLCRCTGYRPILDAAHTFIKK-----------------------APSACG 196 

P. pastoris           MEEVSEALDGNLCRCTGLIPILDGLNSFAYD----------SEHYN----KIKQYPKDAS 226 

A. adeninivorans      KEQIAESFDGNLCRCTGYKPIIDAANTFSCGRPGGCCRDNASGKANGAGATVGNGMANGA 208 

                       . : *::*********  **:*. ::*                               . 

 

A. nidulans           KARANG----GSGCCMEEQKGTNGCCKG-------SSEETTEDVKHKFASP--DFIEYKP 246 

A. niger              KSLANG----GTGCCMDKQNGAGGCCKR-------SSADTTDGDGPKFTPP--EFIEYTP 241 

N. crassa             NSKANG----GSGCCMEGGGGGGGCG-G-------ANQNGDDQPIKRFTPP--GFIEYNP 242 

P. pastoris           FVCSKG-----ADCCRNKANKDGETESN-------SNPDMEIDMTELFSPDGLSLKSYDP 274 

A. adeninivorans      AAVANGNGAAANGCCKGNGAANGCCKSNGSAATTANGDDKEVDMNKLFTPNGLPLKPYSA 268 

                         ::*      .**       .             . :        *:.    :  * . 

 

A. nidulans           DTELIFPPSLWKHELRPLAFGNKRKKWYRPVTVQQLLEIKSIHPDAKLIGGSTETQIEIK 306 

A. niger              GTELIFPPQLHKHEFRPLVLGNKKKKWYRPVTLEQLLEIKAVHPDAKIIGGSTETQIEVK 301 

N. crassa             ETELIFPPALKKQEFRPLSFGNKRKRWFRPTKLEQLLEIKKVYPNAKIIGGSTETQIEIK 302 

P. pastoris           KRDLAFPQRLQQMPVQPKFYGNEYKVWFKPTTKAQLLQVKAIYPKSKIVAGASEVQVEVK 334 

A. adeninivorans      KTELIFPPALKKYELNPLFFGNEQKVWFRPVTKLQLLQIKHAYPESKIVGGASEIQIEIK 328 

                        :* **  * :  ..*   **: * *::*..  ***::*  :*.:*::.*::* *:*:* 

 

A. nidulans           FKQMRYGASVYLGDLAELRQFAFHDN-YLEIGANISLTDLESVCDQAIERYGSARGQPFA 365 

A. niger              FKAMRYSTSVYVGDIPELRQYSLKDD-HLEIGANVSLTDLESICDEALERYGPLRGQPFN 360 

N. crassa             FKALQYPISVFVGDIPELRQYFLKEN-HLEVGGNITLTDLENVCQEAIKHYGEKRGQIFN 361 

P. pastoris           MKAADYKVNIFANDIKELKGWEYQDGFGLTVGGNISLSDLEHVCGNLSKKLGS-RGMVYG 393 

A. adeninivorans      MKAANYNISVYANDIEELKTHKYIPGKGLEFGANISLSKLEEVCDKLVHELDPNVSQIYG 388 

                      :*   *  .:: .*: **:      .  * .*.*::*:.** :* :  .. .   .  :  

 

A. nidulans           AIKKQLRYFAGRQIRNVASPAGNLATASPISDLNPVFVATNTTLVARSLDK----ETEIP 421 

A. niger              AIKKQLRYFAGRQIRNVASPAGNLATASPISDLNPVFVATNTVLVAMSLGE----VIEIP 416 

N. crassa             AMYKQLKYFAGRQIRNVGTPAGNLVTASPISDLNPVLLAADAVLVAKSLGENGIVETEIP 421 

P. pastoris           CINKQLKYFAGRQIRNAGTPAGNIFTASPIADLNPVLVGARSIVTTEKLDAC---SDKIT 450 

A. adeninivorans      AILEQLKYFAGRQIRNAATPAGNIATASPISDLNPVLVAAEAVLTVESIENG---EEQIS 445 

                      .: :**:*********..:****: *****:*****::.: : :.. .:        :*. 

 

A. nidulans           MT------QFFRGYRSTALPPDAIISSLRIPTASEKGEYLRAYKQSKRKDDDIAIVNAAL 475 

A. niger              MS------QFFKGYRSTALPPDAIIACLRIPVASEKGEYLRAYKQSKRKDDDIAIVNAAL 470 

N. crassa             MS------QFFTGYRRTALPQDAILAAIRVPLTREKNELFRAYKQAKRKDDDIAIVTSAF 475 

P. pastoris           VESFDLSDNFFTGYRQHKLDPESVITKIFIPETKD-NEYISSFKQSKRKDDDIAIVSACL 509 

A. adeninivorans      MT------DFFVGYRKTKLPAHGVITKIFVPETVPRNEVVMAYKQAKRKDDDIAIVTACL 499 

                      :       :** ***   *  ..::: : :* :   .* . ::**:**********.:.: 

 

A. nidulans           RVSLSSSNDVTSVSLVFGGMAPLTVSARNAEAFLTGKKFTDPAT---LEGTMGALEQDFN 532 

A. niger              RVSLSPSHDVQSVNLVFGGLAPMTVSARNAEAYLAGKKFTNPAT---LEGTMGALEQDFD 527 

N. crassa             RVRLNEDGIVDQCSLVYGGMAPTTVGAKTANSYLLGKKFAEQET---LEGVMNALEQDFN 532 

P. pastoris           RVQLDDLGNVVDSTLAYGGMAPMTTTSKNTESFIQGKSIFEES---FLQGAIEALDKDYP 566 

A. adeninivorans      RLALDDDFRISKARLAYGGVGPFTTAAKGTAEFLTGKLLRRETAKEVLEGAIDCLIKEFD 559 

                      *: *.    : .  *.:**:.* *. :: :  :: ** :        *:*.: .* :::  
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A. nidulans           LKFGVPGGMATYRKSLALGFFYRFYHDVLSQIEARSSD---------LDNSVVAEIERAI 583 

A. niger              LKFGVPGGMATYRKSLALGFFYRFYHDVLSSIQVTDAD---------VDEDVIAEIERAI 578 

N. crassa             LSFSVPGGMATYRKSLAIGLFYRFYHEFMLILGSS------------ADEEVVPELEREI 580 

P. pastoris           LPYSVPGGMATYRRTLTFSFFFKLWQTMLREFQPTDLDALMKPASSLCDVDSNQEVTRNF 626 

A. adeninivorans      LPYSVPGGMAAYRRTLIMSFFYKFYSTVLEKIGLAGEAQDNSALENTYDPQALLEVTRKH 619 

                      * :.******:**::* :.:*::::  .:  :                * .   *: *   

 

A. nidulans           STGEKDNEASAAYQQRVLGRAGPHLSALKQATGEAQYTDDIPAQKNELYGCMVLSTKAHA 643 

A. niger              SSGEKDHEASAAYQQKILGKASPHVSALKQATGEAQYTDDMPMMKNELYGCMVLSTKAHA 638 

N. crassa             STGQEDREAAAAYMQETVGKSNPHLAALKQVTGEAQYTDDIPPLKNELYGCLVLSTKAHA 640 

P. pastoris           PRGTRD-LTTPFEEGSIVGKPVPHLSGLKQASGEAVYVDDIPPHHNELFAVNITSARPHA 685 

A. adeninivorans      PVGSRD-LTNPYEQR-IVGKSDPHLSALKQVTGEAVYIDDIPPYHGECFGVQVMSTKPRA 677 

                      . * .*  : .      :*:. **::.***.:*** * **:*  :.* :.  : *::.:* 

 

A. nidulans           KLLSVNTEAALEIPGVIDYVDHKDLPSPRANWWG-APNCDEVFFAVDKVTTAGQPIGMIL 702 

A. niger              RILSVDTSAALDIPGVAHYVDHTDLPNPKANWWG-APNCDEVFFAVDEVTTAGQPIGMIL 697 

N. crassa             KLLSVHASAALDIPGVVDYIDKNDMPNAAANHWG-APHYQEVFFAEDTVYTAGQPIGLIV 699 

P. pastoris           KILSVNYDEALEVEGVMGYVDINDVPSKHANLYGPLPFGKQPFFADGEVFYVGQTIAVIL 745 

A. adeninivorans      RILSVDPSPALEVEGVVGYVDVNDLPSREANIWGPTPVGKEPFFADGEVYYVGQCIGVII 737 

                      ::***. . **:: **  *:* .*:*.  ** :*  *  .: *** . *  .** *.:*: 

 

A. nidulans           ANTAKAAEEGARAVKVEYEELPVILSIEEAIEAQSFFERFRYIKNGDPESAFRDADHVFE 762 

A. niger              ATSAKIAEEGARAVKVEYEELPAILSMEEAIEAESFFEHSRFIKCGDPERAFKEADYVFT 757 

N. crassa             ATSAARAAEGARAVKVEYEELPAIYTMEEAIEKESFFDFFREIKKGDTQEGFKNSDYVFS 759 

P. pastoris           ARDRERAAEAARKVKVEYEDLPNIISVEDGVEQKSFFPDSRKYEKGDTKAAFEESDYVFE 805 

A. adeninivorans      ATDRMIAEEAARLVKVEYEELETVITIEEAIEAQSFFDYQPKAEKGDVDGAFAESAYTFE 797 

                      *     * *.** ******:*  : ::*:.:* :***      : ** . .* :: :.*  

 

A. nidulans           GVSRMGGQEHFYLETQACVAIPKAEDGEMEIWSSTQNPTETQSYVAQVTGVAANKIVSRV 822 

A. niger              GQSRMGGQEHFYLETQACVAIPKLEDGEMEIWSGTQNPTETQTYVAQVTGVAANKIVSRV 817 

N. crassa             GVARMGGQEHFYLETNATLAIPKHEDGEMEIISSTQNPNEAQAYAARVLDVAANKIVVKV 819 

P. pastoris           GQVRMGAQEHFYFEPQGCLVVPE-EDGEMKVYSSSQNPTETQEYAAHITGVPINRIVARV 864 

A. adeninivorans      GTSRIGSQEHFYLETQGSLVVPEPEDGEMKVYSSSQNPTETQVFVAQATGVPSSRIVARV 857 

                      *  *:*.*****:*.:. :.:*: *****:: *.:***.*:* :.*:  .*. .:** :* 

 

A. nidulans           KRLGGGFGGKETRSVQLAGICATAAAKVRRPVRCMLNRDEDIATSGQRHPFYCKWKVGVT 882 

A. niger              KRLGGGFGGKETRSVQLAGICATAAAKAKLPVRCMLNRDEDIATSGQRHPFFCRWKVGVT 877 

N. crassa             KRLGGGFGGKETRSVQLSSIIALAAQKTGRPVRCMLTREEDMVISGQRHPFLGRWKMGVN 879 

P. pastoris           KRLGGGFGGKELSPVSYSSVCALAAKKFKSPVRMILSRGEDMMTSGQRHPFLMKYKIGVN 924 

A. adeninivorans      KRLGGGFGGKESRCCHLSSIAAVAAKKYKRPVRMILSRSEDMLTAGQRHPFVMKWKVGLD 917 

                      ***********      :.: * ** *   *** :*.* **:  :******  ::*:*:  

 

A. nidulans           REGKLLALDADVYANGGHTQDLSGAVVERSLSHIDNVYRFPNIYVRGRICKTNTVSNTAF 942 

A. niger              KEGKLLAFDADVYANGGHTQDLSGAVVERALSHIDGVYNIPNMHVRGRICKTNTVSNTAF 937 

N. crassa             KDGKIQALEVDIFNNGGWCWDLSAAVCERAMTHSDNCYSIPNMHVTGRICKTNTMSNTAF 939 

P. pastoris           KDYKFTAVEATLYANAGWSMDLTRGVVDRAVFHSLNCYFIPNVVIEGIPVMTNTASNTAF 984 

A. adeninivorans      KNYKFTALEAKLYANAGWSMDLTKGVIERAVLHAENCYDFPNARIQGIPCRTSVASNTAF 977 

                      :: *: *.:. :: *.*   **: .* :*:: *  . * :**  : *    *.. ***** 

 

A. nidulans           RGFGGPQGLFFAESIISEVADHLDLQVEQLRILNMYEPGDMTH-FNQEL-KDWHVPLMYD 1000 

A. niger              RGFGGPQGMFFAECMVSEVADHLQIPVEQLRWQNMYKPGDKTH-YNQEL-KDWHVPLMYK 995 

N. crassa             RGFGGPQGMFIAESYMNEVADRLGMPVERFREINFYKPGERTH-FNQEI-QDWHVPLMWG 997 

P. pastoris           RGFGAPQGMFLAESMVTRVSEELRVNPDVIRDLNYFKVGQTTG-YKQPIDEDFTVPELVL 1043 

A. adeninivorans      RGFGGPQGMFMAECYIYEIADQLGIEPDTLREINYLVPGVSSTPFKQAITEDFTVPDMVK 1037 

                      ****.***:*:**. : .:::.* :  : :*  *    *  :  ::* : :*: ** :   

 

A. nidulans           QVLQESEYFERRKAVEEYNRTHKWSKRGMAIIPTKFGISFTALFLNQAGALVHIYHDGSV 1060 

A. niger              QVMDESSYEERRKAVEEYNKKHKWSKRGMALIPTKFGISFTALFLNQAGALVHIYHDGSV 1055 

N. crassa             QVMKEAEYESRREAIAKYNVEHKWRKRGLAIIPTKFGISFTALWFNQAGALVHIYHDGSV 1057 

P. pastoris           QNKKEAKFDQLVEEVKEFNSKSKWIKRGISHIPTMFGVSFGVLFLNQGGALLHIYQDGSV 1103 

A. adeninivorans      QIKKQSNYDDLRRQVEEFNSKHKWIKRGLAHVPTMFGISFGATFLNQAGALVHIYHDGSI 1097 

                      *  .::.: .  . : ::*   ** ***:: :** **:** . ::**.***:***:***: 

 

A. nidulans           LVAHGGVEMGQGLHTKMTMIAAEALGVPLSDVFISETATNTVANTSSTAASASSDLNGYA 1120 

A. niger              LVAHGGVEMGQGLHTKMTMIAAEALGVPQSNVFISETATNTVANTSSTAASASSDLNGYA 1115 

N. crassa             LVAHGGTEMGQGLHTKMTQIAAQALNVPLENVFISETATNTVANASATAASASSDLNGYA 1117 

P. pastoris           LVSHGGVEIGQGLNTKMTMIAAKELGVPLDKCFISETSTQSVPNTSATAASAASDLNGMA 1163 

A. adeninivorans      LLTHGGTEMGQGLHTKMAMVCAEELKVPLSQVFISETSTNTVPNTSASAASASSDLNGMA 1157 

                      *::***.*:****:***: :.*: * ** .. *****:*::*.*:*::****:***** * 

 

A. nidulans           IYNACTQLNERLKPYREKM-PNATLKDLAHAAYFDRVNLSAQGYYRTPDIGYTWGE-NKG 1178 

A. niger              IYNACEQLNERLKPYREKM-PGATMKDLAHAAYFDRVNLSAQGYYRTPDIGYVWGE-NKG 1173 

N. crassa             IYNACQQLNERLAPYREKLGPDATMKDLAHAAYFDRVNLSAQGFYKTPEIGYTWGE-NKG 1176 

P. pastoris           VKNACDKLNERLSPVKEKLGDSATWEDIIRTAYLDRISLSATGFYKTPKIGYVFGDPNPK 1223 

A. adeninivorans      VKHACDQLNERLAPYRERLGENATMEQLAHAAYFDRVNLSANGFYKTPDIGFVWGDPNPK 1217 

                      : :** :***** * :*::  .** ::: ::**:**:.*** *:*:**.**:.:*: *   
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A. nidulans           QMFFYFTQGVTAAEVEIDTLTGDWTPLRADIKMDVGRTINPSIDYGQIEGAYIQGQGLFT 1238 

A. niger              QMFFYFTQGVTAAEVQIDTLTGDWTPLRADIKMDVGRTINPSIDYGQIEGAFIQGQGLFT 1233 

N. crassa             KMFFYFTQGVTAAEVEIDTLTGTWTCLRADIKMDVGQSINPAIDYGQIQGAFVQGLGLFT 1236 

P. pastoris           PAFFYYTQGSAISVVEVDTLTGDWSCLSSHIKMDLGRPINHAIDTYQITGAYMQGVGLCT 1283 

A. adeninivorans      PAFFYFTQGCAVAMVEVNTLTGDWSNLRTDIVMDIGRPINQAIDYGQIEGAFVQGQGLFT 1277 

                        ***:*** : : *:::**** *: * :.* **:*:.** :**  ** **::** ** * 

 

A. nidulans           TEESLWHR---TTGQIFTKGPGNYKIPGFRDIPQIFNVSLLKDVEWENLRTIQRSRGVGE 1295 

A. niger              TEESLWHR---ASGQIFTKGPGNYKIPGFRDIPQIFNVSLLKDVEWENLRTIQRSRGVGE 1290 

N. crassa             MEESLWMRNGPMAGNLFTRGPGTYKIPGFRDIPQKWNVSLLKDVEWKELRTIQRSRGVGE 1296 

P. pastoris           MEQSLWLRNN---GRLFTTGPGAYKVPGFRDLPQKFHVSILKDREFKHLDTIWRSKGIGE 1340 

A. adeninivorans      IEESLWLRN----GALFTRGPGAYKIPGFRDIPQEFNVGHLRDRPFKHLKTIHRSKGIGE 1333 

                       *:*** *     * :** *** **:*****:** ::*. *:*  ::.* ** **:*:** 

 

A. nidulans           PPLFMGSAAFFAIRDALKAARKEWGVTD-----------VLSLVSPATPERIRVSCADPI 1344 

A. niger              PPLFMGSAVFFAIRDALKAARQQWNVKE-----------VLRLESPATPERIRVSCADPI 1339 

N. crassa             PPLFMGSAVFFAIRDALKAARAQYGVKAKVGAEGGEDDGLLRLESPATPERIRLACVDPI 1356 

P. pastoris           PPLFLGFSVHFALRDAIATARRSQGIEEGCNG--------LPFRSPLTTERIRTMMADPI 1392 

A. adeninivorans      PPLFLGSSVFFAIRDALSYARR-QNLGEATMP--------AGLVAPMTTERIRMLAGDSL 1384 

                      ****:* :..**:***:  **   .:                : :* *.****    *.: 

 

A. nidulans           IERAR-VKAEEGEK-SFFVAI 1363 

A. niger              IERAR-VVPKEGEK-SFFVAI 1358 

N. crassa             VERAR-VLPKEGEK-SFFIAI 1375 

P. pastoris           LLAA--QVPAEGNE--WFIEA 1409 

A. adeninivorans      YEHKGKIEPTEGDDKPFFVNA 1405 

                              . **:.  :*:   

 
Figure 34 Alignment of the amino acid sequences of xanthine oxidoreductases of A. adeninivorans, 

A. nidulans, A. niger, N. crassa and P. pastoris. The alignment was performed using ClustalW software 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Residues marked with an asterisk are identical in all sequences 

in the alignment. A colon indicates conserved substitutions and a dot indicates semi-conserved substitutions. 

4.3.3 Cloning of the AXOR gene 

To obtain a very high amount of xanthine oxidoreductase, a homologous expression 

in A. adeninivorans was performed. Two cloning schemes with different promoters were 

chosen to assure a high protein expression level, nitrate-inducible AYNI1 promoter (by using 

plasmid pBS-AYNI1-PHO5-SS) and constitutive TEF1 promoter (by using plasmid pBS-TEF1-

PHO5-SS). PHO5 terminator from S. cerevisiae was used as the transcription terminator. 

The gene was amplified by PCR using A. adeninivorans chromosomal DNA as 

template. The primers (listed in Table 3) used for amplification flanked the gene sequence 

with AsiSI and NotI restriction sites and incorporated the coding sequence for 6 histidines at 

3´-end of the ORF. In addition, a PCR reaction using primers without His-tag was performed. 

PCR products were ligated to the pBS-AYNI1-PHO5-SS and pBS-TEF1-PHO5-SS plasmids 

amplified using primers pBS-TEF-AsiSI-Rv, pBS-AsiSI-Rv and pBS-NotI-Fw. Four obtained 

constructs contained the AXOR gene (with and without His-tag) between the promoter 

(AYNI1 or TEF1) and PHO5 terminator. The promoter-gene-terminator sequence was excised 

using SpeI-SacII restriction sites and introduced to the Xplor2.2 vector, which already 

contained the selection marker cassette (ALEU2 promoter, ATRP1m gene, ATRP1 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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terminator). The resulting plasmids Xplor2.2-AYNI1-AXOR, Xplor2.2-AYNI1-AXOR6H, 

Xplor2.2-TEF1-AXOR, Xplor2.2-TEF1-AXOR6H and the control plasmid Xplor2.2 lacking an 

AXOR expression module were digested with AscI (YRC) and/or with SbfI (YIC) to remove the 

E. coli sequences including the resistance marker. The resulting restriction products YRC102-

AYNI1-AXOR, YIC102-AYNI1-AXOR, YRC102-AYNI1-AXOR6H, YIC102-AYNI1-AXOR6H, YRC102-

TEF1-AXOR, YIC102-TEF1-AXOR, YRC102-TEF1-AXOR6H, YIC102-TEF1-AXOR6H and YRC102, 

YIC102 (controls) were used to transform A. adeninivorans G1212. 

 

Figure 35 Physical map of the yeast integrative expression cassettes for AXOR gene. All expression cassettes 

contain the tryptophan selection marker ATRP1m together with the ALEU2 promoter, and PHO5 terminator.  
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4.3.4 Expression of recombinant xanthine oxidoreductase 

Yeast positive transformants were selected by complementing the auxotrophy 

mutants G1212 enabling the growth on the agar plates without supplementing the medium 

with tryptophan. Around 50 clones of each transformation were chosen for the analysis and 

were stabilized by passaging. The mitotically stable transformants were then cultivated 

taking into account the type of promoter and screened for xanthine oxidoreductase activity. 

Nevertheless, when compared to the controls YIC102 and YRC102 cultured under identical 

conditions, no increased activity was observed. All transformants YICs and YRCs, with and 

without His-tag, with constitutive or inducible promoter were inactive.  

Four clones (YRC102-AYNI1-AXOR6H, YIC102-AYNI1-AXOR6H, YRC102-TEF1-AXOR6H, 

YIC102-TEF1-AXOR6H) were selected for a test purification on a His-Bind resin. 200 ml 

cultures were grown under suitable conditions for each promoter and harvested prior 

disruption. Cell extracts were loaded onto the column and eluats were collected. 

Subsequently, a Western blot and an activity test were performed to control for the enzyme 

presence. As expected, no bands and activity were detected.  

These transformants were examined once more by the qRT-PCR. The reaction was 

performed as described in Materials and methods. Again, after calculation of relative 

expression levels, no change was observed between induced and non-induced samples. 

Another six clones with TEF1 promoter (3x YRC102-TEF1-AXOR6H, 3x YIC102-TEF1-

AXOR6H) were cultivated in three media, HMM-NO3, HMM-NH4 and YPD, and tested for 

enzyme activity in various time points. No essential differences were found between the 

samples of those media. 

Finally, the same six transformants were cultivated in HMM-NO3 and HMM-adenine 

(2.5 mM) for comparison. Adenine is an inducer of the wild-type Axorp and it could induce 

other necessary genes for Axorp activation, if such genes are needed and present in 

A. adeninivorans. It was shown by Adams, et al., (2002) that in order to express Drosophila 

melanogaster XDH gene in A. nidulans, it was necessary to add an inducer (uric acid), which 

normally induces the wild-type enzyme in this fungus. Unfortunately, this attempt did not 

work for A. adeninivorans transformants grown on adenine; no activity was measured and 

no band of ~150 kDa was detected by Western blotting. 
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More than 10 attempts in total were made to over-express xanthine oxidoreductase 

in A. adeninivorans using the Xplor®2 expression system, but all of them were unsuccessful. 

One trial of expression of the AXOR gene in E. coli was undertaken and it is described in 

further part of the thesis. 

4.3.5 Disruption of the AXOR gene 

Because the expression of xanthine oxidoreductase in A. adeninivorans was 

unsuccessful, suspicions about the gene identification correctness and gene functionality 

were raised. To confirm the function of the AXOR gene, mutant strains lacking AXOR 

sequence were constructed. The gene was replaced by the ATRP1m selection marker as 

follows: 1 kb lengths of a 5’ fragment and a 3’ fragment were amplified by PCR. These 

sequences were located at the 5’ and 3’ ends of the AXOR open reading frame (ORF). PCR of 

the chromosomal DNA as the template incorporated SacII, SpeI, SalI and ApaI restriction 

sites of the 5’ and 3’ fragments respectively. The isolated sequences were inserted into an 

Xplor2 plasmid between its SacII-SpeI and SalI-ApaI restriction sites. The selection marker, 

ALEU2 promoter, ATRP1m gene and ATRP1 terminator present in this plasmid, allowed for 

mutant selection. The resulting plasmid Xplor2.2-5’fragment-3’fragment was used as 

template to amplify the final cassettes (Figure 36) using primers 5’-SacII-Fw and 3’-ApaI-Rv 

prior to transformation of A. adeninivorans G1212. 

 

Figure 36 Physical map of the AXOR gene disruption cassette, which was used for homologous 

recombination. The upstream and downstream flanking DNA sequences (5’ and 3’ fragments) are identical to 

those, which flank the targeted locus. The construct contains a selection marker ATRP1m with the ALEU2 

promoter. 

Since the G1212 strain is auxotrophic for tryptophan, the transformants could be 

selected by complementation with an ATRP1m gene carried in the replacement vector. To 

determine whether integration had occurred at the correct chromosomal site, genomic DNA 

was isolated from 96 transformants and analysed for the presence of the axor mutation 
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using PCR with two primer pairs: 5’-SacII-Fw / 3’-ApaI-Rv and gene-specific AXOR-EcoRI-Fw / 

AXOR-NotI-BlpI-Rv. Two gene disruption mutants were identified, G1224-7, G1224-8, and 

compared with the controls. 

 

Figure 37 PCR analysis of axor mutants. Two selected mutants and control samples were analysed by PCR 

using two primer pairs in each reaction: 5’-SacII-Fw / 3’-ApaI-Rv and AXOR-EcoRI-Fw / AXOR-NotI-BlpI-Rv. M – 

DNA marker GeneRuler 1 kb DNA Ladder (SM0311/2/3, Fermentas), 1 – G1224-7 mutant, 2 – G1224-8 mutant, 3 – G1217 

Δafrd1 mutant, 4 – G1212 Δatrp1 mutant, 5 and 6 – plasmids used for transformation (Xplor2.2-5’fragment-3’fragment 

number 7 and 8), 7 – LS3 strain, PCR with 5 min of elongation, 8 – LS3 strain PCR with 1 min of elongation, 9 – water control. 

5’-SacII-Fw / 3’-ApaI-Rv primer pair generates a product of 3,570 bp, which contains 

the whole disruption cassette and should be present in samples 1, 2, 5 and 6. Gene specific 

primers, AXOR-EcoRI-Fw / AXOR-NotI-BlpI-Rv, generate a band of 1,498 bp and should be 

present in samples 3, 4 and 8 where the gene is intact. Mutants G1217 and G1212 were used 

as controls (3 and 4). The presence of a second band of around 2,900 bp in those samples is 

an artefact and may be a result of a non-specific binding. A band of 6373 bp in the sample 7 

comprises the whole AXOR gene together with 1 kb 3’ and 5’ fragments and was obtained in 

a separate PCR with extended elongation time. In the end, all amplification products were of 

correct size. 

PCR method allowed for identification of two gene disruption mutants (G1224-7, 

G1224-8), and the enzyme test for xanthine oxidoreductase activity confirmed these results. 

The selected mutants G1224 exhibit less than 1% of the wild-type strain activity towards 

xanthine and hypoxanthine under inducible conditions (2.5 mM adenine) and both strains 

show no activity after cultivation without inducer (Table 26). 
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Table 26 Comparison of xanthine oxidoreductase activity expressed by axor mutants with wild-type strain 

and G1217 mutant lacking fumarate reductase gene. Xanthine was used as a substrate. 

Sample N-source Activity [U/mg] Activity [%] 

G1224-7 NaNO3 0.0001 0.07 

G1224-7 Adenine 0.0013 0.92 

G1224-8 NaNO3 0.0005 0.38 

G1224-8 Adenine 0.0002 0.14 

G1217-control NaNO3 0.0010 0.67 

G1217-control Adenine 0.0598 42.32 

LS3 NaNO3 0.0010 0.68 

LS3 Adenine 0.1412 100 

 

Urate oxidase activity test was used to complete the mutant analysis (Table 27). It is 

known that transcription of the urate oxidase gene is induced mainly by uric acid and not by 

the other purines and the activity test results are in agreement with those. These results also 

demonstrate that the axor mutant was obtained. 

Table 27 Urate oxidase activity test results for Δaxor mutant A. adeninivorans G1224-8 in comparison to the 

wild-type strain LS3. All cultures were grown in presence of 2.5 mM inducer/N-source. 

Strain Inducer/N-source Activity [U/mg] Relative activity [%] 

G1224 Adenine 0.11 23 
 Hypoxanthine 0.13 28 

 Xanthine 0.13 27 

 Uric acid 0.46 100 

 NaNO3 0.12 26 

LS3 Adenine 0.32 116 
 Hypoxanthine 0.30 112 

 Xanthine 0.16 61 

 Uric acid 0.27 100 

 NaNO3 0.05 20 

 

4.3.6 MALDI-TOF 

The axor mutants confirmed that the AXOR sequence identified using BLASTp tool 

fits to xanthine oxidoreductase. However, it did not provide details about the ORF and the 

right methionine constituting the start codon. To check this, the Axorp was precipitated from 

crude extract in two steps by 40% and 60% ammonium sulphate and separated by SDS-
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PAGE. Coomassie-stained protein band of around 160 kDa was excised from the gel and 

digested with trypsin; sample was analysed via MALDI-TOF mass spectrometry. The peptide 

masses obtained with this method were compared with the masses of computer-generated 

peptides of theoretical A. adeninivorans xanthine oxidoreductase trypsin digestion. 

Identification of 18 peptides led to a coverage of 332 of total 1406 amino acids, what 

represents 23.6% of the whole sequence. Unfortunately, the beginning of the gene was not 

covered by any of the identified peptides. 

4.3.7 N-terminal sequencing 

MALDI-TOF did not provide required information about the right start codon. 

Therefore, N-terminal sequencing approach was used that allowed to prove the start of 

transcription and so the correctness of constructed expression cassettes. 

To prepare the sample for analysis at the Metabion GmbH, the A. adeninivorans cells 

were induced with 2.5 mM hypoxanthine and the xanthine oxidoreductase was purified as 

described in Materials and methods. The semi-purified protein was separated in the SDS-

PAGE and blotted onto PVDF membrane, which was eventually dyed with Coomassie Blue 

R250 solution. The intact membrane was sent to the company for the analysis. 

The Edman degradation method led to the identification of six amino acids, Val-Asp-

Leu-Gln-Leu-His, match the xanthine oxidoreductase amino acid sequence, Met-Val-Asp-

Leu-Gln-Leu-His-Glu-Ser-Leu-… found in the A. adeninivorans genome by BLASTp 

comparison. It confirmed explicitly that the full sequence was isolated and cloned into the 

expression vector. 

4.3.8 Native PAGE  

The xanthine oxidoreductase was analysed in an electrophoresis in native 

polyacrylamide gel (Figure 38). Firstly, this experiment allowed determining the 

concentration of ammonium sulphate, which causes the protein precipitation, what was 

important for the purification procedures. It was shown that the enzyme precipitates 

between 40 and 60% of salt saturation. Secondly, this method provided a proof that 

xanthine oxidoreductase oxidises xanthine and hypoxanthine. Native gels were treated with 

those substrates separately and the bands of the same size and intensity could be observed. 

Thirdly, it was possible to estimate the molecular weight of the enzyme by comparing the 
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activity band with bands of molecular weight marker. Moreover, this method allowed 

observing the dehydrogenase and oxidase activities of xanthine oxidoreductase.  

 

Figure 38 Native polyacrylamide gel electrophoresis of xanthine oxidoreductase, Axorp. (A) xanthine as 

substrate, NAD
+
, (B) hypoxanthine as substrate, NAD

+
, (C) xanthine as substrate, O2 as an electron acceptor. 

M – High Molecular Weight Calibration Kit (GE Healthcare); 

1 – Strain LS3 not induced 

2 – Strain LS3 induced with adenine 

3-6 – Strain LS3 induced with adenine, Axorp precipitated at: 

3 - 40% (NH4)2SO4 saturation 

4 - 50% (NH4)2SO4 saturation 

5 - 60% (NH4)2SO4 saturation 

6 - 70% (NH4)2SO4 saturation 

7 – Purified Axorp 

The results indicate that Axorp of A. adeninivorans is of size greater than 232 kDa and 

it is active towards xanthine and hypoxanthine. It exhibits dehydrogenase activity (NAD+ as 

electron acceptor) and residual oxidase activity (O2 as electron acceptor; bands of low 

intensity), when incubated without NAD+. 

An additional test of enzyme activity using purified enzyme was performed to analyse 

the residual oxidase activity and to measure the activity toward NADP+ as electron acceptor. 

Table 28 Activity of pure xanthine oxidoreductase with NAD
+
, NADP

+
 and O2 as electron acceptors 

Electron acceptor Concentration [mM] Wave length [mm] Activity [%] 

NAD+ 1 340 100 
NADP+ 1 340 0.14 

O2 - 293 0.42 
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The results in Table 28 show that the molecular oxygen and NADP+ are not the 

terminal electron acceptors of xanthine oxidoreductase. The enzyme of A. adeninivorans is 

NAD-dependent. 

4.3.9 Purification and molecular weight estimation 

In order to determine xanthine oxidoreductase biochemical parameters, the wild-

type enzyme had to be purified. Cells from a 1 l culture were harvested after 6 h of 

cultivation and disrupted with mortar and pestle. Xanthine oxidoreductase was precipitated 

by ammonium sulphate, dialyzed and purified by DEAE-Sepharose ion exchange column. The 

fractions with highest activity were pooled and loaded on the gel filtration column 

SuperdexTM 200. After elution samples were analysed for enzyme activity.  

 

Figure 39 Separation of Axorp by chromatography. (A) Ion exchange using DEAE-Sepharose, (B) gel filtration 

using Superdex
TM

 200. Activity is presented as a light absorbance at 340 nm. 

The wild-type enzyme was partially purified (12 fold) as and had a specific activity of 

0.48 U/mg. 
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Table 29 Purification steps for endogenous xanthine oxidoreductase synthesized by A. adeninivorans LS3 

Step 
Total protein 
[mg] 

Total activity 
[U] 

Specific activity 
[U/mg] 

Yield 
[%] 

Purification 
fold 

Crude extract 110.49 4.39 0.040 100 1 

(NH4)2SO4 precipitation 29.07 2.74 0.094 62.42 2.37 

DEAE-Sepharose column 11.67 1.55 0.133 35.33 3.34 

Superdex
TM

 200 column 0.72 0.35 0.486 7.99 12.21 

 

The results of gel filtration were used for molecular weight estimation. The column 

was calibrated as described for adenine deaminase. 

 

Figure 40 Determination of native molecular weight of xanthine oxidoreductase. The enzyme was assayed 

after elution from the gel filtration column, the molecular weight standards were measured at 280 nm directly 

in the Bio-Rad system. 

The xanthine oxidoreductase activity was detected after filtration in fraction number 

84. The calculated molecular mass for the enzyme was approximately 360 kDa. Theoretical 

molecular mass of xanthine oxidoreductase subunit based on amino acid sequence is 

153.3 kDa and it is a little bit lower than the mass estimated by gel filtration. Analysis under 

denatured conditions (Figure 41) revealed a strong band at around 160 kDa. 
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Figure 41 Purification steps of wild-type enzyme visualised with Coomassie in 7.5% gel. M – protein marker 

PageRuler Prestained Protein Ladder (SM0671, Fermentas), 1 – crude extract, 2 – 40-60% ammonium sulphate 

precipitation, 3 – DEAE-Sepharose chromatography column, 4 – Superdex
TM

 200 gel filtration column. 

4.3.10 Properties of the wild-type xanthine oxidoreductase 

Although the wild-type xanthine oxidoreductase was not purified to homogeneity, 

the enzyme was subjected to biochemical characterisation, because its easy-to-purify 

recombinant form with His-tag was unavailable. 

4.3.10.1 Determination of optimal pH 

Optimum pH of xanthine oxidoreductase was determined by examining the activity 

at different pH ranging from 3 to 12. Different 0.1 M buffers were used to provide desired 

pH for the assay: sodium citrate buffer for the pH 3.0-6.0, sodium acetate buffer for pH 4.0-

5.5, MES buffer for pH 5.5-6.5, potassium phosphate buffer for pH 6.0-8.0, MOPS buffer for 

pH 6.5-8.0, HEPES buffer for pH 7.0-8.5, Tris-acetate buffer for pH 8.0-9.0, Tris-HCl buffer for 

pH 7.5-9.0, glycine-NaOH buffer for pH 8.5-10.5, sodium bicarbonate buffer for pH 9.0-10.5 

and disodium hydrogen phosphate buffer for pH 11.0. All the reagents were added in each 

reaction and finally equal amount of purified xanthine oxidoreductase was added in all the 

wells of 96-well plate to make up the volume of the assay mix to 300 μl. The reaction was 

followed at 34 °C for 60 min at 340 nm. The maximal enzyme activity was observed at pH 8.5 

in glycine-NaOH buffer. In a relatively narrow pH range of > 7.5 to 9.5 the enzyme exhibits at 

least 80% of activity in either Tris or glycine-NaOH buffer. 
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Figure 42 pH spectrum of endogenous xanthine oxidoreductase. The activity was measured in eleven different 

buffers at 34 °C. The diagram shows the highest activity point for each pH. 

4.3.10.2 Determination of optimal temperature 

The effect of temperature on the activity of xanthine oxidoreductase was measured 

by incubating reaction mix at different temperatures ranging from 20 to 80 °C in glycine-

NaOH buffer pH 8.5. The assay reagents were pre-incubated at respective temperatures for 

10 min except for the enzyme, which was pre-incubated for 1 min. The reaction was started 

with the addition of NADH and it was stopped by heating at 95 °C after 20 min. It was found 

that xanthine oxidoreductase reached the maximum activity at 43 °C. In a temperature 

range of 35 to 55 °C the enzyme exhibited at least 80% of activity in phosphate buffer. 

 

Figure 43 Temperature spectrum of endogenous xanthine oxidoreductase 

4.3.10.3 Determination of pH stability 

The effect of pH on the stability of the xanthine oxidoreductase was studied using 

buffers with different pH ranging from 4.0 to 11.0. The enzyme was incubated in buffers at 

30 °C for 4 h. After this time, all reagents of the assay were added and the pH of the mix was 
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maintained according to the optimum pH of the enzyme. The activity was measured after 

60 min of incubation at 43 °C. Xanthine oxidoreductase remains active between pH 8.0 and 

10.5 in Tris and glycine-NaOH buffers.  

 

Figure 44 pH stability of endogenous xanthine oxidoreductase 

4.3.10.4 Determination of temperature stability 

The effect of temperature on stability of xanthine oxidoreductase was studied at 

three different temperatures, 30, 40 and 50 °C. Enzyme was incubated in the optimal buffer 

in respective temperatures for 1 h. Samples were taken after 0, 15, 30 and 60 min and added 

directly to the reaction mix pre-warmed to 43 °C. After 20 min the reaction was stopped by 

heating at 95 °C and the NADH was measured at 340 nm. The enzyme was found to be 

relatively stable; it loses 5% of activity in 1 h at 30 °C, 12% at 40 °C and 25% at 50 °C. 

 

Figure 45 Temperature stability of endogenous xanthine oxidoreductase 

4.3.10.5 Substrate spectrum 

The compounds listed in Table 30 were examined as substrates with NAD+ as an 

electron acceptor. Final concentration of all substrates was 0.66 mM and the reaction ran 
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under optimal conditions for 60 min. Out of 13 tested substances, xanthine, hypoxanthine 

and pterine were oxidized at high rates. The enzyme can also act on purine and guanine. 

A spectrum of wavelengths 230-400 nm was applied to follow the reaction and detect other 

potential substrates, but no further compound was hydrolyzed by the enzyme. 

Table 30 Substrate spectrum for endogenous xanthine oxidoreductase 

Substrate Structure Relative activity [%] 

Xanthine 

 

97 

Hypoxanthine 

 

100 

Adenine 

 

1 

Guanine 
 

10 

Uric acid 

 

0.1 

Caffeine 

 

0.2 

Purine 
 

30 

Pterine 
 

96 

Theobromine 

 

2 

Allantoin 
 

0.2 

Allopurinol 

 

0.6 

8-azaguanine 

 

0.0 

8-azaxanthine 

 

0.0 
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4.3.10.6 Effects of various additives on enzyme activity 

Further biochemical characterization included an investigation on the influence of 

various additives on xanthine oxidoreductase activity. The effects of other substances at 

1 mM concentration are presented in Table 31. The activity was inhibited by Fe2+, Cd2+, Zn2+ 

and strongly inhibited by Cu2+. Conversely, Mg2+, Mo2+ had no effect on the enzyme. 

Additives such as EDTA, DTT and 1,10-phenanthroline had a weak negative effect on enzyme 

activity. 

Table 31 Effect of metal salts, DTT and chelating reagents on xanthine oxidoreductase activity at 1 mM final 

concentration 

Supplement Relative activity [%] 

none 100 
MgSO4 103 
Ca(NO3)2 84 
CuCl2 3 
ZnSO4 33 
Na2MoO4 98 
MnSO4 65 
FeSO4 25 
CdSO4 33 
NiSO4 49 
EDTA 90 
DTT 67 
1,10-phenanthroline 93 

 

Table 32 presents the effect of purine analogues on rate of the reaction. Allopurinol 

caused almost complete inhibition of xanthine oxidoreductase, whereas adenine decreased 

the activity for around 70%. Other substances exerted only minor changes in the rate of 

reaction, with the extreme for guanine with 30% of decrease in activity, when compared to 

the control containing only xanthine. 

Table 32 Spectrum of substances with their effects on xanthine oxidoreductase activity. The substrate was 

1 mM xanthine; all the substances were 0.5 mM. 

Purine derivate Relative activity [%] 

None 
Adenine 

100 
28 

Guanine 70 

Uric acid 94 
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Caffeine 95 

Purine 85 

Theobromine 99 

Allantoin 97 

Allopurinol 4 

8-azaguanine 95 

8-azaxanthine 82 

 

4.3.10.7 Kinetic studies 

The kinetic parameters of the xanthine oxidoreductase were determined at its 

optimum pH and temperature. The substrate was added in increasing concentrations 

ranging from 1.7 µM to 2.0 mM (1.6, 3.3, 8.3, 16.6, 25.0, 33.3, 83.3, 166.6, 250.0, 333.3, 

666.6, 1,000.0, 1,333.3 and 2,000 µM). The assay reagents were added in 96-well plates in 

triplicates and incubated at 43 °C to stabilize the reagents. Equal amount of enzyme was 

added and readings were obtained at 340 nm. About 60 readings were taken at the interval 

of 1 min. The KM and Vmax values were determined from Michaelis-Menten saturation curve 

by the non-linear regression using Microsoft Excel add-in, Excel Solver. 

Table 33 Kinetic constants for xanthine oxidoreductase with various substrates 

Substrate KM [µM] Vmax [µM/min] 

Xanthine 72.8 0.60 

Hypoxanthine 50.8 0.72 

NAD+ 162.5 0.66 

purine 208.0 0.18 

 

The parameters kcat and KM/kcat for above substrates could not be calculated, because 

the enzyme was only partially purified and the concentration of sole xanthine 

oxidoreductase molecules in the enzyme mixture was impossible to determine.  

The majority of enzymes catalyse reactions involving multiple substrates. Binding of 

two substrates can occur through two mechanisms: sequential and non-sequential (ping-

pong). In sequential mechanism, both substrates bind the enzyme creating a ternary-

complex and the reaction proceeds to form products, which are then released from the 

enzyme. Non-sequential mechanism does not require both substrates to bind before 

releasing the first product. 
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To analyse the mechanism of reaction, the concentration of substrate A should be 

kept constant and substrate B varied. The mechanisms can be distinguished by double-

reciprocal plot (Lineweaver-Burk plot). The non-sequential mechanism shows at different 

substrate concentrations parallel graphs, while in the sequential mechanism the set of lines 

produced will intersect. 

      A 

B  

 

Figure 46 Double-reciprocal plots for xanthine oxidoreductase. (A) 1/v versus 1/[NAD
+
], (B) 1/v versus 

1/[xanthine]. 

The lines of the diagrams presented on Figure 46 intersect indicating that the 

mechanism of xanthine oxidoreductase action is sequential; NAD+ and substrate bind the 

enzyme at the same time. 
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Allopurinol is the best-known xanthine oxidoreductase inhibitor used widely in the 

gout treatment. The experiment with enzyme of A. adeninivorans and various substances 

indicates a strong inhibition of the reaction. Ki is an important constant for inhibition and it is 

the concentration of inhibitor, which is required to decrease the maximal rate of the 

reaction to half of the uninhibited value. 

The Ki for xanthine oxidoreductase of A. adeninivorans was calculated by Dixon 

(1953) method. Plots were prepared of the reciprocal of reaction velocity (1/v) versus 

inhibitor concentration at each substrate concentration. The resulting straight lines were 

analysed by linear regression. The Ki value is the point of lines intersection and equals to 

0.0033 mM for allopurinol. 

4.3.11 Subcellular localization of xanthine oxidoreductase 

The common localisation of xanthine oxidoreductase is the cytoplasm, although this 

enzyme was found also in peroxisomes and bound to the membrane (e.g. in Pisum sativum 

and Rattus norvegicus). The amino acid sequence of A. adeninivorans xanthine 

oxidoreductase was analysed using HMMTOP transmembrane topology prediction server 

(Tusnady & Simon, 2001) and the results indicated that transmembrane helices were not 

present. According to SOSUI algorithm (Hirokawa, et al., 1998), this enzyme is soluble and 

free from signal peptide and should be localized in the cytoplasm. 

 

Figure 47 Subcellular localisation of Axorp by a sucrose gradient centrifugation. Collected fractions were 

analysed for subcellular marker proteins: vacuolar α-D-mannosidase and cytoplasmic glucose-6-phosphate-

dehydrogenase. Refractive index indicates the change of sucrose concentration of samples. 
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To test this prediction experimentally, the wild-type A. adeninivorans LS3 strain was 

analyzed by a sucrose gradient centrifugation (Figure 47). 23 collected fractions were 

controlled for a refractive index of sucrose and analysed for marker proteins and Axorp 

activities. Cytoplasmic glucose-6-phosphate-dehydrogenase was detected in the last 

fractions starting with number 17. Vacuolar α-D-mannosidase migrated in the gradient 

similarly to Axorp (fractions 1620-21). 

4.4 Comparison of A. adeninivorans LS3 and E. coli expressed enzymes 

Yeast expression systems have many advantages like suitability for expression of 

many eukaryotic genes with correct folding and protein post-translational modifications, a 

rapid growth or inexpensive media (Nasser, et al., 2003). Nevertheless, bacterial expression 

has the advantage of providing large amounts of protein comprising up to 50% of the total 

cellular protein (Francis & Page, 2010). Since the expression of xanthine oxidoreductase in 

A. adeninivorans was unsuccessful, an attempt was made to express this enzyme and also 

adenine deaminase in E. coli and to compare their biochemical parameters. 

4.4.1 Adenine deaminase from E. coli, Eadap 

4.4.1.1 Cloning and expression 

The AADA gene was amplified from chromosomal DNA of A. adeninivorans by PCR. 

The restriction sites of NdeI and XhoI were incorporated into the gene coding sequence. The 

amplified fragment, NdeI-AADA-XhoI, was inserted into pET-21b(+) vector, which integrates 

the coding sequence for 6 histidines at 3´-end and allows the gene expression under the 

inducible T7 promoter. The amplified gene and the vector were digested with NdeI and XhoI 

restriction enzymes, purified and ligated using T4 DNA ligase. The resulting plasmid was used 

to transform chemically competent E. coli XL1 Blue cells. The plasmids of selected clones 

were analysed by digestion for presence of the right insert and then used to transform E. coli 

BL21 (DE3) for protein production. The positive clones were confirmed by plasmid digestion. 

The transformants were grown in LB+Amp and the protein production was induced 

with isopropyl β-D-1-thiogalactopyranoside (IPTG). They were analysed by SDS-PAGE and 

tested for adenine deaminase activity. 6 out of 7 selected colonies were able to express a 

great amount of active enzyme, although the expression required an optimisation of IPTG 
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concentration, time and temperature of induction (the final conditions are described in 

Materials and methods). 

 

Figure 48 SDS-PAGE analysis of adenine deaminase expressed in E. coli. (A) Screening of clones for adenine 

deaminase over-expression. 1 – clone number 2 before IPTG induction; 2-8 – different clones after IPTG 

induction. (B) Purification of adenine deaminase using His-Bind resin. 1 – crude extract; 2-3 – washing steps 

with binding buffer; 4 – washing step with washing buffer; 5-7 – purified protein at 6, 30 and 60 mg. M - 

protein marker PageRuler Prestained Protein Ladder (SM0671, Fermentas). 

The total amount of adenine deaminase expressed in E. coli was 3.3 mg out of 40 ml 

cell culture, what is equivalent to 82.5 mg per 1 l of cell culture. 

4.4.1.2 Biochemical characterization  

All biochemical parameters for adenine deaminase expressed in E. coli were 

determined parallel to the enzyme of A. adeninivorans under the same conditions and using 

the same reagents. 

Table 34 Comparison of biochemical parameters of in E. coli and A. adeninivorans expressed adenine 

deaminase 

Parameter Adenine deaminase expressed 

in A. adeninivorans  

Adenine deaminase expressed 

in E. coli 

pH optimum 6.5 in potassium phosphate 7.0 in potassium phosphate 

Temp. optimum 40 °C  40 °C  

pH stability 7.5-8.5 in HEPES 7.5-8.5 in HEPES 
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Temp. stability 
active at 30 °C for 1 h, 

at 40 °C loses 35% of activity 

active at 30 °C for 1 h, 

at 40 °C loses 70% of activity 

KM for adenine 0.66 mM 0.69 mM 

KM for 2,6-diaminopurine 0.47 mM 0.55 mM 

Molecular mass ~40 kDa ~40 kDa 

 

Adenine deaminase from E. coli has the same substrate preferences as 

A. adeninivorans enzyme with the highest activity towards adenine (100%), 2,6-

diaminopurine (79%), 6-chloropurine (102%) and 2-amino-6-bromopurine (99%). 

   

Figure 49 Spectra of E. coli adenine deaminase reaction upon four substrates. Final concentration of all 

substrates was 66.6 µM. Progress of reaction was recorded after 0, 15 and 30 min. 

 Figure 50 presents comparison of activities of E. coli and A. adeninivorans enzymes 

when incubated with various additives. Similarly to Aadap, Eadap was inhibited by 

manganese, nickel, copper, zinc and cadmium ions with the strongest inhibition for iron ions. 

Molybdenum, magnesium and calcium ions had no influence on the enzyme activity, as well 

as EDTA. 1,10-phenantroline had a small negative effect. 
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Figure 50 Comparison of the influence of various additives on activities of E. coli (Eadap) and 

A. adeninivorans (Aadap) adenine deaminases. Final concentration of all substrates was 1 mM. The reaction 

ran for 10 min at 40 °C. 

4.4.2 Xanthine oxidoreductase from E. coli 

4.4.2.1 Cloning and expression 

The AXOR gene was amplified from chromosomal DNA of A. adeninivorans by PCR. 

The restriction sites of NheI and NotI were incorporated into the gene coding sequence. The 

amplified fragment, NheI-AXOR-NotI, was inserted into pET-21b(+) vector, as described for 

adenine deaminase. The resulting plasmid was used to transform E. coli XL1 Blue cells. The 

plasmids of selected clones were analysed by digestion and then used to transform E. coli 

BL21 (DE3) cells.  

The transformants were grown in LB+Amp and the protein production was induced 

with IPTG. They were analysed by SDS-PAGE and tested for xanthine oxidoreductase activity. 

Unfortunately, also this approach to express the protein ended in failure. Several new 

plasmid constructs were prepared, the induction conditions varied, and the codon usage 

controlled, but the enzyme activity remained undetected. 

4.5 Application of purine-degrading enzymes 

The aim of the work was to develop an enzyme system to degrade purines in food 

products. These enzyme-treated products should help to decrease uric acid concentration in 

the blood serum and reduce the risk of a gout attack in the final stage. This part of the work 

presents results of beef broth and yeast extract treatment by single enzymes and by the 

enzyme mixture. 
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4.5.1 Detection of purines by HPLC system 

The adenine deaminase and xanthine oxidoreductase were used to hydrolyse 

adenine, xanthine and hypoxanthine in food products. The progress of reaction was followed 

using HPLC system and the retention times obtained in the analysis were compared with the 

retention times of pure adenine, guanine, xanthine, hypoxanthine and uric acid as standards.  

  

Figure 51 HPLC chromatogram of pooled purine standards (each of 10 mg/l) registered at 260 nm. Mobile 

phase: 0.1% trifluoroacetic acid/acetonitrile (15:85 v/v); flow rate: 1.2 ml/min. Peaks: 1 – adenine, 2 – 

hypoxanthine, 3 – xanthine, 4a,b – guanine, 5 – uric acid. 

4.5.2 Enzymatic hydrolysis of purines in food products 

To test the use of purine-degrading enzymes for food treatment, initial experiments 

were done using a mixture of purines containing adenine, guanine, xanthine, hypoxanthine 

and uric acid. The solution was treated with the enzyme mixture (0.1 U/ml adenine 

deaminase, guanine deaminase, xanthine oxidoreductase and urate oxidase with additional 

3 mg/ml NAD+ required for Axorp activity) and incubated for 2 h at 40 °C. Finally, the 

products of reaction were measured by HPLC (Figure 52). 

Analysis showed that concentration of each purine dropped from 27.8 to 0.7 mg/l for 

adenine, 147.3 to 17.4 mg/l for hypoxanthine, 192.1 to 11.1 mg/l for xanthine, 4.4 to 

0.0 mg/l for guanine and 65.7 to 1.5 mg/l for uric acid. The enzymes were working 

simultaneously; a product of one reaction was hydrolysed as a substrate by another enzyme. 

This experiment proved the functionality of the whole approach, which was then applied to 

reduce purines in real food products. 
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Figure 52 HPLC chromatogram of purine mixture before and after enzyme treatment registered at 260 nm. 

The mixture of adenine, guanine, xanthine, hypoxanthine and uric acid, each of 100 µg/ml, was treated with an 

enzyme mixture containing 0.1 U/ml adenine deaminase, guanine deaminase, xanthine oxidoreductase 

(+NAD
+
) and urate oxidase. Thick line – starting point, purine mixture components at time 0. Thin line – end 

point after 2 h incubation. Peaks: 1 – adenine, 2 – hypoxanthine, 3 – xanthine, 4a,b – guanine, 5 – uric acid.  

4.5.2.1 Beef broth 

In the next experiment, the purine degradation in beef extract was examined. The 

pure beef broth, however, had an unexpectedly low level of adenine, and had to be 

supplemented with 0.05 mg/ml adenine to test the assumptions. 

 

Figure 53 HPLC chromatogram of beef broth before and after enzyme treatment registered at 260 nm. Beef 

broth (50 mg/ml) and additional adenine (0.05 mg/ml) treated with 4.19 U of Aada6hp. Thick line – starting 

point, beef broth components before reaction. Thin line – end point, beef broth after 20 min incubation with 

adenine deaminase. Adenine peak (1) vanishes and hypoxanthine (2) peak appears when compared to the 

state before reaction. Other peaks: 3 - xanthine, 4a,b - guanine and 5 - uric acid. 

The spiked sample was treated with 4.19 U adenine deaminase for up to 20 min at 40 °C and 

measured by HPLC. Analysis showed that adenine concentration dropped immediately from 
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70.4 mg/l to 0.4 mg/l (Figure 53). Simultaneously, accumulation of the product, 

hypoxanthine, was observed (increasing from 30.4 to 83.7 mg/l). The concentration of other 

purines remained constant over the incubation period. 

4.5.2.2 Yeast extract 

Yeast extract was the next nutrient, which was treated in order to decrease its purine 

content. Xanthine oxidoreductase was examined as a potential additive in food for this 

purpose. The purified wild-type enzyme was used together with three already over 

expressed and characterized enzymes of the pathway (adenine deaminase, urate oxidase 

and guanine deaminase). 1 U of Axorp and 0.125 U of the rest of enzymes were mixed and 

added to the yeast extract. The samples were incubated at 40 °C for up to 240 min in 

presence of 4.5 mM NAD+ and analysed by HPLC.  

 

Figure 54 HPLC chromatogram of yeast extract before and after enzyme treatment registered at 260 nm. The 

yeast extract (0.2 g) was treated with an enzyme mixture containing 1 U of xanthine oxidoreductase (+NAD
+
) 

and 0.125 U of adenine deaminase, guanine deaminase and urate oxidase. Thick line – starting point, 

composition of yeast extract at time 0. Thin line – end point, yeast extract after 240 min incubation with 

enzymes. Adenine peak (1) disappears and both hypoxanthine (2) and xanthine (3) peaks diminished 

significantly. Uric acid (4) and guanine were barely detected. 

The test mixture was able to decrease adenine content from 198.58 to 5.0 mg/l, 

xanthine from 169.24 to 39.59 mg/l, hypoxanthine from 171.56 to 52.22 mg/l and uric acid 

from 7.04 to 0.0 mg/l. In this trial, guanine was not detected (Figure 54). This experiment is 

an example of gradual reduction of the purines and their products in food sample. 

Eventually, urate oxidase hydrolysed all accumulated by the other enzymes uric acid. 
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5 Discussion 

The prevalence gout caused by longstanding hyperuricemia is rising in the 

population. In majority of cases, it is a disorder of tubular urate secretion, whereas in the 

minority of patients it comes to overproduction of uric acid. Exogenous factors promoting 

excessive serum uric acid concentrations seem today to be of crucial importance for the 

manifestation of gout. Of particular importance are different environmental factors like 

obesity, purine-rich foods and alcohol, which are regarded as the decisive triggers. 

Current gout treatments have two targets: to control the inflammation using non-

steroidal anti-inflammatory drugs and to lower serum uric acid levels using xanthine 

oxidoreductase inhibitors and uricosurics. Despite various pharmacological options, a low 

purine diet is still the basis of every gout therapy. In this way, the disturbed balance between 

uric acid synthesis and excretion can be significantly influenced as one third of body urate 

comes from the dietary sources. Moreover, in contrast to drug therapy, diet and lifestyle 

modifications are safe and relatively inexpensive. 

Thus, the aim of this project was the development of an innovative approach to 

reduce the concentration of uric acid in the blood serum of patients with hyperuricemia and 

prevent the underlying cause of gout. This approach combines five enzymes (purine 

nucleoside phosphorylase, adenine deaminase, guanine deaminase, xanthine 

oxidoreductase and urate oxidase) in one product that is designed for treating food to 

reduce the purine concentration. 

In order to provide highly active enzymes in the competitive market, it is necessary to 

choose a right producer, which has already been successfully used in a biotechnology 

industry. Yeasts offer many advantages as hosts for the protein expression, because they are 

simple to cultivate on inexpensive growth media, easy to manipulate, safe and express 

correctly folded products with post-translational modifications. Moreover, yeast have been 

used efficiently for a long time on a large scale e.g. in the brewing and food industries. 

The Yeast Genetics Group at IPK Gatersleben focuses on the non-conventional, 

osmotic- and temperature-tolerant yeast A. adeninivorans. In 2009, Böer et al. introduced 

the Xplor®2 transformation/expression platform for high-expression of heterologous and 
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homologous genes in A. adeninivorans. This platform was used for expression of all five 

essential enzymes of purine degradation pathway and it allowed the protein production to 

become independent of the external purine inducers. 

At the beginning of the project, the influence of the culture conditions, the carbon 

sources and the effects on the metabolism of A. adeninivorans were investigated. Then, the 

proper genes were identified and isolated followed by protein expression. Enzymes obtained 

in this process were biochemically characterized to learn about their optimal working 

conditions and finally adenine deaminase and xanthine oxidoreductase were applied to 

lower adenine, xanthine and hypoxanthine content of purine-rich foods demonstrating the 

principle of this approach. 

5.1 Studies on the A. adeninivorans LS3 growth behaviour 

In this work, the growth behaviour of A. adeninivorans LS3 cells in various purine-

containing media as carbon or nitrogen source was studied. A division of the yeast cells 

grown on adenine, hypoxanthine and uric acid as sole N-source was expected to occur, as 

the presence of genes of purine degradation pathway was shown earlier by the sequence 

analysis. 

The experiments outcome indicated that A. adeninivorans possesses purine 

degrading enzymes, as the evident growth was observed in adenine culture and weak to 

very weak growth in hypoxanthine and uric acid cultures. The cells reached a stationary 

growth phase after 24 h of cultivation in every growth-supporting kind of C- and N-source.  

Growth of yeast on purines is a common occurrence. Out of 123 yeast species tested 

in 1970s, 108 could grow on adenine, 82 on hypoxanthine and 109 on uric acid. Most of 

these species grew also on xanthine, guanine and purine metabolites as allantoin and 

allantoate (Vogels & Van der Drift, 1976). Almost all fungi, e.g. S. pombe, A. nidulans, 

N. crassa, Penicilium chrysogenum, use purines as sole nitrogen but not carbon source 

(Reinert & Marzluf, 1975, Vogels & Van der Drift, 1976, Kinghorn, 1984, Scazzocchio, 1994); 

adenine was reported to support growth also as a carbon source of A. adeninivorans CBS 

8244, Arxula terrestris, Stephanoascus ciferrii and some yeast-like fungi (Middelhoven, et al., 

1985, 1989). The growth abilities on purines as sole carbon or nitrogen sources are also 

widespread in bacteria (Vogels & Van der Drift, 1976). 
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In A. adeninivorans LS3, adenine as sole nitrogen compound supports growth better 

than the nitrate in glucose limiting conditions (5 mM glucose). Adenine is considered a low 

energy substrate, but when all glucose is utilized, it serves also as a carbon source allowing 

the yeast to grow to higher optical densities than it does on sole nitrate. Moreover, adenine 

has five nitrogen atoms in its structure and that makes this purine a potential good nitrogen 

donor, however, it is not known how many nitrogen atoms are assimilated from one adenine 

molecule by A. adeninivorans. 

A. adeninivorans LS3 grows very poorly on hypoxanthine and uric acid, what is in 

contrast to another A. adeninivorans strain, CBS 8244 (Middelhoven, et al., 1991) and other 

yeast species mentioned above. This minimal growth could be a result of inhibited purine 

transport system. The known transporters constitute three basic families: nucleobase 

transporters, purine-related transporters and plant transporters (de Koning & Diallinas, 

2000). To date, only a few fungal transporters have been analysed, e.g. UapA, UapC and 

AzgA purine transporter of A. nidulans that are under a dual control by uric acid and 

ammonium (Cecchetto, et al., 2004). Thus, it is possible that A. adeninivorans LS3 requires 

modification of cultivation conditions, similarly to A. nidulans, to enhance hypoxanthine and 

uric acid incorporation into the cell. 

Microscopic pictures of yeast cells (Figure 8-10) cultivated with various C- and N-

sources revealed a formation of intracellular aggregates present in samples grown on 

adenine, hypoxanthine, uric acid and without a nitrogen compound. This effect was 

described by Middelhoven, et al. (1984) as “microbodies in the cell”. These microbodies 

were also observed in Trichosporon cutaneum and Candida famata by the same researcher 

in 1983. Presumably, these organelles are peroxisomes—the site of urate oxidase action, 

because their formation accompanies a urate oxidase induction. On the contrary, the last 

group of photographed cells grown in the optimal conditions, that is in the presence of 

glucose, created big organelles matching the shape and size of vacuoles. 

5.2 Adenine deaminase 

The enzymatic deamination of adenine has been observed in archea, bacteria, fungi 

and other lower eukaryotes. This reaction is an important step in the utilisation of adenine in 

many organisms like in yeast S. cerevisiae and fission yeast S. pombe (Nygaard, et al., 1996). 
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Adenine deaminase plays a role in utilisation of purine as N-source and in purine nucleotide 

interconversion in purine salvage pathway (Oestreicher, et al., 2008). So far, the regulation 

of this enzyme has not been thoroughly studied, except for the analysis of the nadA gene 

from the fungus A. nidulans that was a source of the first full data on regulation of gene 

expression (Oestreicher, et al., 2008). 

Many studies report that all purine-degrading enzymes (except of ureidoglycolase 

and urease) are inducible by purines or their metabolites (Scazzocchio & Darlington, 1968, 

Scazzocchio, 1994). Because A. adeninivorans can grow on adenine as sole carbon and 

nitrogen source, what is a rare property among other yeast, it was of interest to study the 

influence of various purines on the level of all purine degrading enzymes with special 

consideration for adenine deaminase and xanthine oxidoreductase. 

The study included a measurement of enzyme activity as well as a quantification of 

mRNA level (qPCR) of samples taken from induced yeast cultures. The results showed that 

the gene induction is triggered only by adenine (six-fold), hypoxanthine (ten-fold) and 

slightly by uric acid (two-fold). The real-time quantitative PCR experiment showed that the 

highest amount of mRNA develops two hours after shifting the cells to a medium containing 

purines. Another 4 h are needed to achieve a time point of maximal enzyme activity (6 h 

after the shift). Both experiments revealed that hypoxanthine is two-fold better inducer than 

adenine, whereas uric acid acted poorly and any influence on expression by using this 

inducer was detectable only by qPCR.  

Out of other organisms, E. coli adenine deaminase activity is greatly enhanced by 

adenine (Matsui, et al., 2001), but reverse effects of inducers were observed in A. nidulans 

and S. cerevisiae. The enzyme of the latter organism is not induced by adenine and its 

activity decreases sevenfold when cultivated on proline compared with ammonium (Deeley, 

1992). The more detailed study on A. nidulans adenine deaminase resulted in the 

identification of three independent induction signals: uric acid induction (five-fold) mediated 

by a UaY transcription factor, adenosine induction not mediated by the UaY and ammonium 

induction. Ammonium is a known purine catabolism repressor (Scazzocchio & Darlington, 

1968, Scazzocchio, 1994), however in A. nidulans it interacts with ammonium responsive 

GATA factor, which indirectly influences the start of transcription (Oestreicher, et al., 2008). 
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The last characteristic feature of the A. adeninivorans adenine deaminase is that the 

product (hypoxanthine) rather than the substrate (adenine) is the better effector for the 

induction. However, product induction (especially in the purine catabolism) has been 

reported in many organisms including most characterized A. nidulans, where all genes of this 

pathway are activated with uric acid (Scazzocchio & Darlington, 1968, Scazzocchio, 1994). 

The adenine deaminase gene contains 1065 bp and was identified by comparing 

A. adeninivorans LS3 genomic sequence with adenine deaminase amino acid sequences from 

other fungi. The comparison showed an identity between 52 and 55% with other adenine 

deaminase sequences available in the NCBI database. The analysis places this enzyme in an 

α/β barrel family and further in an Adenine deaminase Family 2, which comprises all fungal 

adenine deaminases. Family 2 has no evident sequence similarity to the bacterial Adenine 

deaminase Family 1, although these enzymes carry out the same function. On the other 

hand, fungal family 2 is closely related to prokaryotic and eukaryotic adenosine deaminases 

and the high similarity of their open reading frames resulted in a false annotation, 

depending on the sequence database, of more than 80% of adenine deaminases as 

adenosine deaminases (Schnoes, et al., 2009). Ribard et al. (2003) for the first time divided 

these enzymes into two families, corrected the wrong annotations and suggested that both 

groups have appeared two times in the course of evolution from different ancestors having 

the same α/β structure. 

Adenine deaminase of A. adeninivorans, despite of high sequence similarity to 

adenosine deaminases, could not be wrongly recognized as one of them out of one 

significant reason (apart of being assigned to family 2 by computer analysis): Aadap do not 

act on adenosine, although some other adenine deaminases do. 

The essential part of this thesis was generation of transgenic A. adeninivorans strain 

that produces very high amounts of enzyme. For this purpose, the isolated AADA gene was 

cloned into the Xplor®2 transformation/expression vector prior yeast transformation. The 

Xplor®2 system has been successfully applied for production of tannase, alcohol 

dehydrogenase and many other biotechnologically relevant enzymes (Böer, et al., 2005, 

2007, 2009, Kaur, et al., 2010, Giersberg, et al., 2012). The Xplor2 vector allows insertion of 

various expression modules such as different promoters and terminators. For expression of 
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adenine deaminase, the inducible nitrite reductase (AYNI1) promoter was chosen, because it 

allows better control over the cultivation process by separation the cell growth phase from 

the enzyme production phase. This feature is an advantage over constitutive promoters as 

TEF1.  

The adenine deaminase with His-tag at the C’-end was successfully expressed giving 

activity of 80 U/ml of crude extract when cultivated in optimal conditions. This is nearly 20 

times more than the LS3 wild-type strain under inducing conditions and 40 times more than 

the G1212/YIC102 control. This result can be ranked as the highest expression level ever 

achieved with the Xplor®2 transformation/expression platform (for comparison: Böer, et al., 

2009; Giersberg, et al., 2012). Moreover, it has shown that targeted integration by YRC 

cassettes to the rDNA repeats in the genome do not guarantee a higher expression. YIC 

cassettes (which the best transformant accounts to) integrate in the random position of the 

genome, what in this case had a positive effect on the production level. Another reason for 

such a high yield may be the fact that the expression was followed in the same organism the 

isolated gene comes from. Homologous expression has the advantage of providing stability 

and all structural requirements (e.g. cofactors) for the target protein. The Xplor2 vector 

offers also a possibility to insert up to three copies of the expression modules (promoter-

gene-terminator) to enhance productivity in the host cell, as shown by Giersberg, et al. 

(2012) with alcohol dehydrogenase. However, there is again no guarantee that such a multi-

copy transformant will yield more product than transformant carrying a single-copy. In many 

cases (e.g. urate oxidase by Trautwein-Schult, et al., 2013a; tannase by Böer, et al., 2009), 

higher copy number was not accompanied by an increase in the protein amount.  

A Southern-blot method provided some insight into the number of integrated 

cassette copies in the genome of the transformant G1212/YIC102-AADA6H-82. Two separate 

experiments with different DNA cleavages were performed resulting in two to three clear 

bands visualised on the membrane. One band comes from a wild-type gene, whereas any 

further band comes from an additionally inserted expression cassette. Thus, it has been 

shown that the G1212/YIC102-AADA6H-82 transformant possesses probably only two 

expression modules integrated into the genome. This finding indicates that a high copy (>3) 

integration does not always equals to a high yield, because only 1-2 copies located in optimal 

position can be enough to assure much higher productivity, as compared to seven copies of 
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a phytase gene in a nAES-Assay (Kaiser, 2011) or eight copies of α-amylase gene (Steinborn, 

et al., 2007), which did not led to the elevated protein production. It is possible that the cell 

blocks the production once the saturation with product is achieved; however, this 

phenomenon is not unambiguously explainable (Kaiser, 2011). After all, it was not a 

disadvantage that the best adenine deaminase transformant possesses “only” two copies of 

additional AADA gene. 

The purification of adenine deaminase from A. adeninivorans LS3 by a factor of 5.26 

with a yield of 2.7% was very low compared to reports from other researchers (the highest 

reported purification factor was 510 with 2% yield for enzyme of Pseudomonas synxantha) 

(Heppel, et al., 1956, Sakai & Jun, 1978, Matsui, et al., 2001). On the contrary, recombinant 

adenine deaminases from A. adeninivorans and E. coli with attached His-tags were easily 

purified to homogeneity with a yield of 2.8 mg and 82.5 mg out of 1 l culture respectively. 

This is the main reason, why the poorly purified, low concentrated wild-type enzyme was not 

used for biochemical characterization in this work. 

Adenine deaminases of both fungal and bacterial families possess different number 

of subunits that constitute proteins of molecular masses of 36 to 120 kDa. The members of 

bacterial family include proteins of 36-37 kDa of Pseudomonas aeruginosa and P. synxantha 

(Sakai & Jun, 1978, Goble, et al., 2011), 65 kDa of B. subtilis (Nygaard, et al., 1996) and 

120 kDa for homodimeric enzyme of E. coli (Matsui, et al., 2001). Fungal adenine deaminases 

are more homogeneous: S. cerevisiae - 39.6 kDa, S. pombe - 41.2 kDa (Pospisilova, et al., 

2008) and A. nidulans 40.8 kDa (Ribard, et al., 2003). The mass of A. adeninivorans enzyme 

estimated by gel filtration and electrophoresis in SDS-gel is about 40 kDa, what is in 

agreement with theoretical mass based on amino acid sequence (39.6 kDa). 

The adenine deaminase of A. adeninivorans (Aadap) has a pH optimum of 6.5, 

whereas the enzyme expressed in E. coli (Eadap) is most active at pH 7.0. However, the 

activity was measured in every 0.5 pH step, so the real values could be between 6.5 and 7.0. 

All examined adenine deaminases have pH optima of 6 – 8 and so here the division on fungal 

and bacterial family is not accentuated. The pH optima for Aadap and Eadap are relatively 

broad and this property is again common for all adenine deaminases (Heppel, et al., 1956, 

Kidder, et al., 1977, Sakai & Jun, 1978, Nygaard, et al., 1996, Pospisilova, et al., 2008). Both 
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enzymes remain stable for 24 h at 30 °C only in HEPES buffer in pH ranging from 7.5 to 8.5; 

no data exist about this feature for enzymes of other organisms. 

The highest activity of Aadap and Eadap was measured at 40 °C, what is slightly 

higher than in the other yeast, 30-37 °C (Pospisilova & Frebort, 2007, Pospisilova, et al., 

2008), although the bacterial enzymes were generally assayed between 40 and 60 °C (Sakai 

& Jun, 1978, Matsui, et al., 2001). The main difference between Aadap and Eadap is the 

temperature stability. Aadap is able to bear incubation at 40 °C twice as long as Eadap (loss 

of 35% versus 70% in 1 h at 40 °C) showing the advantage of the eukaryotic expression 

system over the bacterial one. However, these results are fair, when compared with the 

instability of the Candida utilis enzyme (loses 50% of activity in 10 min at 37 °C); on the other 

hand, Crithidia fasciculata possesses the most thermostable enzyme, which loses only 10% 

of activity after 60 min at 55 °C (Kidder & Nolan, 1979). 

Adenine deaminase has only one natural substrate, adenine, but the A. adeninivorans 

and E. coli enzymes can also hydrolyse 2,6-diaminopurine, 6-chloropurine and 2-amino-6-

bromopurine. Many other cyclic compounds have been described as substrates for adenine 

deaminase (Hartenstein & Fridovich, 1967). It was shown that this enzyme is capable of 

acting on N6-substituted adenine and guanine derivatives by displacing of iodo, chloro, and 

hydrazino groups (Abbondandolo, et al., 1971, Pospisilova, et al., 2008). The Michaelis 

constant is nearly the same for Aadap and Eadap for the hydrolysis of adenine (0.66 versus 

0.69 mM) and 2,6 diaminopurine (0.47 versus 0.55 mM). The two remaining substrates, 2-

amino-6-bromopurine and 6-chloropurine, failed to reach the enzyme saturation level 

needed in the kinetics study due to their limited water solubility. Out of this reason, the 

efficiency of the enzyme reaction could not be analysed thoroughly and the kinetic constants 

remained unknown. 2-amino-6-bromopurine and 6-chloropurine certainly affect the 

catalytic efficiency, as the Aadap and Eadap activities were slightly higher with them as with 

adenine, however, generally the enzyme characterization should be based on natural 

substrate assay, and only when enzyme is saturated. 

Metal ions are not essential for the Aadap and Eadap activity, as is in case of 

B. subtilis and E. coli enzymes, which require Mn2+ (Nygaard, et al., 1996, Matsui, et al., 

2001). In Azotobacter vinelandii, C. fasciculata and C. utilis, manganese ions caused partial or 
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complete inhibition, similarly to Aadap and Eadap (Heppel, et al., 1956, McElroy, 1963, 

Kidder, et al., 1977). The enzyme was not stimulated by any of the cations, and not inhibited 

by EDTA. Only 1,10-phenanthroline, a chelating agent, decreased its activity for about 30% 

suggesting a binding to a metal ion from adenine deaminase. But the enzyme could not be 

reactivated by any of the cations (results not presented), what occurred for with Zn2+-

dependent enzyme of P. synxantha (Sakai & Jun, 1978).  

The adenine deaminase of A. adeninivorans was analysed by sucrose density gradient 

centrifugation to define its localisation in a cell compartment. The Aadap activity was 

detected in the same fractions of the lowest sucrose density as a standard cytosolic marker. 

However, adenine deaminase activity is also present in fractions of a vacuolar marker. 

Analysis with the SOSUI algorithm showed no targeting sequence, so the Aadap presence in 

the vacuole could be caused due to overloading the cell with recombinant protein. However, 

there are reports of a secretory-independent transport of the proteins to the vacuole, as 

shown for S. cerevisiae α-mannosidase – a protein without the signal peptide found in 

vacuole (Yoshihisa & Anraku, 1990, Nakamura & Matsuoka, 1993). A starvation-induced 

autophagy or nutrient-induced autophagy can provoke the transport to this organelle, but 

the A. adeninivorans cultivation conditions do not induce the autophagy. In other organisms, 

as C. fasciculata, S. cerevisiae and S. pombe, enzymes were all found in the soluble phase of 

the cell (Jun & Sakai, 1985, Pospisilova, et al., 2008). The cytosolic localisation was 

determined in C. fasciculata by high-speed centrifugation experiment (Jun & Sakai, 1985) 

and more recently in a parasite Leishmania donovani by sucrose density gradient 

centrifugation and immunofluorescence studies (Boitz, et al., 2012). Based on experimental 

data and findings of other researchers it can be concluded that Aadap of A. adeninivorans is 

an intracellular enzyme localised in cytosol but further investigation using other methods is 

needed. 

5.3 Xanthine oxidoreductase 

Xanthine oxidoreductase is a highly conserved enzyme present in all kingdoms 

(Cultrone, et al., 2005). It plays a central role in the purine catabolism and is a producer of 

uric acid, the final metabolite of purine degradation in humans. 
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The xanthine oxidoreductase gene regulation was studied intensively in 

microorganisms such as A. nidulans and Klebsiella pneumoniae (Scazzocchio & Darlington, 

1968, Glatigny & Scazzocchio, 1995, Amrani, et al., 1999, de la Riva, et al., 2008). In 

A. adeninivorans, qRT-PCR experiments and activity tests showed a strong induction with 

hypoxanthine and weaker with adenine (up to two times less mRNA measured by qRT-PCR). 

Uric acid turned out to be a very weak inducer of xanthine oxidoreductase, although it was 

acting better than in case of adenine deaminase. A small shift in AXOR induction time was 

observed in qRT-PCR experiment when compared to AADA. Axorp is a second enzyme in the 

pathway, after adenine deaminase, and it is not surprising that its production is initiated 

around 1 h later (highest mRNA level after 2-3 h of induction). This shift was also observed 

by Trautwein-Schult, et al., (2013a) for urate oxidase (highest mRNA level after 4 h of 

induction). It was revealed that in A. adeninivorans both, adenine and hypoxanthine, 

influence the expression of every enzyme of purine utilisation pathway and obviously the 

induction of respective genes proceeds sequentially, starting with adenine and guanine 

deaminases and finishing with the final enzyme, urate oxidase (Trautwein-Schult, et al., 

2013a, 2013b). 

Xanthine oxidoreductase of other fungi, A. nidulans and N. crassa, was shown to be 

truly induced only by uric acid, similarly to other enzymes of the pathway (Scazzocchio & 

Darlington, 1968, Griffith & Garrett, 1988). Only two reports in bacteria, Klebsiella 

pneumoniae and Rhodobacter capsulatus, point to hypoxanthine as the signal molecule 

(Leimkühler, et al., 1998, de la Riva, et al., 2008) and once it was shown for a blowfly, 

Aldrichina grahami, that the enzyme in this organism is inducible by adenine and inosine 

(Higashino, et al., 1977). A detailed study on xanthine dehydrogenase inducers in A. nidulans 

revealed that uric acid not only induces the proper hxA gene, but also another gene, hxB, 

which turned out to code an essential sulphurase necessary for the molybdopterin cofactor 

modification (required to activate the enzyme) (Amrani, et al., 1999). Both inductions are 

mediated by UaY transcription factor (Glatigny & Scazzocchio, 1995). Similar complexity has 

been discovered in bacterium R. capsulatus comprising three genes, xdhA, xdhB and xdhC, in 

one operon. Here, all the genes are induced by xanthine and hypoxanthine, and play 

different roles in order to provide a functional enzyme (Leimkühler & Klipp, 1999b).  
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Ammonium has been shown to repress AXOR induction in A. adeninivorans. This 

effect of NH4
+ is common for purine degradation pathway. In the presence of ammonium, 

many systems responsible for use of alternative N-sources are inhibited (de la Riva, et al., 

2008). When A. adeninivorans cells were grown on both adenine and another N-source 

(ammonium or nitrate), adenine failed to fully induce Axorp activity. Moreover, in samples 

already induced with adenine, addition of NH4
+ or NO3

- stopped further enzyme synthesis. 

This observation indicates that the NH4
+ and NO3

- stop the induction but they have no 

influence on the already formed xanthine oxidoreductase. The action of NO3
- is weaker than 

NH4
+ and has not been detected in other fungi such as A. nidulans and N. crassa (Scazzocchio 

& Darlington, 1968, Lyon & Garrett, 1978). The mechanism of NH4
+ repression has been 

currently solved for A. nidulans: ammonium inactivates the UaY transcription factor, AzgA 

purine transporter and a GATA factor AreA responsible for the urate-xanthine transporter 

expression (Cecchetto, et al., 2004, Gournas, et al., 2011). A. adeninivorans possesses a gene 

cluster for nitrate assimilation and is able to reduce NO3
- to nitrite, then to ammonia (Böer, 

et al., 2009). This would lead to the observed nitrate repression, however the exact 

mechanism that triggers it in A. adeninivorans is not clear and further research is necessary. 

A 4218 bp-long coding sequence for xanthine oxidoreductase of 1405 amino acids 

was identified based on the comparison of amino acid sequences of fungal xanthine 

oxidoreductases. The fungal sequences share 53-58% identity with the A. adeninivorans 

xanthine oxidoreductase gene. The coding region of the A. adeninivorans enzyme has no 

introns; whereas some XOR genes possess one or more (e.g. A. nidulans hxA gene has three 

introns; Glatigny & Scazzocchio, 1995). 

Several attempts to express recombinant xanthine oxidoreductase in 

A. adeninivorans failed. Xplor®2 transformation/expression platform has been shown to 

express in A. adeninivorans various homologous and heterologous proteins using inducible 

AYNI1 or constitutive TEF1 promoter. The plasmids with AXOR gene were constructed from 

basic components several times to avoid any mistake in the final cassettes, moreover the 

gene with promoter and terminator regions were sequenced. The transformed cells were 

cultivated appropriately to the kind of promoter, and the enzymes were assayed in crude 

extract by a standard method. In none of the cultures an activity was detected and also no 

activation with various additives (divalent metal cations, DTT etc.; not presented in the 
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thesis) could be observed. To control the transformants for the presence of recombinant 

protein, purification on His-bind resin was performed, which was followed by Western blot 

and activity analysis; both turned out to be negative. Eventually, four transformants were 

tested by qRT-PCR method, which provided information that no gene transcription took 

place in the cells. 

These results raised a suspicion that the AXOR gene was wrongly identified or the 

gene sequence was not full. To confirm the gene functionality, a mutant lacking AXOR 

sequence was constructed. The adenine-induced Δaxor knockout mutant, G1224, lost 

activity towards xanthine and hypoxanthine reaching the activity level of non-induced 

control and indicating that the isolated gene is intact.  

The last experiment completed the mutant analysis and additionally provided 

interesting data concerning inducibility of the enzyme urate oxidase. It has been shown on 

other xanthine oxidoreductase mutants that transcription of urate oxidase gene is induced 

by the uric acid and not by the other purines (Scazzocchio, et al., 1973, Reinert & Marzluf, 

1975). Purines as adenine, xanthine, and hypoxanthine must be first converted to uric acid 

before they can act as inducer. Trautwein-Schult, et al., (2013a) reported the urate oxidase 

gene of A. adeninivorans to be inducible by adenine, hypoxanthine and uric acid, but the 

newer investigation on G1224 Δaxor mutants revealed a “true” inducer of this gene to be 

only uric acid. The higher urate oxidase activities measured after induction with adenine and 

hypoxanthine reported by Trautwein-Schult and also in this thesis were observed earlier by 

Reinert and Marzluf (1975) in N. crassa. This is because induction with uric acid leads to a 

rapid increase of ammonia pool, which results in the repression of enzyme synthesis. In 

contrast, adenine and hypoxanthine must first undergo degradation to uric acid before they 

can act as inducer. This process decreases the speed of urate oxidase induction and prevents 

fast ammonia accumulation eventually resulting in the higher activity with those inducers. 

The mutant analysis confirmed functionality of identified AXOR gene, but did not 

answer the question whether the isolated sequence contains the right start codon. 

According to actual gene size, its product should have a molecular mass of 153.3 kDa. A band 

of around 160 kDa was visualised by Coomassie on SDS-PAGE and then used for peptide 

mass fingerprinting by MALDI-TOF mass spectrometer. Peptides identified with this method 
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covered 23.6% of the relatively long AXOR sequence and missed the starting point 

containing methionine. Therefore, this analysis did not provide the needed information 

about the right start codon. 

The evidence for correctness of the AXOR gene sequence was obtained by N-terminal 

protein sequencing performed by the Metabion GmbH company. The protein analysis 

resulted in identification of six amino acids, which are consistent with the data derived from 

the AXOR DNA sequence. The isolated AXOR gene was correct. 

Because the AXOR sequence is correct, the gene expression in A. adeninivorans 

should be possible. The promoters used for cassettes construction are fully functional, as 

shown for adenine deaminase and other enzymes (Böer, et al., 2009, Giersberg, et al., 2012). 

The Axorp is naturally present in A. adeninivorans, so all enzymes and cofactors required for 

post-translational modification should be provided by the host cell in a sufficient amount. 

Xanthine oxidoreductase is not toxic and should be enough stable to detect its activity in 

A. adeninivorans cells. Despite those facts, the expression was not successful. It was not 

ruled out whether the recombinant Axorp needs other proteins for post-translational 

modifications but such cases are known from literature concerning enzyme from A. nidulans 

and R. capsulatus (Amrani, et al., 1999, Leimkühler & Klipp, 1999a, 1999b). 

A. nidulans xanthine dehydrogenase is encoded by hxA gene but needs a product of 

another gene, hxB, to become functional. HxB is a transsulphurase, which modifies the 

molybdopterin cofactor before its insertion to the inactive homodimer. HxB gene is not 

expressed constitutively; on the contrary, it requires induction with uric acid (Amrani, et al., 

1999). The purine transporters in A. nidulans, UapA, UapC and AzgA, also respond to purine 

induction (Amillis, et al., 2004), so as shown by Adams, et al., (2002), an additional inducer is 

always needed in the medium in order to express exogenous xanthine dehydrogenase in 

A. nidulans. This finding was applied for induction of A. adeninivorans and the transformants 

with constitutive TEF1 promoter were additionally induced with adenine, but in this case, no 

enzyme activation was observed. 

Xanthine oxidoreductase is dependent on the molybdopterin cofactor, where the 

molybdenum ion plays an essential role. There are microorganisms existing, which require 

selenium as a labile cofactor apart from molybdenum in the molybdopterin. This additional 
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metal cofactor must be added to the culture medium of Clostridium acidiurici, Clostridium 

cylindrosporum and Enterococcus faecalis (Wagner & Andreesen, 1979, Srivastava, et al., 

2011) prior expression. In another case, Leimkühler, et al., (1999) showed that excess of 

molybdenum in the medium of R. capsulatus defective in molybdenum cofactor biosynthesis 

can restore the xanthine oxidoreductase activity. These two facts imply that an additive in 

culturing medium could have a positive influence on the expressed enzyme and this idea is 

worth considering in the future work with xanthine oxidoreductase transformants of 

A. adeninivorans. 

Apart from the fact that the AXOR expression in A. adeninivorans failed, there is a 

number of reports about not satisfactory expression level of this enzyme in other organisms. 

The xanthine oxidoreductase preparations are often heterogeneous, mostly containing 

incompletely modified enzyme with only a small fractions of the active form (Adams, et al., 

2002). Only 10% of rat liver xanthine dehydrogenase was found to be functional after 

expression in insect cells using baculovirus. The remaining 90% consisted of monomeric and 

demolybdo-dimeric forms lacking Fe-S centres and molybdopterin (Nishino, et al., 2002). The 

same 10% of active enzyme was found in pure preparations of wild-type enzyme from 

D. melanogaster with the rest existing as inactive desulpho form (Hughes, et al., 1992). The 

D. melanogaster enzyme expressed in A. nidulans appeared to be 40% functional, however, 

not stable and with non-reproducible activity (Adams, et al., 2002). All these problems result 

from a high complexity of the enzyme, which requires many post-translational modifications 

including incorporation of the FAD, Fe-S clusters and molybdopterin into one molecule, all of 

this in the correct order (Adams, et al., 2002, Schumann, et al., 2008). Probably those were 

the reasons why the expression of Adap was not possible in E. coli, which is not equipped (as 

a prokaryote) with the full enzymatic machinery to carry out the essential post-translational 

modifications or molecular folding. There are no indications, why the homologous 

expression should not be accomplished in A. adeninivorans; therefore further study is 

needed to understand the processes of xanthine oxidoreductase regulation and assembly in 

this yeast species. 

Due to lack of recombinant xanthine oxidoreductase, the further work focused on 

characterisation of the wild-type enzyme. Xanthine oxidoreductase was purified 12-fold with 

a yield of 8%; large loses in every purification step were encountered. Electrophoresis of the 
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enzyme in SDS gel gave a molecular mass of about 160 kDa, whereas the gel filtration – 

about 360 kDa suggesting that the protein is a dimer. However, if the activity peak measured 

in fractions after gel filtration had shifted to the nearest left/right fraction, the calculated 

mass would have changed for +/- 50 kDa approaching the value of 310 or 410 kDa, where 

310 kDa is the theoretical mass of Axorp based on its sequence. The in-gel staining of non-

denatured enzyme preparation showed a band with a slightly bigger protein than 232 kDa, 

thus the estimate of 310 kDa is more probable. So the gel filtration made with the possessed 

equipment provides only a rough molecular mass estimate. Most eukaryotic xanthine 

oxidoreductases have a mass of around 300 kDa (Edwards, et al., 1977, Triplett, et al., 1982, 

Glatigny & Scazzocchio, 1995, Leimkühler, et al., 1998), whereas the bacterial enzymes are 

more diverse ranging from 125 kDa for Streptomyces cyanogenus (Ohe & Watanabe, 1979) 

to 580 kDa for Pseudomonas putida (Parschat, et al., 2001). 

The xanthine oxidoreductase of A. adeninivorans has a pH optimum of 8.5; other 

eukaryotic and prokaryotic xanthine oxidoreductases work best in pH 7.4 to 9.0 (Higashino, 

et al., 1977, Hesberg, et al., 2004, Schumann, et al., 2008). The Axorp remains most stable 

for 4 h at 30 °C in glycine-NaOH buffer at pH 8.5-9.0; other enzymes described in the 

literature were found to be stable at pH from 7.0 to 9.2 for several hours but at 4 °C. 

The highest activity of Axorp was measured at 43 °C and this is similar to that of 

xanthine oxidoreductases of chicken, Gallus gallus (Carro, et al., 2009). Again, bacterial 

enzymes work in a wider range of temperatures from 25 to 55 °C (Wagner, et al., 1984, 

Schumann, et al., 2008). Data on temperature stability after 1 h incubation show a relatively 

high activity of Axorp up to 50 °C, however, the enzyme preparation was not purified to 

homogeneity and other proteins could protect the enzyme in conditions of extreme pH or 

temperature. 

Xanthine oxidoreductase of A. adeninivorans has relatively broad substrate specificity 

and this feature is common for these enzymes. Axorp was shown to hydrolyse xanthine, 

hypoxanthine, pterine, purine and guanine. Many other substances were converted by 

enzymes from Streptomyces cyanogenus (Ohe & Watanabe, 1979), Arabidopsis thaliana 

(Hesberg, et al., 2004) or A. nidulans (Mehra & Coughlan, 1989) albeit at different rates and 

with low activities.  
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Xanthine oxidoreductases from different sources prefer different electron acceptors 

(Waud & Rajagopalan, 1976). The enzyme of A. adeninivorans is NAD-dependent, what 

implies that this xanthine oxidoreductase is in fact a xanthine dehydrogenase, which exhibits 

a weak residual oxidase activity detectable only by a sensitive in-gel activity staining. It is 

generally accepted that the xanthine oxidoreductase typically is present in vivo as an NAD-

dependent dehydrogenase (Pacher, et al., 2006) that can be converted to oxidase form by 

proteolysis or cysteine residues modification. No conversion was demonstrated for avian 

enzyme, as well as for R. capsulatus and A. nidulans (Mehra & Coughlan, 1989, Leimkühler, 

et al., 2003). 

The addition of metal ions to the Axorp reaction did not stimulate it; on the contrary, 

the activity was inhibited by Fe2+, Cd2+ and Zn2+. The complete loss of activity was observed 

with Cu2+, whereas only Mg2+ and Mo2+ of all tested substances had no effect on the enzyme. 

Metal-complexing agents such as EDTA and 1,10-phenanthroline inhibited Axorp by around 

10%. Inhibition of 20% was measured for enzyme from S. cyanogenus, but it was achieved 

with 10-fold higher concentration of those substances (Ohe & Watanabe, 1979). DTT, a 

reducing agent, decreased the Axorp activity for 33% probably by reducing necessary 

disulfide bonds between two enzyme subunits. Negative effect caused also adenine (loss of 

82% of activity) present in the reaction mixture containing xanthine. Xanthine 

oxidoreductase inactivation by adenine was observed for enzymes of other organisms such 

as N. crassa (Lyon & Garrett, 1978) R. capsulatus (Aretz, et al., 1981) and S. cyanogenus (Ohe 

& Watanabe, 1979) and it is possibly due to an irreversible occurrence in the molybdenum 

centre. The known xanthine oxidoreductase inhibitor, allopurinol, inactivated the enzyme in 

96% at concentration of 0.5 mM; a strong inhibition has been shown for every investigated 

xanthine oxidoreductase, as for enzyme of Pisum sativum, where allopurinol caused a 

complete inhibition at 0.1 mM (Sauer, et al., 2002). 

The kinetic studies have revealed that the Axorp has a slightly higher affinity for 

hypoxanthine than for xanthine and a lower affinity for purine. The turnover numbers, kcat, 

for individual substrate are unknown due to the fact that the Axorp was purified only 12-fold 

and the calculation of this constant is based on the assumption that the enzyme is highly 

purified; in this case such an assumption cannot be made. The mechanism of substrate 

conversion by A. adeninivorans xanthine oxidoreductase was shown to be sequential, what 
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means that both substrates (selected purine and NAD+) must bind to the enzyme before 

products will be released, in contrast to the ping-pong mechanism, where first the product 

of the first substrate must be released before the enzyme binds the second substrate. The 

sequential mechanism is often observed in the oxidation reactions involving NAD+; some 

xanthine oxidoreductases however can be characterized by ping-pong (D. melanogaster, 

Edwards, et al., 1977) or by rapid-equilibrium random hybrid ping-pong mechanism (chicken 

liver xanthine dehydrogenase, Coughlan & Rajagopalan, 1980). 

Xanthine oxidoreductase intracellular localisation in A. adeninivorans is unclear. The 

analysis using sucrose density gradient centrifugation revealed that the enzyme is present in 

fractions containing marker enzymes for cytoplasm and vacuole. Since the activities of 

protein markers are overlapping, the accurate Axorp localization was not possible, because 

some fractions contain more than one type of the organelle. The SOSUI algorithm did not 

detect any targeting signal in the protein sequence, so it is possible that Axorp is a 

cytoplasmic enzyme, as most of other xanthine oxidoreductases (Nguyen & Feierabend, 

1978, Coolbear, et al., 1981, Taibi, et al., 2008, Dietzel, et al., 2009, Werner & Witte, 2011). 

The second most popular localisation is a peroxisome, where the enzymes of fruit fly, pea 

and watermelon were detected (Werner & Witte, 2011). In general, it is probable that 

xanthine oxidoreductase is primarily a cytoplasmic protein associated with peroxisomes, as 

the next reaction in purine degradation pathway catalysed by urate oxidase takes place in 

peroxisome (Werner & Witte, 2011). 

5.4 Degradation of purines in food constituents 

The aim of the entire project was to combine five enzymes (purine nucleoside 

phosphorylase, adenine deaminase, guanine deaminase, xanthine oxidoreductase and urate 

oxidase) in one product that could be used to treat food. Food is a source of nucleic acids 

and purines, which in combination with endogenous purines lead to increase of uric acid 

concentration in blood (Löffler & Löffler, 2007, Burkard & Huth, 2010). A healthy human 

being can dispose of the urate excess, but in about 20% of population it comes to its 

accumulation, called hyperuricemia (Zhu, et al., 2011). Thus, reduction in purine content of 

food would be favourable to the patients and would contribute to a better control of the 

disease.  
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The purine degradation trial was performed on a solution containing adenine, 

guanine, xanthine, hypoxanthine and uric acid in equal amounts. A preparation containing 

adenine deaminase, xanthine oxidoreductase, guanine deaminase and urate oxidase (the 

last two provided by Trautwein-Schult, et al., 2013a, 2013b) was able to hydrolyse those 

purines to allantoin with satisfactory efficiency. Only xanthine and hypoxanthine were not 

fully degraded probably due to the fact that, in contrast to other enzymes, xanthine 

oxidoreductase catalyses two reactions and also have to convert an additional amount of 

xanthine and hypoxanthine, which come from adenine and guanine deaminase activity. This 

experiment showed that the enzymes are able to work simultaneously under the same 

conditions. 

Another test employed just the recombinant adenine deaminase and the examined 

product was a beef broth. The control HPLC analysis revealed an unexpectedly low level of 

adenine and beef broth had to be supplemented with pure adenine to test the enzyme 

action in this product. The true experiment showed that adenine was completely removed 

from the beef broth and the pool of hypoxanthine increased dramatically. 

Further test included all available enzymes (purine nucleoside phosphorylase was not 

available at that time point) and the tested subject was a purine-rich yeast extract. Yeast 

extract is a constituent of variety of processed food including chips, crackers, frozen meals. 

The purines present in this food component were hydrolysed gradually by the supplemented 

enzymes. This experiment showed a potential of these enzymes in reducing the amount of 

unwanted food components and provided evidence that supports the further development 

of the system. 

The present project introduces an unusual approach to decrease uric acid 

concentration in blood; nevertheless, it is not the first one dealing with this problem. Sakai 

and Jun described in 1978 an idea of using enzymes from P. synxantha for enzymatic 

hydrolysis of purines in foods. There were no more reports published, except the one 

mentioned above, which concerned a further development of this idea. An alternative 

approach was more recently presented by Chinese researchers (Cheng, et al., 2012). They 

have cloned Candida utilis urate oxidase gene into Lactobacillus bulgaria. Lactobacilus is an 

important bacterium of human intestinal tract and is used for yogurt fermentation. The 
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presented project aims in colonization of human gut with this genetically modified 

bacterium in order to metabolize uric acid. No further results beyond the enzyme expression 

have been shown yet. 

So far, this project is more advanced when compared to other projects on this topic 

described in the literature; nevertheless, it requires a further development. In order to 

increase the enzyme yield, a high cell density fermentation could be performed. Such a 

large-scale production with a high yield has been demonstrated for tannase by Böer, et al., 

(2011) expressed in A. adeninivorans. Furthermore, the further development could include 

an addition of a signal sequence targeting the intracellular enzymes to the outside of the 

cell. Handling of an enzyme secreted to the medium is more convenient and less expensive, 

however proteins targeted to the outside proceed through many compartments of 

endoplasmic reticulum and Golgi apparatus, where they are glycosylated. This process 

influences the protein tertiary structure and, in case of an enzyme, it can lead to its 

inactivation. 

Not without significance is the form of enzyme preparations. The pure proteins could 

supplement products with spices and hydrolyse purines during the food preparation process. 

A second possibility is to allow the enzymes to be consumed and then to act in the 

intestines. Different ways of application require special preparation processes like 

lyophilisation or immobilisation. The preparation process itself can cause a huge chemical 

and physical stress to the protein and can lead to large losses in activity. Of great importance 

is also the storage of final preparations and products to guarantee its quality.  

Thus, there is still a long way to go, before the approach to degrade purines in food 

will have a real application in lowering serum uric acid in hyperuricemic patients. 

Nevertheless, the first results are promising and the work on this subject will be continued. 
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11 Appendix 

-120   atgccaagtt ccgccggaaa ggctcgatag ccgaccgtta cgcggctgca ttcagggccc 

-60    atataaatac ctacagatat gccggaaaaa atttggtact tgatctaacg tttaagagag 

1      atgactgtag atgcatttac ccagttcctg tgcgacttgc caaagtgcga gcaccatgtg 
1       M  T  V  D   A  F  T   Q  F  L   C  D  L  P   K  C  E   H  H  V       

61     cacttggaag gaactttgag cccggagttg ttgttcaagc tcgccgagaa gaacggcatc 
21      H  L  E  G   T  L  S   P  E  L   L  F  K  L · A  E  K   N  G  I        

121    acccttccag aggattttcc tgcctctccc gaggctctgg acgaacggta ccagcgattc 
41      T  L  P  E   D  F  P   A  S  P   E  A  L  D   E  R  Y   Q  R  F        

181    actggcctgg acgactttct gcagttttac tacattggta tgaacgctct gatctctgag 
61      T  G  L  D   D  F  L   Q  F  Y   Y  I  G  M   N  A  L   I  S  E        

241    caggactttg aagatcttgc ctatgagtat tacgccaagt ccagctccga gggagttgtg  
81      Q  D  F  E   D  L  A   Y  E  Y   Y  A  K  S   S  S  E   G  V  V     

301    cacgccgagg tcttttttga tcctcaggcc cacactgacc gaggaattgc tttggagact  
101     H  A  E  V   F  F  D   P  Q  A   H  T  D  R   G  I  A   L  E  T       

361    gtagttaatg ggttcaacaa ggggctcaag cgtgccgaga ctgattttgg cgtgtccacc  
121     V  V  N  G   F  N  K   G  L  K   R  A  E  T   D  F  G   V  S  T      

421    aagctcatca tgtgtctgct tcgtcacctt cctgtggcct ccggtgttaa gactgttcat  
141     K  L  I  M   C  L  L   R  H  L   P  V  A  S   G  V  K   T  V  H      

481    gaagcaaagg acttcattga gtctggactc atttctggaa ttggtcttga ttcatccgaa  
161     E  A  K  D   F  I  E · S  G  L   I  S  G  I   G  L  D   S  S  E       

541    aagggccaaa accctggaaa attcaaggat atttatgatg ctgctaagag cttgggtgtt  
181     K  G  Q  N   P  G  K   F  K  D   I  Y  D  A   A  K  S   L  G  V       

601    gagactctcc gatacactgc ccatgctgga gaagaaggac ccgcccagta cgtggatgag  
201     E  T  L  R   Y  T  A   H  A  G   E  E  G  P   A  Q  Y   V  D  E       

661    gccctttctg ttctgggtgt agagagaatt gatcatggtg tcaactctgt tcacgaccct  
221     A  L  S  V   L  G  V   E  R  I   D  H  G  V   N  S  V   H  D  P       

721    catgtgctca agcgtttggc cgacaacaag gttctgttga cagtctgccc tctgtcaaac  
241     H  V  L  K   R  L  A   D  N  K   V  L  L  T   V  C  P   L  S  N        

781    ctcaagctcc gagttgtaga tgatgtggca aaggtccctc ttcgggagct actcgacgcc  
261     L  K  L  R   V  V  D   D  V  A   K  V  P  L   R  E  L   L  D  A        

841    ggagtgagat tcagtatcaa ctgtgatgac cccgcttact ttggaggtta ctgcttggac  
281     G  V  R  F   S  I  N   C  D  D   P  A  Y  F   G  G  Y   C  L  D      

901    aattacaagg cagttcagga aaagttcaag ttcgacgtcc ctacttggtg caccattgtt  
301     N  Y  K  A   V  Q  E   K  F  K   F  D  V  P   T  W  C   T  I  V       

961    gaaaatggta ttctgggaag ctggatctcc ctgtctcgac gagaagagct tttgaacaag  
321     E  N  G  I   L  G  S   W  I  S   L  S  R  R · E  E  L   L  N  K       

1021   ctagcccagg tgaaggaaaa gtaccaagat ctaaccccaa attagtctac caacctgtac 
341     L  A  Q  V   K  E  K   Y  Q  D   L  T  P  N   *  

1081   actatttaat tgtaccttaa tcttcaatca agctcctatc cctgacccca attcctacct  

 
Figure 55 Full-length genomic DNA sequence of AADA and deduced amino acid sequence of Aadap. The 

potential TATA box was made bold.  
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-120    gccggtggtt ctccacatcg tgctgataat agtataaaaa tctagtagag accagaaagc  

-60  tacgagaaat ccattaaact tgatctattc attcatctta taagctggta aacgtgcgac 

1       atggttgacc tgcaactcca tcagtcgctg ggtcaccata actttactaa taaactcacc 

         M  V  D  L   Q  L  H   Q  S  L   G  H  H  N   F  T  N   K  L  T 

61      ttttacgtca acggcgttaa gaggactatc agcaaccccg atccaagagg caccctcctg 

         F  Y  V  N   G  V  K   R  T  I   S  N  P  D   P  R  G   T  L  L 

121     gactttattc gtacacatga gggccttact ggaacgaagc taggatgctc tgagggagga 

         D  F  I  R   T  H  E   G  L  T   G  T  K  L   G  C  S   E  G  G 

181     tgcggtgcct gtaccgttgt ggttgcgtcg tgggaccgcg agcagggtga gatcatttac 

         C  G  A  C   T  V  V   V  A  S   W  D  R  E   Q  G  E   I  I  Y 

241     tctgctgtca attcgtgcat tgtgccgctg gtcgcggttg agggcaagca tctcattact 

         S  A  V  N   S  C  I   V  P  L   V  A  V  E   G  K  H   L  I  T 

301     gtagagggaa ttggctcgtc taacaatcct cacccggccc aggaacgtat tgctctgttc 

         V  E  G  I   G  S  S   N  N  P   H  P  A  Q   E  R  I   A  L  F 

361     catggatccc agtgtggctt ctgtactcca ggaattgtca tgtcactgta tgcgctgttg 

         H  G  S  Q   C  G  F   C  T  P   G  I  V  M   S  L  Y   A  L  L 

421     agaaacactg gcggccagcc ctcgaaggag cagatcgccg aatcttttga tggtaatctc 

         R  N  T  G   G  Q  P   S  K  E   Q  I  A  E   S  F  D   G  N  L 

481     tgcagatgca ctggttacaa gcctattatt gacgctgcta acactttttc ctgtggcaga 

         C  R  C  T   G  Y  K   P  I  I   D  A  A  N   T  F  S   C  G  R 

541     cccggtggtt gctgccgtga caatgccagt ggtaaggcca atggtgctgg tgctactgta 

         P  G  G  C   C  R  D   N  A  S   G  K  A  N   G  A  G   A  T  V 

601     ggcaatggta tggccaatgg tgctgccgcc gttgctaatg gcaatggtgc tgccgcaaat 

         G  N  G  M   A  N  G   A  A  A   V  A  N  G   N  G  A   A  A  N 

661     ggatgttgca agggcaatgg cgctgcaaat ggatgttgta agtctaatgg ctctgccgct 

         G  C  C  K   G  N  G   A  A  N   G  C  C  K   S  N  G   S  A  A 

721     actactgcca atggtgatga taaggaagtg gatatgaaca aattattcac acctaatggt 

         T  T  A  N   G  D  D   K  E  V   D  M  N  K   L  F  T   P  N  G 

781     ctgccactta aaccatactc tgcaaagact gagctcatct tccctcctgc tctcaagaaa 

         L  P  L  K   P  Y  S   A  K  T   E  L  I  F   P  P  A   L  K  K 

841     tatgagctca accccctatt ctttggaaat gagcaaaagg tgtggttccg ccccgtaaca 

         Y  E  L  N   P  L  F   F  G  N   E  Q  K  V   W  F  R   P  V  T 

901     aagcttcagc tgctgcaaat taagcatgcc taccctgaat ccaagattgt tggaggagct 

         K  L  Q  L   L  Q  I   K  H  A   Y  P  E  S   K  I  V   G  G  A 

961     tcggagattc aaattgagat caaaatgaag gctgcaaact ataacatttc cgtgtacgct 

         S  E  I  Q   I  E  I   K  M  K   A  A  N  Y   N  I  S   V  Y  A 

1021    aacgacattg aggagctcaa gacccacaag tacattccag gcaaaggact ggagtttggt 

         N  D  I  E   E  L  K   T  H  K   Y  I  P  G   K  G  L   E  F  G 

1081    gcaaacatct ccctgtcaaa gcttgaagag gtatgcgaca agctagtgca tgaactggat 

         A  N  I  S   L  S  K   L  E  E   V  C  D  K   L  V  H   E  L  D 

1141    cctaatgttt ctcaaattta cggtgctatt ctggaacaac taaagtactt tgctggacgc 

         P  N  V  S   Q  I  Y   G  A  I   L  E  Q  L   K  Y  F   A  G  R 
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1201    cagattcgta acgctgctac tcctgctgga aacattgcta ccgcatcccc aatttcagat 

         Q  I  R  N   A  A  T   P  A  G   N  I  A  T   A  S  P   I  S  D 

1261    ctcaacccag tcctggtagc tgctgaggcc gttcttaccg tcgaatccat tgaaaatgga 

         L  N  P  V   L  V  A   A  E  A   V  L  T  V   E  S  I   E  N  G 

1321    gaggagcaaa tctcaatgac tgacttcttt gtgggctacc gaaagacaaa gctccctgcc 

         E  E  Q  I   S  M  T   D  F  F   V  G  Y  R   K  T  K   L  P  A 

1381    catggcgtca ttacaaagat ctttgttcct gagacggtcc ctcgcaatga agtggtcatg 

         H  G  V  I   T  K  I   F  V  P   E  T  V  P   R  N  E   V  V  M 

1441    gcatacaagc aagctaagcg caaagatgat gacattgcca ttgtgactgc ctgccttcga 

         A  Y  K  Q   A  K  R   K  D  D   D  I  A  I   V  T  A   C  L  R 

1501    ctggccctcg atgatgattt ccgcatctcc aaggctcgtc tggcctacgg tggtgtagga 

         L  A  L  D   D  D  F   R  I  S   K  A  R  L   A  Y  G   G  V  G 

1561    ccttttacta ctgccgcaaa gggcactgct gaattcctca ctggcaagct gcttcgtcgc 

         P  F  T  T   A  A  K   G  T  A   E  F  L  T   G  K  L   L  R  R 

1621    gagactgcca aagaagtctt ggaaggtgcc attgactgcc ttatcaagga atttgatctc 

         E  T  A  K   E  V  L   E  G  A   I  D  C  L   I  K  E   F  D  L 

1681    ccttacagtg ttcctggagg catggctgcc taccgacgca cccttatcat gtccttcttc 

         P  Y  S  V   P  G  G   M  A  A   Y  R  R  T   L  I  M   S  F  F 

1741    tacaagttct acagcacggt ccttgaaaag attgggcttg ctggtgaagc acaagacaat 

         Y  K  F  Y   S  T  V   L  E  K   I  G  L  A   G  E  A   Q  D  N 

1801    tccgcactgg agaacacata tgaccctcag gctctgctgg aggtcaccag aaagcaccct 

         S  A  L  E   N  T  Y   D  P  Q   A  L  L  E   V  T  R   K  H  P 

1861    gtaggatcta gagatcttac aaacccctat gagcagcgca ttgtgggtaa gagcgatcct 

         V  G  S  R   D  L  T   N  P  Y   E  Q  R  I   V  G  K   S  D  P 

1921    catcttagtg cactcaagca ggtaacgggt gaggcagtct acattgacga tattccccct 

         H  L  S  A   L  K  Q   V  T  G   E  A  V  Y   I  D  D   I  P  P 

1981    tatcatggtg aatgcttcgg tgtacaggtc atgtctacca agcctcgtgc tcgcattctg 

         Y  H  G  E   C  F  G   V  Q  V   M  S  T  K   P  R  A   R  I  L 

2041    tctgtggatc cgtcaccagc acttgaagtg gagggtgtag ttggctacgt cgacgtcaat 

         S  V  D  P   S  P  A   L  E  V   E  G  V  V   G  Y  V   D  V  N 

2101    gatctgccct ctcgagaggc caacatctgg ggccccacgc ctgtgggtaa ggagcccttc 

         D  L  P  S   R  E  A   N  I  W   G  P  T  P   V  G  K   E  P  F 

2161    tttgctgatg gagaggtcta ctatgttggt caatgcattg gagtcatcat tgcaaccgat 

         F  A  D  G   E  V  Y   Y  V  G   Q  C  I  G   V  I  I   A  T  D 

2221    cgaatgatcg ctgaagaagc cgcccgtctg gtcaaggtag aatacgaaga gctggagact 

         R  M  I  A   E  E  A   A  R  L   V  K  V  E   Y  E  E   L  E  T 

2281    gtcatcacaa ttgaggaggc aattgaggcc cagtccttct ttgactacca gcccaaggcc 

         V  I  T  I   E  E  A   I  E  A   Q  S  F  F   D  Y  Q   P  K  A 

2341    gaaaagggag acgtggacgg cgcgtttgcc gaatcggcct atacctttga aggtaccagt 

         E  K  G  D   V  D  G   A  F  A   E  S  A  Y   T  F  E   G  T  S 

2401    cgcattggat ctcaagagca cttttacttg gagactcagg gatctttggt ggttccagag 

         R  I  G  S   Q  E  H   F  Y  L   E  T  Q  G   S  L  V   V  P  E 
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2461    cctgaggatg gcgaaatgaa ggtctactcg tccagtcaga accctactga gactcaggtg 

         P  E  D  G   E  M  K   V  Y  S   S  S  Q  N   P  T  E   T  Q  V 

2521    tttgttgccc aggccacggg agtgccctct tcgcgcattg tagcccgggt caagcgattg 

         F  V  A  Q   A  T  G   V  P  S   S  R  I  V   A  R  V   K  R  L 

2581    ggaggtggtt ttggtggtaa agagtcgcga tgctgtcacc tgtctagtat tgctgcagtg 

         G  G  G  F   G  G  K   E  S  R   C  C  H  L   S  S  I   A  A  V 

2641    gccgccaaaa agtacaagag accagtgagg atgattctgt ctcgaagcga ggatatgctt 

         A  A  K  K   Y  K  R   P  V  R   M  I  L  S   R  S  E   D  M  L 

2701    actgctggtc agcgccatcc atttgtaatg aagtggaagg tgggattgga caagaactac 

         T  A  G  Q   R  H  P   F  V  M   K  W  K  V   G  L  D   K  N  Y 

2761    aagttcaccg ccttggaagc taaactttac gccaacgcag gatggagtat ggatttgaca 

         K  F  T  A   L  E  A   K  L  Y   A  N  A  G   W  S  M   D  L  T 

2821    aagggagtga ttgagcgagc agtgcttcat gccgagaact gctacgattt ccctaatgcc 

         K  G  V  I   E  R  A   V  L  H   A  E  N  C   Y  D  F   P  N  A 

2881    cgtattcagg gtatcccctg tcgaacctcg gttgcgtcta acaccgcctt ccgaggattt 

         R  I  Q  G   I  P  C   R  T  S   V  A  S  N   T  A  F   R  G  F 

2941    ggaggtccac agggtatgtt tatggcggag tgctacattt atgagattgc tgatcagctg 

         G  G  P  Q   G  M  F   M  A  E   C  Y  I  Y   E  I  A   D  Q  L 

3001    ggcattgagc ctgatactct tcgagagatc aactatctgg tgcccggagt gtctagtaca 

         G  I  E  P   D  T  L   R  E  I   N  Y  L  V   P  G  V   S  S  T 

3061    ccattcaagc aggccatcac tgaggacttt actgttcccg acatggtcaa gcagatcaag 

         P  F  K  Q   A  I  T   E  D  F   T  V  P  D   M  V  K   Q  I  K 

3121    aaacagtcaa actatgatga cttgcgacga caggtagaag agttcaactc caagcacaag 

         K  Q  S  N   Y  D  D   L  R  R   Q  V  E  E   F  N  S   K  H  K 

3181    tggatcaagc gaggtctggc ccacgtgcct acaatgtttg gtatttcgtt tggtgccacc 

         W  I  K  R   G  L  A   H  V  P   T  M  F  G   I  S  F   G  A  T 

3241    tttttgaacc aggctggagc gctggtgcac atttaccatg atggatccat tctgttgact 

         F  L  N  Q   A  G  A   L  V  H   I  Y  H  D   G  S  I   L  L  T 

3301    cacggtggta cggagatggg ccagggattg catacaaaga tggccatggt gtgtgccgaa 

         H  G  G  T   E  M  G   Q  G  L   H  T  K  M   A  M  V   C  A  E 

3361    gagctcaagg tgccgctttc ccaagtgttc atctcggaaa cctctaccaa cactgttcct 

         E  L  K  V   P  L  S   Q  V  F   I  S  E  T   S  T  N   T  V  P 

3421    aacacatctg cgtcagcagc ttctgcgtcc agtgatctca atggaatggc cgtcaagcat 

         N  T  S  A   S  A  A   S  A  S   S  D  L  N   G  M  A   V  K  H 

3481    gcctgtgacc agcttaacga gcgattggcg ccctacagag agaggcttgg tgagaatgct 

         A  C  D  Q   L  N  E   R  L  A   P  Y  R  E   R  L  G   E  N  A 

3541    actatggagc agcttgctca tgctgcatac tttgaccgag ttaacctttc cgccaatgga 

         T  M  E  Q   L  A  H   A  A  Y   F  D  R  V   N  L  S   A  N  G 

3601    ttctacaaga cccccgacat tggctttgtg tggggagatc ctaatcccaa gcctgccttt 

         F  Y  K  T   P  D  I   G  F  V   W  G  D  P   N  P  K   P  A  F 

3661    ttctacttta ctcaaggatg tgccgtggct atggttgaag tgaacactct gactggagac 

         F  Y  F  T   Q  G  C   A  V  A   M  V  E  V   N  T  L   T  G  D 
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3721    tggagcaatc ttcgcaccga cattgtcatg gacattggtc gtcccatcaa ccaggcgatt 

         W  S  N  L   R  T  D   I  V  M   D  I  G  R   P  I  N   Q  A  I 

3781    gactatggtc agattgaggg agcatttgtg cagggtcagg gactatttac tattgaggag 

         D  Y  G  Q   I  E  G   A  F  V   Q  G  Q  G   L  F  T   I  E  E 

3841    tcgctgtggc tgcgcaatgg agccctgttc accaggggac ctggagcata caagatcccc 

         S  L  W  L   R  N  G   A  L  F   T  R  G  P   G  A  Y   K  I  P 

3901    ggattccggg acattcccca ggagtttaac gtgggccatc ttcgcgatcg tccgttcaag 

         G  F  R  D   I  P  Q   E  F  N   V  G  H  L   R  D  R   P  F  K 

3961    catctcaaga caattcaccg gtccaagggt attggcgagc ctcccttgtt cctggggtct 

         H  L  K  T   I  H  R   S  K  G   I  G  E  P   P  L  F   L  G  S 

4021    agtgtgttct ttgctattcg cgatgccctg tcgtatgctc gacgccagaa cctgggcgag 

         S  V  F  F   A  I  R   D  A  L   S  Y  A  R   R  Q  N   L  G  E 

4081    gcaaccatgc ctgcgggtct tgtagcaccc atgacgactg aacgaattcg aatgctggct 

         A  T  M  P   A  G  L   V  A  P   M  T  T  E   R  I  R   M  L  A 

4141    ggagacagct tgtacgagca caagggcaag attgagccca ctgaaggcga tgacaagcca 

         G  D  S  L   Y  E  H   K  G  K   I  E  P  T   E  G  D   D  K  P 

4201    ttctttgtca atgcctaatg gcatactgta attggctaca taacacaatc actattgcaa 

         F  F  V  N   A  *     

 
Figure 56 Full-length genomic DNA sequence of AXOR and deduced amino acid sequence of Axorp. The 

potential TATA box was made bold.  
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Figure 57 A physical map of the yeast expression vectors for Aada6hp and Axor6hp production used in this 

study. The final vectors contain yeast expression cassettes consisting of genes AADA or AXOR (orange), 

promoters AYNI1 or TEF1 with terminator PHO5 (green), ATRP1m gene with its own promoter ALEU2 (blue) as 

a selection marker, two 25S-rDNA fragments and E. coli elements necessary for vector propagation in the E. coli 

system (grey).  
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Figure 58 A physical map of pET-21a(+) vector. The map for pET-21b(+) is the same as pET-21a(+) (shown) with 

the following exception: pET-21b(+) is a 5442bp plasmid; subtract1bp from each site beyond BamHI at 198. 

 


