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LAYOUT OF THE THESIS 

The introduction of the thesis details the goal, main tasks and significance 

of the study. The result and discussion section was divided into four parts on 

the basis of publications (listed below) prepared during my PhD studies. 

Each part is a short overview of a relevant publication. The sequence of 

publications was arranged chronologically in order to keep a continuous 

storyline. Additional parts include: a list of abbreviations, conclusions, 

summary, references, copies of the publications and acknowledgement.  

 

 

List of publications: 

 

Publication I. Stankevičiūtė J, Vaitekūnas J, Petkevičius V, 

Gasparavičiūtė R, Tauraitė D, Meškys R. Oxyfunctionalization of pyridine 

derivatives using whole cells of Burkholderia sp. MAK1. Sci. Rep. 2016, 

6:39129.  

 

Publication II. Petkevičius V, Vaitekūnas J, Stankevičiūtė J, 

Gasparavičiūtė R, Meškys R. Catabolism of 2-hydroxypyridine by 

Burkholderia sp. strain MAK1: a 2-hydroxypyridine 5-monooxygenase 

encoded by hpdABCDE catalyzes the first step of biodegradation. Appl. 

Environ. Microbiol. 2018, 84, e00387-18.  

 

Publication III. Petkevičius V, Vaitekūnas J, Tauraitė D, Stankevičiūtė J, 

Šarlauskas J, Čėnas N, Meškys R. A biocatalytic synthesis of heteroaromatic 

N‐oxides by whole cells of Escherichia coli expressing the multicomponent, 

soluble di‐iron monooxygenase (SDIMO) PmlABCDEF. Adv. Synth. Catal. 

2019, 361, 2456-2465.  

 

Publication IV. Petkevičius V, Vaitekūnas J, Vaitkus D, Čėnas N, Meškys 

R. Tailoring a soluble diiron monooxygenase for  synthesis of aromatic 

N-oxides. Catalysts. 2019, 9(4), e356. 

 

  



7 

 

 

ABBREVIATIONS 

25DHP – 2,5-dihydroxypyridine 

2HP – 2-hydroxypyridine 

ArN–OX – aromatic N-oxides 

DCM – dichloromethane 

hpd – 2-hydroxypyridine degradation cluster 

HPLC-MS – high pressure liquid chromatography-mass spectroscopy 

m-CPBA – meta-chloroperoxybenzoic acid   

MSA – multi-sequence alignment 

NMR – nuclear magnetic resonance 

PML – phenol monooxygenase like protein 

SDIMO – soluble diiron monooxygenase 

THP – 2,3,6-trihydroxypyridine  
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INTRODUCTION 

Pyridine ring is perhaps the most recognizable structural motif 

among all of the natural N-heterocycles. It is a constituent of coenzymes and 

vitamins (nicotinamide, pyridoxal phosphate, niacin), and is found in various 

alkaloids such as, nicotine, mimosine, or trigonelline (Kaiser et, 1996). In 

addition, synthetic pyridines are extensively used in industrial chemistry. 

They are important precursors for the synthesis of numerous 

pharmaceuticals, dyes, pesticides and even explosives (Mfuh and Larionov, 

2015). Pyridine by itself is an indispensable solvent and reagent in many 

chemical processes. Pyridines are produced by the chemical industry as part 

of coal and shale oil production, pharmaceutical manufacture and 

agricultural activities (Padoley et al., 2007). Due to their heterocyclic nature, 

these compounds are easily transported through soil and contaminate 

groundwater (Kuhn and Suflita, 1989). In general, pyridine and its 

derivatives are toxic and are considered hazardous pollutants (Richards and 

Shieh, 1986). 

Surprisingly, for many bacteria those harmful compounds serve as 

the sole source of carbon and energy. Currently, a number of species from 

Pseudomonas, Ochrobactrum, Arthrobacter, Rhodococcus, Achromobacter, 

Nocardia, Alcaligenes and Burkholderia genera are known to utilize 

pyridine derivatives (Vaitekūnas et al., 2015; Zhang et al., 2019). 

Biodegradation pathways of compounds such as nicotine or nicotinic acid 

are well studied (Jiménez et al., 2008; Tang et al., 2012; Yu et al., 2015). 

Meanwhile the microbial degradation of alkyl-, cyano-, halogenated and, 

especially, hydroxypyridines is barely investigated. The proposed 

degradation pathways for hydroxypyridines are mostly based on indirect 

evidence rather than genetic or enzymatic data (Fetzner, 1998). Only a 

limited number of genes and/or enzymes have been identified (Vaitekūnas et 

al., 2015), while the key steps in the biodegradation of hydroxypyridines 

remain obscure. 

Usually, the first step in the aerobic biodegradation of xenobiotics 

and, apparently, of pyridine derivatives as well, is substrate hydroxylation 

(Fuchs et al., 2011). However, little is known about specific 

monooxygenases and dioxygenases involved in the assimilation of 

2-hydroxypyridine (Fetzner, 1998; Yao et al., 2013). It has been shown that 

one of the degradation pathways leads to the accumulation of 

2,3,6-trihydroxypyridine (Gupta and Shukla, 1975), an intermediate 
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frequently encountered in bacteria utilizing various pyridine derivatives 

(Kaiser et al., 1996; Fetzner, 1998). This trihydroxylic metabolite 

spontaneously forms a blue pigment (4,5,4',5'-tetrahydroxy-3,3'-

diazadiphenoquinone-2,2') which serves as a distinguishable phenotypic 

determinant of the catabolism of 2-hydroxypyridine (Kolenbrander and 

Weinberger, 1977). Nevertheless, a number of reports describing bacteria 

consuming 2-hydroxypyridine without the formation of a blue pigment (Cain 

et al., 1974) may be found in the literature, though the proposed 

2-hydroxypyridine oxidation to 2,5-dihydroxypyridine has been supported 

by neither genetic nor enzymatic data. The microbial degradation of pyridine 

has also been the subject of hot dispute since major steps of the proposed 

catabolic pathways have not been elaborated (Khasaeva et al., 2011). There 

are reports of monooxygenase-catalysed pyridine convertion to 

pyridine-1-oxide as a possible initiation step in the degradation of pyridine 

(Sun et al., 2014). However, N-oxidation reactions are uncommon in nature 

and there are only a few records about bacteria or enzymes capable of 

catalyzing this type of transformation (Ullrich et al., 2008; Mitsukura et al., 

2013; Zhao et al., 2016).  

From the chemical point of view, hydroxylation of pyridine derivatives is 

a challenging task. Due to the inductive effect of nitrogen, π electrons are 

shifted towards this atom, leaving the rest of the ring itself electron-deficient, 

and impassive for electrophilic substitution (Clayden et al., 2012). Therefore, 

the most common hydroxylation techniques that are based on electrophilic 

oxidizers and that serve well for benzene derivatives, are not suitable for 

pyridines (Eicher et al., 2013). On the other hand, a hydroxyl group can be 

introduced applying nucleophilic substitution, condensation and cyclization 

reactions (Hill, 2010). Nevertheless, typical methods feature harsh reaction 

conditions and usually are non-selective. The reactivity of pyridine ring 

vastly increases when various electron-donating substituents are present, 

thus N-heterocycles regularly undergo N-oxidation before the actual 

synthesis process takes place (Clayden et al., 2012; Eicher et al., 2013). 

Aromatic N-oxides are reactive towards both electrophilic and nucleophilic 

substitution while the modification itself is easily removable (Clayden et al., 

2012; Eicher et al., 2013). There are a lot of chemical methods to produce 

N-oxides (Larionov et al., 2014; Rozen et al., 2014) though most of them 

feature poor selectivity and employ hazardous oxidizers, hence, safer 

alternatives are required. 
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Nowadays, modern chemical synthesis faces more strict 

environmental regulations and, as a result, shifts toward so-called green 

chemistry, where biocatalytic methods play a key role (Badenhorst and 

Bornscheuer, 2018). Hence, the need for the new biocatalysts increases 

tremendously. Unexplored degradation pathways of pyridine derivatives 

likely hide unique enzymes with the potential for biotechnological 

applications. Keeping all that in mind, the aim of this work – to investigate 

pyridine-ring-attacking oxygenases, and to explore their application in the 

biocatalysis of N-heteroaromatic compounds.  

 

In order to achieve this aim, four main tasks were outlined: 

1) to investigate the biocatalytic potential of 2-hydroxypyridine-

degrading strain Burkholderia sp. MAK1; 

2) to determine Burkholderia sp. MAK1 genes that code for catabolic 

enzymes responsible for 2-hydroxypyridine degradation; 

3) to explore the biocatalytic capabilities of the unstudied oxygenases 

acting on N-heteroaromatic derivatives; 

4) to investigate options for improvement of isolated biocatalysts via 

directed evolution. 

Scientific novelty of the dissertation 

 

Burkholderia sp. MAK1 strain was previously isolated from soil 

contaminated with various organic compounds. Its distinguishable feature 

was the ability to use 2-hydroxypyridine (2HP) as the sole source of carbon 

and energy. Since pyridines are an uncommon substrate for Burkholderia, 

the corresponding biocatalysts for pyridine derivatives are unknown. 

Nevertheless, it was demonstrated that Burkholderia sp. MAK1cells 

pregrown in the presence of 2HP were able to hydroxylate C-5 position of a 

wide range of 2-amino- and 2-hydroxypyridines bearing methyl-, cyano-, 

halogens and other substituents. On the other hand, pyridine, pirazine and 

their alkylated derivatives were converted to N-oxides. As a result, 

Burkholderia sp. MAK1 whole cells emerged as a unique biocatalyst for 

oxyfunctionalization of pyridine derivatives.  

Isolation of the 2HP-degradation-deficient mutant Burkholderia sp. 

MAK1ΔP5, led to the identification of 2HP catabolism genes – the real 

culprit behind biocatalytic capabilities of Burkholderia sp. MAK1. For the 
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first time, the genes responsible for 2HP catabolism, during which the 

formation of a blue pigment is not observed, have been identified. The 

2-hydroxypyridine biodegradation (hpd) gene cluster is a 13-kb-long DNA 

fragment containing 12 open reading frames. The oxygenase-type of 

reactions were attributed both to hpdF-encoded 2,5-dihydroxypyridine 

(25DHP) 5,6-dioxygenase and multicomponent 2-hydroxypyridine 

5-monooxygenase, encoded by hpdABCDE gene cluster. The latter belongs 

to the family SDIMO comprised of soluble diiron monooxygenases. Since 

enzymes of this family have never been related to the biodegradation of 

N-heteroaromatic compounds, HpdABCDE monooxygenase stands out as an 

illustrious enzyme. Whole-cell transformations employing Burkholderia sp. 

MAK1ΔP5 strain were used to investigate the enzymatic activity of 

HpdABCDE. HPLC-MS analysis of the reaction end products provided 

evidence of HpdABCDE-catalysed 2HP conversion to 25DHP. Such 

enigmatic reaction has never been demonstrated at the enzymatic level to 

date. Overall, these findings allowed for proposing a new 2HP degradation 

pathway in bacteria. 

The discovery of HpdABCDE hinted that other SDIMOs may catalyse 

oxidation of N-heteroaromatics as well. Screening of the metagenomic 

library of various oxygenases allowed the identifiction of a new SDIMO 

enzyme capable of N-oxidation of pyridine derivatives. The sequence 

analysis revealed a gene cluster consisting of six open reading frames 

belonging to SDIMO group of phenol monooxygenases and it was 

designated as pmlABCDEF (phenol monooxygenase like protein). 

PmlABCDEF possesses an extraordinary substrate scope for N-aromatic 

compounds, which are converted to corresponding mono-N-oxides. Current 

biocatalytic synthesis of aromatic N-oxides is defined by a handful of limited 

approaches. In this context, the application of SDIMO enzyme allowed the 

introduction of PmlABCDEF-catalysed synthesis as a mild, regio- as well as 

chemoselective, efficient, and scalable method for the preparation of specific 

N-oxides. 

Since no SDIMO enzyme was shown to possess an N-oxidation 

capability so far, no improvements for this type of reaction via a directed 

evolution were possible. The potential hotspots for mutagenesis were 

deduced from the multi-sequence alignment of characterized SDIMOs and 

by analysing the structural model of PmlABCDEF catalytic subunit. 

Subsequently, six amino acids (I106, A113, G109, F181, F200 and F209) 

situated near the active center were chosen for mutagenesis. New enzyme 
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variants were selected applying a chromogenic screening method based on 

the formation of indigo-like pigments, as a result, total of 19 different 

mutants were selected.  The A113G variant possessed the most 

distinguishable N-oxidation capacity relative to wild type enzyme. The 

A113G mutant exhibited reshaped regioselectivity as well as the ability to 

produce dioxides and specific mono-N-oxides. Tailoring PmlABCDEF 

monooxygenase is a promising precedent exploiting further opportunities for 

biooxidation of N-heteroaromatic compounds by the SDIMO enzymes. 
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RESULTS AND DISCUSSION 

Burkholderia sp. MAK1 strain – a versatile biocatalyst for 

oxyfunctionalization of pyridine derivatives 

 

Various pyridine derivatives are widely used as starting material in 

diverse chemical syntheses and play an essential role as a scaffold in design 

of herbicides, pesticides, and drugs (Balzarini et al., 2005). The 

regioselective hydroxylation of pyridine ring by chemical reagents is quite a 

complicated transformation (Clayden et al., 2012), thus preparation of those 

compounds employing enzymes or whole cells is an attractive and 

environmentally friendly strategy to obtain the desired products (Turner et 

al., 2018). Successful applications such as biocatalytic synthesis of 

2,5-dihydroxypyridine utilizing 6-hydroxynicotinic acid 3-monooxygenase, 

production of 6-hydroxynicotinic acid employing whole cells of Serratia 

marcescens IF012648 and biotransformation of 3-cyanopyridine to 

3-cyano-6-hydroxypyridine with Comamonas testosteroni MCI2848 whole 

cells (industrialized process, Mitsubishi Chemicals) prompted the search for 

novel biocatalysts (Hurh et al., 1994; Yasuda et al., 1995; Nakano et al., 

1999). 

In this study, 2HP-degrading Burkholderia sp. MAK1 was 

investigated for its oxyfunctionalization capabilities. It was assumed that 

enzymes from the 2HP catabolic pathway could also transform structurally 

similar pyridine derivatives. Indeed, various 2-amino- and 

2-hydroxypyridines were converted into products whose molecular mass 

increased by 16 Da. Moreover, the maxima of UV spectra of those 

compounds shifted into a range of longer wavelengths by ~ 20–30 nm. 

Altogether, that was a clear indication of pyridine ring hydroxylation. In 

order to determine the regiospecificity of hydroxylation, the end products of 

conversions were isolated and submitted for 
1
H and 

13
C NMR analysis, 

which revealed that halogenated 2-aminopyridines were hydroxylated at C-5 

position (Publication I, Table 1). In the case of 2-hydroxpyridines, the 

outcome appeared to be the same – hydroxylation at C-5 (Publication I, 

Table 2). However, most of 2-hydroxypyridines as substrates were not 

sufficiently explored as only the consumption of a substrate was registered 

(Publication I, Figure 2 and 3, Panels a). Most likely, the emerging 

hydroxylation products were metabolized to opened-ring derivatives by 
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other enzymes of 2HP degradation pathway. After screening more than 100 

of N-heteroaromatic derivatives, some distinct patterns of product formation 

have emerged. Apparently, the preferred substrates for Burkholderia sp. 

MAK1 were 2-aminopyridine derivatives bearing hydroxy-, methoxy-, 

cyano-, amino- and halogen moieties at C-3, C-4 or/and C-6 positions 

(Publication I, Figure 4). Additionally, 2-hydroxypyridines comprised 

another large group of Burkholderia sp. MAK1 substrates. Preferable 

substrates were compounds with hydroxy-, methoxy-, cyano-, amino- and 

halogen substituents at C-3 and C-6 positions while most of the moieties at 

C-4 position seemed undesirable (Publication I, Figures 2 and 3). 

Burkholderia sp. MAK1 was also able to hydroxylate N-alkylpyridin-2-one 

derivatives (Publication I, Table 2). The specific features of substrates 

unrecognised by Burkholderia sp. MAK1 included two ortho-substituents, 

carboxylic acids and complex compounds possessing more than one-ring 

structure. 

Pyridine, pyrazine and their alkylated derivatives also fell into the 

substrate space of Burkholderia sp. MAK1. HPLC-MS analysis of the end 

products indicated the increase of molecular mass by 16 Da, as was with 

2-amino- and 2-hydroxypyridines. UV spectra of conversion products shifted 

into a range of shorter wavelengths by ~ 10–20 nm suggesting a different 

type of oxidation. The properties of pyridine conversion product were 

compared with those of all possible hydroxypyridine derivatives. The 

retention time, UV spectrum and ionisation profile matched those of 

analytical standard of pyridine-1-oxide. Various methylpyridines were also 

transformed to corresponding N-oxides with the exception of 

2,6-dimethylpyridine and 2,4,6-trimethylpyridine as they possess two 

o-substituents with respect to nitrogen, and this possibly hinders the attack 

(Publication I, Figure 5). Interestingly, conversion of pyrazine resulted in the 

formation of two products with molecular masses that were 16 Da and 32 Da 

higher than that of the parent compound. Those products were isolated 

separately, and NMR analysis identified them as pyrazine-1-oxide and 

pyrazine-1,4-dioxide. 

Overall, Burkholderia sp. MAK1 stands out as a functional 

biocatalyst for pyridine ring oxyfunctionalization. Compounds bearing polar 

group (-OH or -NH2) at C-2 position are hydroxylated regioselectively at 

C-5 position. Unsubstituted pyridine and pyrazine as well as their methylated 

derivatives are converted to corresponding N-oxides, making Burkholderia 
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sp. MAK1 a promising alternative for the preparation of various 

pyridine-5-ols and pyridine-N-oxides (Scheme 1). 

 
Scheme 1. Different approaches in oxyfunctionalization of compounds containing 

pyridine ring. Enzymatic methods are presented on the left, while relevant 

transformations by chemical reagents are shown on the right. Reactions catalysed by 

Burkholderia sp. MAK1 whole cells are given in red squares. 

 

Identification of 2-hydroxypyridine catabolic genes in 

Burkholderia sp. MAK1 

 

Since biotransformation capabilities of Burkholderia sp. MAK1 

were linked to 2HP catabolism, the identification of 2HP catabolic genes 

was carried out. There are several proposed pathways of 2HP degradation in 
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nature (Publication II, Figure 1). The most studied degradation pathways for 

2HP involve the formation of 2,3,6-trihydroxypyridine (THP) as 

intermediate (Stanislauskiene et al., 2012; Vaitekūnas et al., 2015). THP 

autooxidizes spontaneously to form a blue pigment (also known as nicotine 

blue), which is a distinct phenotypic feature (Kolenbrander and Weinberger, 

1977). However, a 2HP degradation pathway was reported, without the 

accumulation of a blue pigment (Cain et al., 1974). This pathway is less 

studied and only indirect evidence suggests the degradation through the 

formation of 25DHP, though the putative 2HP 5-monooxygenase has never 

been identified. Notably, Burkholderia sp. strain MAK1 assimilates 2HP 

without the formation of a blue pigment and transforms substituted 

2-hydroxypyridines to corresponding pyridine-5-ols. All the findings point to 

the unexplored 2HP degradation pathway potentially encompassing unique 

genes and enzymes.   

To identify 2HP catabolic genes in Burkholderia sp. MAK1, a 

random mutagenesis with plasposon pTnMod-OKm' (Dennis and Zylstra, 

1998) was used. This system incorporates kanamycin resistant cassette into 

host’s genome; a distortion of 2HP assimilation genes should yield 

kanamycin resistant Burkholderia sp. MAK1 mutant with a lost capacity for 

2HP degradation. To identify such a mutant, the chromogenic screening was 

used based on indigo pigment formation. Indole oxidation to this blue 

pigment was only present in 2HP-induced bacteria, thus it was linked to the 

activity of enzymes from the 2HP degradation pathway. In this manner, the 

proper mutant with no capacity to synthesize indigo dye and to degrade 2HP 

was isolated and designated Burkholderia sp. MAK1ΔP5 (Publication II, 

Figure 2).  

After sequencing kanamycin resistance cassette-flanking regions, the 

gene cluster (designated hpd) responsible for the degradation of 2HP in 

Burkholderia sp. MAK1 was identified. The hpd gene cluster is a 13-kb-long 

DNA fragment containing 12 open reading frames (Publication II, Table 1). 

Four genes (hpdF, hpdG, hpdH, and hpdI) show high sequence similarity to 

those encoding the catabolism of 25DHP (25DHP 5,6-dioxygenase, 

N-formylmaleamate deformylase, maleamate amidase, and maleate 

isomerase). The enzymes responsible for the degradation of 25DHP are 

found in nicotine- and nicotinate-degrading bacteria (Jiménez et al., 2008; 

Tang et al., 2012; Yu et al., 2015), though never been documented in 2HP 

degradation. The presence of aforementioned genes was a strong indication 

that, in Burkholderia sp. MAK1, 2HP is catabolized via the formation of 
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25DHP and that 2HP is being directly hydroxylated to form 25DHP. Three 

genes (hpdJ, hpdL, and hpdK) from the hpd locus appear to be indirectly 

involved in the biodegradation of 2HP and have been associated with 

transcription regulation, protein folding, and transport. The most intriguing 

was a five-gene cluster hpdABCDE (hpdA, hpdB, hpdC, hpdD, and hpdE) 

aparently coding for the hypothetical 2HP 5-monooxygenase. It was similar 

to the genes of soluble diiron monooxygenase (SDIMO) family. SDIMOs 

are multicomponent enzymatic systems usually found in 

xenobiotic-degrading microorganisms, where they often catalyze the first 

steps of phenol, toluene, xylene, methane, izoprene, etc., degradation (Leahy 

et al., 2003; Notomista et al., 2003). However, HpdABCDE seems to be a 

unique enzyme, as it shares only little sequence similarity with characterized 

homologous proteins, and encompases a different gene architecutre relative 

to other SDIMOs (Publication II, Figure 4). Notably, no SDIMO enzymes 

directly involved in the biodegradation of pyridine and its derivatives have 

been reported thus far. 

A further investigation was focused on proving the 2HP 

hydroxylation to 25DHP, presumably catalyzed by HpdABCDE, and the 

following ring opening of 25DHP potentially driven by HpdF. The 

overexpression of HpdF was successfully achieved in E. coli BL21 (DE3) 

cells. The whole cells as well as free-cell extract harbored 25DHP 

dioxygenase activity, which was inspected by monitoring reaction progress 

with UV-Vis spectrophotometer and HPLC-MS (Publication II, Figure 7). 

However, the biosynthesis of HpdABCDE monooxygenase was more 

difficult. Numerous cloning strategies were attempted and various protein 

expression techniques were tested, none of which resulted in the enzymatic 

activity of recombinant HpdABCDE in E. coli. Instead, Burkholderia sp. 

MAK1ΔP5 cells were considered as an alternative host for HpdABCDE 

expression. For this purpose a broad-host-range arabinose-inducible 

expression vector, pBAD-MCS-1, was created (Publication II, Figure 6, 

panel A). A plasmid pBAD-MCS-1 possessed a framework of pBBR1MCS 

plasmid vector (Kovach et al., 1995) along with PBAD promoter, araC 

regulator and terminator sequences instead of native Plac promoter elements. 

Next, hpdABCDE gene cluster was cloned into pBAD-MCS-1 vector, which 

was transferred to Burkholderia sp. MAK1ΔP5. These cells were grown in 

the presence of arabinose for recombinant protein biosynthesis (Publication 

II, Figure 6, panel B), and were used in the bioconversion experiments. 

Whole cells conversion of 2HP was inspected by recording UV spectra at 



19 

 

 

fixed time intervals. The time-dependent decline of 2HP absorbance at 290 

nm and the formation of a new compound with an absorbance peak at 320 

nm were observed (Publication II, Figure 7). HPLC-MS analysis revealed 

that a new UV spectrum belonged to the compound whose molecular mass 

was 16 Da higher than that of 2HP, a clear indication of monooxyganase 

activity. To evaluate the regioselectivity of the hydroxylation, a 

chromatogram of the conversion product was compared with that of 

dihydroxypyridine standards. The properties (retention time and absorbance 

spectrum) of the conversion product were found to exactly match 25DHP 

(Publication II, Figure 8). As a result, 2HP conversion to 25DHP catalyzed 

by HpdABCDE monooxygenase was confirmed.  

This study unraveled one of the most puzzling microbial 2HP 

degradation pathways as gene cluster hpd, containing all the necessary genes 

for 2HP assimilation, was identified (Scheme 2).  

 
Scheme 2. Proposed and elucidated pathways of aerobic 2HP biodegradation in 

bacteria. Colored arrows present genes and enzymes of Burkhoderia sp. MAK1 (a 

degradation pathway via 25DHP). Solid grey arrows represent enzymes of 

Rhodococcus sp. PY11 (a pathway via THP; Vaitekūnas et al., 2015). Solid black 

arrows depict other known catalysts (2,6-DHPH – 2,6-dihydroxypyridine 

3-hydroxylase from Arthrobacter nicotinovorans). Dashed arrows indicate putative 

transformations. 
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The elusive 2-hydroxypyridine 5-monooxygenase proved to be 

HpdABCDE, an enzyme of SDIMO family. Next step in the biodegradation 

was proven to be dioxygenolysis of 25DHP catalyzed by HpdF. After the 

ring opening, the degradation process possibly proceeds via the so-called 

maleamate pathway since all genes associated with this pathway have 

homologues in the hpd cluster.  

 

Exploring soluble diiron monooxygenases as novel biocatalysts for 

oxidation of N-heteroaromatic compounds  

 

Although HpdABCDE possessed exceptional biocatalytic capabilities for 

pyridine derivatives, its usage was limited by the current expression system. 

While Burkhoderia sp. MAK1 strain was a troublesome biocatalyst because 

of its poor productivity and growth features, attempts to express this 

monooxygenase in different E. coli strains or in hosts related to 

Burkholderia genus (Pseudomonas, Cupriavidus, Caballeronia) failed to 

produce an active enzyme. However, the discovery of HpdABCDE revealed 

that particular SDIMOs are able to catalyse oxidation of pyridine 

derivatives. Since especially desirable would be those functional in E. coli, 

DNA sequences of our laboratory collection of various oxygenases obtained 

from metagenomes were explored to search for an occurrence of SDIMOs. 

Seven clones were selected and initial experiments indicated that one clone 

(designated p577A) was capable of pyridine oxidation. After a plasmid was 

fully sequenced, a 4.5 kb gene cluster containing six open reading frames 

was identified. It showed high sequence homology with SDIMO group of 

phenol monooxygenases, and the closest BLAST hit (~80% overall a.a. 

sequence identity) was butylphenol monooxygenase from Pseudomonas 

putida. The gene cluster was designated pmlABCDEF (phenol 

monooxygenase like protein) and cloned into pET-28b plasmid (Publication 

III, Table 3) for further studies. 

Whole cells of E. coli bearing PmlABCDEF monooxygenase (from 

here on – PML monooxygenase) were used in the bioconversion 

experiments. As was the case with HpdABCDE monooxygenase, 

PML-catalysed pyridine oxidation product was identified as 

pyridine-1-oxide whereas methylpyridines and pyrazines were converted to 

corresponding N-oxides. However, unlike in HpdABCDE catalysed 
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reactions, most of 2-amino- and 2-hydroxypyridines were either poor 

substrates for PML or remained unaffected at all. Moreover, HPLC-MS and 

UV-Vis data suggested that 2-amino- and 2-hydroxypyridines undergo 

N-oxidation rather than ring hydroxylation. These initial results revealed 

PML as a potential biocatalyst for the synthesis of aromatic N-oxides 

(ArN─OX) exclusively. These compounds are extensively studied as 

promising anticancer, antibacterial, antihypertensive, antiparasitic, anti-HIV, 

anti-inflammatory, herbicidal, neuroprotective, precognitive, and auxiliary 

agents (Mfuh and Larionov, 2015). They are also used as protecting groups, 

oxidants, ligands, propellants, and explosives (Balzarini et al., 2005). 

Currently, the synthesis of ArN–OX is based on chemical methods 

(Sloboda-Rozner et al., 2004; Kokatha et al., 2011; Veerakumar et al., 2012; 

Larionov et al., 2014, Rozen et al., 2014), of which most are both unspecific 

and employ hazardous materials. There are only a few reports on biocatalytic 

synthesis for ArN─OX that all possess very limited applications (Ullrich et 

al., 2008; Mitsukura et al., 2013; Zhao et al., 2016), thus a new productive 

method is much needed. 

The elucidation of PML substrate scope was achieved by testing 98 

N-aromatic compounds, 70 of which were shown to be converted to some 

extent into products whose molecular mass increased by 16 Da (Publication 

III, Table 1). The derivatives of pyridine comprised a significant part of the 

examined compounds. Pyridines harbouring small aliphatic groups (methyl-, 

ethyl-) were fully converted by PML. Other favourable substrates for PML 

included those bearing hydroxymethyl, methoxy, chloro and cyano moieties, 

most of which were substrates for HpdABCDE as well. However, 

PML-catalysed conversions featured tenfold higher productivity than 

transformations with Burkholderia sp. MAK1 whole cells. PML also showed 

great preference for diazine compounds as pyrazine, pyrimidine, pyridazine 

and their derivatives were converted by various degrees into corresponding 

mono-N-oxides. A number of two-ring heterocycles also fell into the range 

of PML substrates. Unsubstituted compounds like quinoline, isoquinoline, 

quinoxaline, 1,5-naphtyridine, and quinazoline were transformed at high 

conversion yields. Their derivatives with one alicyclic ring or a methyl 

group also showed good reactivity. Two-ring substrates were not accepted 

by Burkholderia sp. MAK1. From all known biocatalysts, only Verticillium 

sp. GF39 cells (Mitsukura et al., 2013) were shown to utilize two-ring 

heterocycles. PML also catalysed N-oxidation of larger and more complex 

substrates, such as 4-(4-nitrobenzyl)pyridine, 4-(pyridin-4-ylsulfanyl) 
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pyridine, 3-(pyrrol-1-yl)pyridine, 4-(pyridin-4-yl)pyridine, 4-(1,3-oxazol-5-

yl)pyridine, and 2-phenylpyridine. Three-ring heterocycles (acridine, 

phenazine, norharmane, 4,7-phenantroline) were substrates for PML as well, 

though only minor amounts of possible N-oxides were detected. From the 

reported biocatalysts, only Lysobacter antibioticus (Zhao et al., 2016) 

catalysed the N-oxidation of three-ring N-heterocycles (phenazine). 

For the preparative-scale synthesis of N-oxides, 14 compounds 

(Publication III, Table 2) were selected. All of these N-heterocycles reflected 

the elucidated substrate range of PML, and some were difficult to synthesize 

by conventional methods. The chemical synthesis of mono-N-oxides from 

pyrazine derivatives is challenging, as dioxides may form as well (Kokatha 

et al., 2011; Veerakumar et al., 2012; Rozen et al., 2014). Usually, the side 

reactions are avoided by adding an equimolar amount of the oxidizing agent 

and conducting the reaction at low temperatures. However, in the case of 

PML, only monoxides were produced from 2,6-dimethylpyrazine, 

quinoxaline, and 5,6,7,8-tetrahydroquinoxaline, using PML as catalyst. 

Moreover, this method proved to be suitable for regioselective synthesis. 

Direct oxidation of 2,6-dimethylpyrazine and quinazoline by conventional 

chemical methods (m-CPBA, H2O2) would produce mixtures of different 

mono-N-oxides (Klein and Berkowitz, 1959; Kobayashi et al., 1974; 

Dickschat et al., 2005). However, PML driven catalysis yielded only single 

products, namely 3,5-dimethylpyrazine-1-oxide and quinazoline-3-oxide, 

respectively. For compounds containing reactive substituents, exposure to 

typical oxidizing agents may modify the substituent as well (Rozen et al., 

2014). PML-catalysed approach also was shown to be chemoselective, as 

2-hydroxymethylpyridine was converted to a single product 

(2-hydroxymethylpyridine-1-oxide) without the traces of possible 

pyridine-2-carbaldehyde or pyridine-2-carboxylic acid. Additionally, 

4-(pyridin-4-ylsulfanyl) pyridine was transformed to the corresponding 

mono-N-oxide, avoiding the formation of a sulfoxide. Finally, oxidation of 

4-(1,3-oxazol-5-yl)pyridine resulted in N-oxidation of the pyridine ring, 

while the attack on a substituent oxazole ring was not observed. 

This E. coli biocatalytic system was put to the test when the synthesis of 

pyrazine-1-oxide on a multi-gram scale in 1 L bioreactor was performed. 

Compared with the conversion in flasks, this technique increased the 

productivity tenfold, from 40.0 mg L
–1

h
–1

 to 480 mg L
–1

h
–1

. As a result, 

gram-scale synthesis of pyrazine-1-oxide was reached in a few hours. Hence, 

PML-catalysed N-oxidation in bioreactor should increase the productivity in 
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the case of other substrates as well, and this could be an attractive 'green' 

method in addition to existing chemical approaches. 

PML proved to be an exceptional biocatalyst for ArN–OX synthesis. 

It offered broad substrate specificity, favourable productivity, and an 

adaptable synthesis platform (Scheme 3), thus surpassing the scale of 

previous studies. The method described here also featured regio- and 

chemoselectivity, and as such has an advantage over typical synthesis of 

ArN–OX by chemical oxidizers. In fact, 4-(pyridin-4-ylsulfanyl)pyridine-1-

oxide and 4-(1,3-oxazol-5-yl)pyridine-1-oxide have not been previously 

prepared either by biocatalytic or chemical approaches. Moreover, further 

improvements of the biocatalyst are possible via a directed evolution of the 

PmlABCDEF oxygenase. 

 

 

 

Scheme 3. N-oxidation capabilities of Escherichia coli whole cells bearing PML 

monooxygenase. 
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Altering substrate specificity of PML  

 

 Over the last decades, SDIMO enzymes have emerged as a new 

class of oxidizing biocatalysts. Desirable catalytic features include broad 

substrate scope, favourable kinetics, possible stereo,- regio, and 

chemoselectivities (Notomista et al., 2011). Also, SDIMOs were improved 

via a directed evolution which resulted in the production of new enzymes 

with altered or unnatural catalytic properties (Chan Kwo Chion et al., 2005; 

Sönmez et al., 2014; Carlin et al., 2015). The extensive studies on SDIMO 

engineering also revealed potential hotspots for mutagenesis (Nichol et al., 

2015). However, PML as well as HpdABCDE from Burkholderia sp. MAK1 

have been studied for their oxidation capabilities on N-heteroaromatic 

compounds, something that was never shown for SDIMOs. The investigation 

of mutations that affect N-oxidation would contribute to both the field of 

SDIMO engineering and the biocatalysis in general. 

 The impact of mutagenesis on the PML-catalysed reactions was 

investigated. The possible hotspots for mutagenesis were deduced from the 

multi-sequence alignment (MSA) of characterized SDIMOs (Publication IV, 

Figure 1) and the structural model of PML (Publication IV, Figure 2). First, 

the goal was to engineer PML which would prefer bulkier and more complex 

substrates. Three phenylalanine residues (F181, F200, F209) situated near 

the diiron center in the 3D model were chosen, since previous reports 

indicated that amino acids in these positions have potential to change 

substrate specificity (Chan Kwo Chion et al., 2005; Notomista et al., 2009; 

Sönmez et al., 2014). Thus, F181, F200, and F209 underwent site-directed 

mutagenesis to alanine, with the expectation that enlarged active centre 

cavity would produce desirable mutants. Both single mutants (F181A, 

F200A, F209A) and double mutants (F181A/F200A, F181A/F209A, 

F200A/F209A) were obtained. However, only F200A and F209A variants 

showed N-oxidation capabilities, as the rest of mutants lost enzymatic 

activity completely. F200A and F209A mutants were tested towards a 

number of larger substrates (acridine, phenazine, 4,7-phenantroline, 

norharmane), nevertheless they did not possess enhanced N-oxidation 

capacity with bulkier substrates. Actually, these variants seemed to retain a 

substrate scope of the parental enzyme with some loss in efficiency of 

conversion (Publication IV, Table 1). 
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 Afterwards, other important amino acids surrounding the active 

centre were targeted. The selected hotspots were cross-checked with the 

literature, to assure their significance in substrate specificity. As a result, 

three residues in PML, namely I106, A113, and G109, were selected for 

saturation mutagenesis. I106 corresponds to the so-called substrate gate 

(Borodina et al., 2007) that permits the substrate to enter the active site; 

usually its component is an aliphatic hydrophobic amino acid. Other 

important hotspot in PML is A113 that is conserved in almost all analysed 

sequences of well-studied SDIMOs. This site was shown to be decisive in 

substrate orientation and binding (Tao et al., 2004; Carlin et al., 2015). 

Another hotspot features great variability among characterized SDIMOs, 

nevertheless modifications at this site were reported to strongly affect 

catalytic properties (Vardar and Wood, 2004; Fishman et al., 2005). The 

corresponding amino acid in PML monooxygenase is G109. 

 To select potentially improved/changed enzymes from the library of 

mutants, a convenient method was required. It has been already 

demonstrated (with HpdABCDE from Burkholderia sp. MAK1) that 

SDIMOs catalyse the transformation of indole to indigo pigment. Actually, 

enzymatic oxidation of indole results in a variety of pigments (indigo, 

indirubin, isoindigo) and colourful hydroxyindole derivatives (isatin, 6-

hydroxyindole, 7-hydroxyindole) (McClay et al., 2005). It was demonstrated 

that in certain SDIMOs, indole oxidation specificity could be altered by 

mutagenesis (McClay et al., 2005; Rui et al., 2005). The latter enabled the 

selection of distinct mutants on the base of diverse colour development. 

Thus, it was assumed that PML mutants with an altered oxidation 

regiospecificity of indole transformation may possess different N-oxidation 

patterns as well. A total of 19 differently coloured colonies were selected 

(Publication IV, Figure 3). Sequencing revealed that four new variants 

(I106A, I106C, I106E, I106N) from I106 library were produced, three 

(A113G, A113F, A113V) from A113 library and six (G109T, G109H, 

G109L, G109K, G109M, G109Q) from G109 library.  

 The catalytic properties of the isolated mutants were then 

investigated. The substrate scope was reduced to a number of compounds 

including various diazines and triazines to investigate the possibility of 

multiple N-oxidation, asymmetric compounds for potential regioselectivity 

shift, and some bulky derivatives that were barely oxidized by the wild type 

PML. From all tested mutants, the A113G variant exhibited the most 

distinctive catalytic properties (Publication IV, Figure 4). The A113G 
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variant transformed quinoxaline to a mixture of two products. One 

compound (molecular mass increased by 16 Da) was previously identified as 

quinoxaline-1-oxide (Publication III, Table 2). The other product (molecular 

mass increased by 32 Da) was separated and purified during this work. NMR 

as well as UV spectra of the compound matched those of 

quinoxaline-1,4-dioxide; di-N-oxides were not characteristic for the parental 

PML. A similar outcome was observed for 2,5-dimethylpyrazine, which was 

converted to a mixture of 2,5-dimethylpyrazine-1-oxide and  a new 

compound 2,5-dimethylpyrazine-1,4-dioxide. Moreover, A113G exhibited a 

substantial increase in the conversion efficiency for 2,3,5-trimethylpyrazine. 

The mutant was able to utilize almost completely (92% conversion) the latter 

compound, while conversion by the wild type enzyme barely reached 6%. 

The most distinct feature of the mutant A113G was the changed 

regioselectivity of N-oxidation. Quinazoline was oxidized to the compound 

with different retention time and UV spectra than quinazoline-3-oxide, a 

product produced by the parental PML. After isolation and NMR analysis, 

the product was confirmed as quinazoline-1-oxide, demonstrating a shift of 

oxygen attack from N3 to N1 position. 

 It appears that for PML, the molecular volume at the active site was 

a decisive factor determining the substrate specificity and enzymatic activity 

towards N-heteraromatic compounds. It is likely that large substituents 

(mutant A113F) supposedly occluded the hydrophobic pocket and as a 

result, the catalysis was severely obstructed. However, drastic attempts to 

expand the hydrophobic pocket (F181, F200 and F209 substituted to alanine) 

did not yield desirable modifications either. On the other hand, 

alanine-to-glycine substitution in the position 113 produced only minimal 

extra space, nevertheless it was crucial in accepting substrates not used by 

the wild type enzyme. Also, A113G mutation was shown to influence 

substrate binding and orientation, as quinazoline oxidation shifted from N3 

to N1 position, compared with the parental enzyme. Overall, the introduced 

chromogenic screening method has been shown to be effective, and may be 

applied for future studies (Scheme 4).  
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Scheme 4. SDIMO-based protein engineering strategy to obtain biocatalysts 

featuring altered N-oxidation capacity.  

 

 Although only several notable substitutions affecting N-oxidation 

have been identified so far, targeted SDIMO engineering is a promising 

platform for designing novel biocatalysts for oxyfunctionalization of 

N-heteroaromatic compounds. 

 

FUTURE DIRECTIONS 

The results presented in this study provide guidelines for future research 

(Scheme 5). The substrate scope of the studied biocatalyst is far from being 

complete. The future studies should focus on issues of regio- and 

chemoselectivity as well as the production of compounds of interest. On the 

other hand, substrates bearing functional groups that have not been 

investigated thus far, yet susceptible for oxidation, may serve as precursors 

for novel biocatalytic applications. Pyridinols and aromatic N-oxides are 

often used as intermediates in the chemical synthesis, thus oxygenase-driven 
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oxyfunctionalization of N-heterocycles could be used as a first step in 

semi-enzymatic or enzymatic cascade reactions. Pyridine ring biocatalysts 

also have a room for improvement via evolution in vitro. Although the 

side-directed as well as saturation mutagenesis produced a collection of new 

enzymes, they do not reflect the possible variety. A more complex 

engineering is also feasible. PML could be used as a scaffold for the 

construction of chimeric enzymes exhibiting novel properties (e. g. fusion of 

HpdABCDE catalytic centre with the elements of PML to build 

pyridinol-producing biocatalyst functional in E. coli). Further possible 

modifications include the reduction of the enzymatic system to a minimum 

number of subunits necessary for the catalytic activity, or a fusion of these 

proteins into a single polypeptide. If successful, such approaches would not 

only gain biotechnological value, but would also receive fundamental 

importance. Finally, PML bioconversion parameters as well as up-scale 

synthesis have the capacity for additional improvements (aqueous biphasic 

systems, different hosts as new producents, aeration flow, continuous 

substrate feeding or batch system, etc.) in order to increase the productivity. 

 

Scheme 5.  Possible applications of pyridine-ring-attacking oxygenases. 
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CONCLUSIONS 

1) Burkholderia sp. MAK1 whole cells are a novel biocatalyst for the 

oxyfunctionalization of pyridine derivatives. It produces a variety of 

2-hydroxy- and 2-aminopyridin-5-ols, and catalyses the formation of 

specific N-oxides from methylpyridines and methylpyrazines. 

 

2) 13 kb long hpd gene cluster encodes genes required for the 

degradation of 2-hydroxypyridine in Burkholderia sp. MAK1. 

 

3) Burkholderia sp. MAK1 assimilates 2-hydroxypyridine through the 

formation of 2,5-hydroxypyridine. This transformation is catalysed 

by a new type of soluble diiron monooxygenase HpdABCDE. 

 

4) Whole cells of Escherichia coli bearing soluble diiron 

monooxygenase PML represent a productive, scalable, regio- and 

chemoselective enzyme-based toolkit for the synthesis of aromatic 

N-oxides. 

 

5) Protein engineering of PML monooxygenase, together with 

chromogenic screening platform, is a promising new toolbox for 

designing unique SDIMO enzymes for biooxidation of 

N-heteroaromatic compounds. 
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SUMMARY/SANTRAUKA 

Piridino dariniai yra tiek plačiai gamtoje aptinkamos medžiagos 

(piridoksalio fosfatas, nikotinas, nikotinamidas), tiek svarbūs pirmtakai 

vaistų, dažų ir net sprogmenų cheminėje sintezėje. Šiuo metu žinoma gana 

didelė įvairovė mikroorganizmų, gebančių panaudoti piridino junginius kaip 

vienintelius anglies ir energijos šaltinius. Daugelio piridinų skaidyme kaip 

tarpiniai metabolitai susidaro hidroksipiridinai. Manoma, kad tokių junginių 

susidarymą dažniausiai katalizuoja įvarios piridino žiedą atakuoti gebančios 

oksigenazės. Tokie fermentai yra mažai ištirti, žinomi tik keli pavyzdžiai. 

Cheminiais reagentais įvesti hidroksigrupę į piridino žiedą nėra lengva 

užduotis. Dažnai reikalingos griežtos reakcijos sąlygos, naudojami toksiški ir 

pavojingi reagentai, neišvengiama nespecifinių produktų susidarymo, kartais 

sintezė vykdoma per keletą etapų. Šiuolaikinė cheminė sintezė vis daugiau 

remiasi biokataliziniais metodais, o pastariesiems būtini naujomis savybėmis 

pasižymintys fermentai. Iki šiol neištirti piridino darinių skaidymo keliai yra 

potencialus unikalių fermentų šaltinis. Visai tai ir suformulavo šio darbo 

tikslą – tirti piridino žiedą atakuojančias oksigenazes ir jų taikymą 

N-heteroaromatinių junginių biokatalizėje. 

Įgyvendinti išsikeltam tikslui suformuluoti keturi uždaviniai. 

1) Ištirti 2-hidroksipiridiną skaidančio Burkholderia sp. MAK1. 

kamieno biokatalizines savybes. 

2) Nustatyti genus, koduojančius 2-hidroksipiridino skaidymo 

fermentus, Burkholderia sp. MAK1 kamiene. 

3) Ištirti ir įvertinti naujų piridino žiedą atakuojančių oksigenazių 

biokatalizines savybes. 

4) Ištirti naujų oksigenazių tobulinimo galimybes pasitelkiant baltymų 

evoliuciją in vitro. 

Šio darbo tyrimų objektas – Burkholderia sp. MAK1 kamienas 

2-hidroksipiridiną (2HP) vartojančios kaip vienintelį anglies ir energijos 

šaltinį. Buvo pademontruota, kad 2HP indukuotos Burkholderia sp. MAK1 

ląstelės yra unikalus biokatalizatorius. Jos katalizavo įvairių 2-amino- ir 

2-hidroksipiridinų hidroksilinimą susidarant atitinkamiems piridin-5-oliams. 

Tuo tarpu piridinas, pirazinas ir jų metilinti dariniai buvo tranformuojami į 

N-oksidus. Buvo iškelta hipotezė, kad šiuos virsmus katalizuoja fermentai 

dalyvaujantys 2HP skaidyme. Katabolizmo genai buvo nustatyti sukūrus ir 
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atrinkus mutantą Burkholderia sp. MAK1ΔP5, kuris negalėjo skaidyti 2HP. 

Genų sankaupa hpd yra 13 kb ilgio DNR rajonas, koduojantis 12 genų. Trys 

genai (hpdG, hpdH, hpdI) priklauso maleamo rūgšties skaidymo keliui – 

dažnai pasitaikančiam piridinų metabolizme. Fermentai koduojami hpdJ, 

hpdL ir hpdK genų siejami su transkripcijos reguliacija, baltymų 

sulankstymu ir transportu. Buvo nustatytos ir potencialios oksigenazės 

dalyvaujančios 2HP skaidyme. HpdF yra 2,5-dihidroksipiridino (25DHP) 

5,6-dioksigenazė, kurios aktyvumas stebėtas biosintetinant ši fermentą 

E. coli bakterijose. Galimas 2HP virtimas į 25DHP buvo priskirtas 

daugiakomponentei tirpiai geležies monooksigenazei (SDIMO) 

HpdABCDE. Fermentinis aktyvumas parodytas sukūrus monooksigenazės 

raiškos sistemą Burkholderia sp. MAK1ΔP5 kamiene. Taip pirmą kartą buvo 

pademonstruota, kad SDIMO grupės fermentai gali dalyvauti 

N-heteroaromatinių junginių skaidyme.Tuo pačiu tai leido pasiūlyti naują 

2HP skaidymo kelią gamtoje.  

HpdABCDE monooksigezės atradimas leido daryti prielaidą, kad tarp 

SDIMO grupės fermentų galima atrasti naujų piridino žiedą atakuojančių 

monooksigenazių. Šių fermentų paieška vykdyta bioinformatiniais įrankiais 

tiriant ankstesnių tyrimų metu sukurtą laboratorijos oksigenazių kolekciją iš 

metagenominių bibliotekų. Pirminiai eksperimentai parodė, kad vienas 

klonas (p577A) gebėjo katalizuoti piridino oksidaciją iki N-oksido. Atlikus 

sekoskaitą paaiškėjo, kad tai SDIMO grupės fermentas, koduojamas šešių 

genų sankaupos, pavadinots pmlABCDEF. Perkėlus genus į baltymui 

biosinetezei skirtą plazmidinį vektorių pET-28b, pavyko gauti gausią tirpaus 

fermento PmlABCDEF (PML) raišką E. coli BL21 ląstelėse. PML 

pasižymėjo plačiu substratiniu aktyvumu, iš 98 tirtų įvarių N-heterociklinių 

junginių 70 buvo konvertuojami į produktus, kurių molekulinė masė 

padidėjo 16 Da. Tolimesnei analizei buvo pasirinkta 14 junginių, kurių 

produktai išgryninti ir atliktos 
1
H BMR ir 

13
C BMR analizės. Paaiškėjo, kad 

PML katalizuoja N-heterociklinių junginių oksidaciją iki specifinių mono-N-

oksidų ir pasižymėjo tam tikru regio- ir chemoselektyvumu. Atlikus 

pirazino-1-oksido sintezę 1L fermentatoriuje buvo pademonstruotas šio 

biokatalizinio metodo potencialas – gramų eilės produktyvumas pasiektas 

per kelias valandas. PML katalizuojama N-oksidų sintezė – naujas SDIMO 

fermentų biotechnologinis panaudojimas. 

Piridinų ir kitų N-heteroaromatinių junginių biooksidacija toliau buvo 

tiriama atliekant PML monooksigenazės evoliuciją in vitro. Potencialios 

aminorūgštys mutagenezei buvo parinktos lyginant PML seką su SDIMO 
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pavyzdžiais iš literatūros, taip pat pagal tretinės struktūros modelį. Tokiu 

būdu mutagenezei buvo parinktos šešios aminorūgštys (I106, A113, G109, 

F181, F200 ir F209) supančios aktyvųjį fermento centrą. PML mutantai 

buvo atrenkami pritaikius spalvinį, indolo oksidcija pagrįstą, metodą. Iš viso 

taip buvo atrinkti 19 skirtingo spalvinio profilio mutantų, kurie toliau buvo 

tiriami pagal gebėjimą oksiduoti N-heteroaromatinius junginius. Daugiausiai 

naujų katalizinių savybių, lyginant su laukinio tipo PML, įgavo A113G 

mutantas. Jis katalizavo dioksidų (chinoksalino-1,4-dioksido, 

2,5-dimetilpirazino-1,4-dioksido) ir tam tikrų monoksidų 

(2,3,5-trimetilpirazino-1-oksidas) susidarymą – laukinio tipo fermentas šių 

virsmų nekatalizavo. A113G mutantas taip pat pasižymėjo pakitusiu 

regioselektyvumu chinazolinui. Galutinis konversijos produktas buvo 

chinazolino-1-oksidas, kai laukinio tipo PML produkavo 

chinazolino-3-oksidą. Tokiu būdu pavyko parodyti, kad SDIMO fermentų 

pagrindu galima kurti naujus biokatalizatorius N-heteroaromatinių junginių 

biooksidacijai. 

Išvados: 

 

1) Burkholderia sp. MAK1 ląstelės yra naujo tipo biokatalizatorius piridino 

darinių biooksidacijai. Jos katalizuoja įvairių 2-hidroksi- ir 

2-aminopiridin-5-olių sintezę, o iš metil- piridinų ir pirazinų produkuoja 

atitinkamus N-oksidus. 

 

2) 13 kb ilgio hpd genų sankaupa koduoja genus, reikalingus 

2-hidroksipiridino skaidymui Burkholderia sp. MAK1 kamiene. 

 

3) Burkholderia sp. MAK1 kamienas 2-hidroksipiridiną skaido susidarant 

2,5-dihidroksipiridinui. Šią reakciją katalizuoja naujo tipo tirpi geležies 

monooksigenazė HpdABCDE. 

 

4) Escherichia coli ląstelės gaminančios tirpią geležies monooksigenazę 

PML yra naujas, švelniomis sąlygomis veikiantis, produktyvus, regio- ir 

chemoselektyvus biokatalizatorius aromatinių N-oksidų sintezei. 

 

5) Fermentų kūrimas tirpios geležies monoksigenazės PML pagrindu, 

panaudojant indolo oksidacija grįstą atrankos sistemą, yra naujas metodas 

kurti unikalių biokatalizinių savybių fermentus N-heteroaromatinių junginių 

sintezei. 
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