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9 Přílohy 
 
V této sekci jsou zařazeny tyto přílohy: 
 
Obrázek č. S1 (str. i) – Kalibrační křivka pro analytické stanovení kodeinu 
Obrázek č. S2 (str ii) – Inhibice růstu Agrobacterium sp.R89-1 morfinovými alkaloidy 
 
Příloha P1 (str. iii – iv) – Schematický protokol produkce, purifikace a charakterizace  

N-ethylmaleimid reduktázy z Raoultella sp. KDF8 
Příloha P2 (str. v – xxxiii) – Přípravná verze publikace charakterizující XdpB  

(v anglickém jazyce)  
Příloha P3 (str. xxxiv – xIiv) – Přípravná verze publikace charakterizující degradační potenciál 

mikroorganizmu Raoultella sp. KDF8 (v anglickém jazyce)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Obrázek č. S1 - Kalibrační křivka pro analytické stanovení kodeinu  
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Obr. č. S2 Inhibice růstu Agrobacterium sp.R89-1 morfinovými alkaloidy. Inhibiční vliv - 

Kodeinové-derivárty:  kontrolní vzorek,  14-OH-dihydrokodein,  dihydrokodein,  14-

OH-dihydrokodeinon,  dihydrokodeinon,  14-OH-kodein,  kodein,  14-OH-kodeinon, 

 kodeinon; Morfinové-deriváty:  kontrolní vzorek,  dihydromorfin,  14-OH-

dihydromofinon,  dihydromorfinon,  14-OH-morfin,  mofrin,  14-OH-morfinon,  

morfinon; Pro přehlednost obrázku jsou zobrazeny rozptylové křivky pouze pro první graf. 
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Příloha P1 – Schematický protokol produkce, purifikace a charakterizace 

N-ethylmaleimid reduktázy z Raoultella sp. KDF8 
 

Gen pro enzym N-ethylmaleimid reduktázu nemA byl amplifikován specifickými primery 
navrženými na gen z Raoultella ornithinolitica B6 z chromozomální DNA Raoultella sp. KDF8 
(High Pure PCR Template Preparation Kit (Roche):      
(šedě jsou zvýrazněna restrikční místa) 

Fwd NMr:  CTTAGCTCGAGTTATAACGTCGGGTAGTCGGTATAGCC 
Rev NMr:  TTACTGCATATGTCCGAATCAAAACTGTTTTCTCCAC 

 

Získaný DNA amplikon (cca 1200 bp) byl separován na agarozové elektroforéze a následně 
byl štěpen pomocí restrikčních endonukleáz NdeI a XhoI. Štěpení bylo prováděno přes noc 
při 37°C. Přečištěný konstrukt byl ligován do předem štěpeného vektoru pET28b (NdeI, XhoI). 
Ligační směsí byly transformovány buňky Escherichia coli XL-1. Pomocí PCR colony 
s univerzálními primery pETup2 a T7 terminator primer byly nalezeny kolonie s ligovaným 
genem pro OYE. Správnost sekvence byla ověřena pomocí sekvenace a je ukázána níže: 
 
> N-ethylmaleimid reduktáza z Raoultella sp. KDF8 

ATGTCCGAATCAAAACTGTTTTCTCCACTGAAAGTCGGTGCAATAACTGTACCTAACCGCGTATTTATGGCTCCGCTGACGCGTCTGCGCAGTA

TCGAACCCGGCGATATCCCGACGCCGTTAATGGCAGAGTACTATCGTCAACGTGCCAGCTCCGGACTGATCATCTCCGAAGCCACGCAGATTTC

CGCCCAGGCGAAAGGCTACGCCGGCGCGCCTGGTCTGCACAGCCCGGAACAGATCGCGGCATGGCAGAAAATTACCGCCGGGGCTCACGCTGAA

CATGGCCGTATCGCCGTGCAGCTGTGGCATACCGGTCGTATTTCCCACAACTCCCTGCAGCCCGGCGGCGAAGCGCCGGTTGCGCCTTCTGCTA

TCAGCGCGGGCACCCGAACCTCCCTGCGCGATGAGCATGGCCACGCTATTCGCGTCGACACCTCCATGCCGCGTGCGCTGGAGCTCGATGAAAT

CCCGGGGATCGTCGATGATTTCCGCCAGGCGGTCGGCAATGCCCGCGATGCCGGCTTTGACCTTGTAGAGCTGCACTCTGCGCATGGCTACCTG

CTACATCAGTTCCTGTCTCCTTCTTCCAACCACCGTACCGATCAATATGGCGGCAGCGTTGAAAACCGCGCGCGTCTGGTACTGGAAGTTGTCG

ATGCCGTCAGCAAAGAGTGGAGCGCCGATCGTATCGGGATCCGCGTGTCGCCAATCGGCAGTTTCCAGAATGTCGATAATGGCCCGAACGAAGA

AGCCGATGCGCTGTATCTGATTGAAGAACTCGCCAAACGCGGCATTGCCTATCTGCACATGTCCGAGCCGGACTGGGCCGGCGGCCAGCCGTAC

AGCGACGCATTCCGCCAAAAAGTGCGCGATCGCTTCCCGGGGGCGATTATCGGCGCCGGCGCCTATACGGTAGAAAAAGCCAACGATCTGATCG

GCAAAGGCTTAATTGATGCGGTCGCCTTCGGTCGTGACTATATCGCCAACCCCGATCTGGTCGCACGTCTGCAGCACAAGGCCGCGCTGAACCC

GCAGCGCCCTGAAAGCTTCTACGGCGGCGGTGCGGAAGGCTATACCGACTACCCGACGTTATAA 

 

Díky tomuto postupu vznikl nový plasmid pRao nesoucí celou sekvenci genu rozšířenou o N-
terminální hexahistidinovou kotvu. Z buněk Escherichia coli XL-1 nesoucích správný plasmid 
byla provedena izolace plazmidu a následně byly transformovány buňky E.coli BL21 (DE3). 
Tento kmen byl použit pro heterologní expresi. Tato exprese byla analogická postupu 
produkce proteinu XdpB s rozdílnou expresní teplotou – 16 °C.  
 
Protein byl purifikován z cytosolárního extraktu buněk pomocí niklové chelatační 
chromatografie a gelové chromatografie (Superdex 75 16 600). Elektroforeogramy popisující 
standardní purifikaci jsou ukázány na následujícím obrázku:  
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a) Elektroforeogram niklové chelatační chromatografie. M-označuje standard molekulových hmotností 
(Precision Plus Protein™ All Blue Prestained Protein, Bio-Rad); CE – cytosolární extrak, nanáška 10 μl; FT – 
nevázaná frakce na koloně, 10 μl; b) Chromatogram gelové chromatografie Superdex 75 16/600. 
c) Elektroforeogram frakcí s gelové chromatografie Superdex 75 16/600. 

 

Aktivita enzymu byla ověřena pomocí spektrofotometrického stanovení poklesu absorbance 
při 340 nm v reakční směsi obsahující 50 mM fosfátový pufr (pH 8,0) a substráty NADH 
(0,3 mM) a kodeinon (1 mM). Stanovení probíhalo za termostatovaných podmínek na 25 °C. 
Za těchto podmínek vykazuje enzym aktivitu 12 U.mg-1 (odpovídajících μmol min−1 mg−1).  
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Příloha P2 – Přípravná verze publikace charakterizující XdpB (v anglickém 

jazyce) 
 
Tato publikace detailně popisuje produkci, purifikaci enzymu XdpB a jeho vlastnosti na základě 
biochemických, biofyzikálních a genomických metod. V této přípravné verzi publikace jsou pro 
čtenáře dostupné informace nutné pro hlubší porozumění regulace proteinu XdpB použité v této 
diplomové práci. Z důvodu zřetelného odlišení této přílohy od ostatních částí diplomové práce není 
dodrženo doporučené formátování a je využito odlišné typografické úpravy textu. 
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Abstract  

The crystal structure of the apo form of glycerol trinitrate reductase from Agrobacterium sp. 

R89-1 (XdpB) determined at 2.1 Å resolution revealed the TIM barrel fold with the N-

terminal β-hairpin lid, similarly to the related bacterial Old Yellow enzymes (OYE). The 

active and FMN binding sites of XdpB do not contain natural cofactor FMN but a C-terminal 

oligopeptide from a symmetry related XdpB. Our bioinformatic analysis indicated that a 

similar autoinhibition can be expected in a subgroup of OYE designated as OYE C1. This 

subgroup of predominantly monomeric proteins bears a strictly conserved sequence GxxDYP 

in its C terminus, is widespread among Gramm negative bacteria and have in common the 

mechanism of autogenic blocking. By employing experimental and bioinformatic approaches 

we found that proteins of the OYE C1 family are frequently coded together with other? 

oxidoreductases in one operon that is under the control of tetR-like transcriptional regulator. 

This OYE genomic organization and regulation is most frequent in Proteobacteria. When 

bacteria are exposed to oxidative stress, there is no upregulation of XdpB. We therefore 

hypothesize that the members of OYE C1 subgroup are not directly involved in oxidative 

stress response. 

 

Introduction 

The Old Yellow Enzyme family members (OYEs) are NAD(P)H dehydrogenases containing 

noncovalently bound FMN. These enzymes have been reported in bacteria, yeasts, fungi, 

plants and rarely in animals. There are two major reasons why researchers have focused on 

this protein family: firstly, OYEs exhibit ene-reductase activity that allows an effective, 

asymmetric hydrogenation of double bond (α,β-unsaturated) with high selectivity and reaction 
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yield [1] and/or nitro-reductase activity useful for bioremediation applications [2]. The 

potential for industrial applications is therefore evident. Secondly, a physiological role of 

OYEs has not yet been explained and understood. Although the first OYE was isolated as the 

first flavoprotein in 1932 by Warburg, a limited number of physiologic substrates known for 

OYEs, e.g., 12-oxophytodienoate (jasmonate biosynthesis)[3]. It is expected that OYEs take 

part in reductive degradation of xenobiotics, metabolic products of lipid peroxidation in a cell 

under oxidative stress [4], or in yeast apoptotic processes [5]. In the parasite Trypanosoma 

cruzi (Chaga´s disease), the TcOYE catalyzes the reduction of Nifurtimox and other 

trypanocidal drugs. Research into transformation of these pharmaceuticals by OYE is, thus, 

crucial for development of novel, potent drugs. Another example of OYE catalysis is a single-

electron reduction of menadione, performed by TcOYE [6] or catabolism of acrolein by 

OYE2 of S. cerevisiae connected with reduction of compound toxicity. The chromosome of 

Escherichia coli K-12 bears also the gene encoding OYE homologue NemA, an N-

ethylmaleimide reductase, which blocks formation of toxic products via modification of 

cysteine residues [7]. All cited enzymatic reactions suggest catalytic variety of OYE 

homologues [8]. 

The OYE was found to participate also in a morphine alkaloid biodegradation pathway in the 

strain Pseudomonas putida M10. The second step of the pathway, a morphinone reduction, is 

catalyzed by the morphinone reductase MorB (MR) belonging to OYEs [9]. Kyslíková et al. 

reported a hydroxylation of the codeine at C-14 by the strain Agrobacterium sp. R89-1 

(previously classified as Rhizobium radiobacter R89-1, CCM 7949). Moreover, other 

biotransformations of the codeine were detected suggesting the presence of both metabolic 

steps of morphine catabolism [10]. In the follow-up study, the enzyme designated as the 

XdpB with MR activity and catalyzing hydrogenation of the codeinone C7-C8 double bond 

was identified in the genome of the strain R89-1 [11]. 

OYE’s 3D structures are characterized by closed, central β-barrel, which ranks them into TIM 

barrel fold. The N-terminus of OYEs forms a typical beta-hairpin lid and loops involved in 

substrate and cofactor binding sites which are connected with the central β-barrel. The closest 

homologue to XdpB with known structure is a glycerol trinitrate reductase (GTN) NerA from 

Agrobacterium radiobacter [12] with 371 amino acid residues (UniProt O31246; identity of 

56% and positivity of 71% with XdpB). The next close homologue (51% and 63%) is a 

morphinone reductase MorB, which has been identified for the first time as the enzyme 

catalyzing reduction of morphinone. However, the MorB differs from the GTN by being a 

homodimer.  

The unknown function of XdpB prompted our interest in determining its 3D structure, which 

we report here. Its bioinformatic analysis led to a discovery of interesting genome 

organization of its regulatory region.  

 

Methods  

Media and culture conditions. Cultures of bacteria were grown in LB medium (1.0% 

tryptone, 0.5% yeast extract, 1.0% sodium chloride; pH 7.0 adjusted before sterilization) or in 

expression LB medium supplemented with trace elements - LBTE (TE: MgSO4.7H2O 200 
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mg.l
-1

, CaCl2.2H2O 50 mg.l
-1

 and FeSO4.7H2O 10 mg.l
-1

). Expression cultures were grown in 

1 L Erlenmeyer flasks with 200 ml of LBTE medium in Max Q 4000 shaker, Barnstead, Lab-

Line (250 rpm, 30°C). At OD600 of 0.4 – 0.6, the cultivation temperature was lowered to 

16°C (the host BL21(DE3)) or 10°C (the host ArcticExpress (DE3)), heterologous expression 

was induced by 1 mM IPTG and growth continued for 16 h (BL21(DE3)) or 24 h 

(ArcticExpress (DE3)). Strain BL21 (DE3) bearing Takara Chaperone Plasmid Set (Takara) 

were used according to the manufacturer´s manual. 

 

Construction of expression systems.  

The chromosomal DNA was isolated from over night culture of Agrobacterium sp. R89-1 by 

High Pure PCR Template Preparation Kit (Roche). The genes were cloned by standard pET 

based workflow. All primers are listed in table XX. Genes were amplified by PCR reaction 

with the primer pair, the specific product was separated by electrophoresis, double-cut by 

corresponding restriction enzymes, purified (QIAquick®) and ligated by T4 DNA ligase 

(NEB) into precleaved vector. The ligation mixture was used to transform deep-frozen 

competent cells of E. coli XL1 Blue
*
 and the culture was plated on LB agar supplemented 

with kanamycin. This procedure leads to a new plasmids which sequences were verified by 

sequencing. This procedure was used to produce plasmids bearing XdpB, XdpA and XdpR 

variants with His tag on C (pET26b) or N (pET28b) terminal and tag-free proteins. The 

plasmid from a single colony isolate, bearing the required and verified fragment was isolated 

by means of QIAprep® Miniprep Kit and used to transform expression hosts. 

Enzyme purification. Two-step purifications were based on IMAC and gel filtration 

chromatography. Cells were disintegrated by sonication (Sonicator 3000, Misonix, 15-20W) 

in phosphate buffer (50 mM Na2HPO4, 150 mM NaCl, 0.2 mM TCEP, pH 8.0) with addition 

of 5 U/ml Benzonase® Nuclease, soluble fraction was separed by centrifugation (40 000g, 4 

°C, 30 min) and directly loaded on gravity-flow NiNTA column (HisPur Ni-NTA Superflow 

Agarose). Pooled fractions with XdpB were finally purified in HEPES buffer (20 mM 

HEPES, 20 mM NaCl, pH 8.0) with HiLoad 16/600 Superdex 75 gel chromatography (NGC 

Chromatograph, Bio-Rad). Effect of His tagging on activities of the proteins was studied with 

crude enzyme solutions.  

Crystalization and structure determination Crystallization and data processing is described 

in detail in Acta Cryst. F (Paper under revision). The diffraction data set was processed using 

the XDS program package [13]. Scaling was performed using Aimless from the CCP4 

program package [14]. The structure was solved with the program BALBES [15]. Refinement 

was carried out with REFMAC5 [16] and manual corrections were performed using COOT 

[17]. The structure was validated by MOLPROBITY [18]. The coordinates and structure 

factors have been deposited in the PDB with accession code 5epd. All data-collection 

statistics and structure-refinement parameters with values for the highest resolution shell are 

listed in Table 2. 

Table 2. X-ray data collection and refinement statistics 
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Biochemical characterization of XdpB. Kinetic parameters of the enzyme were determined 

spectrophotometrically at the wavelength of 340 nm in the reaction mixture containing 

NADH (concentrations ranging from 0.015 to 0.3 mM), substrate glycerol trinitrate (GTN, 0.3 

to 1 mM), 50 mM phosphate buffer (pH 8) at a temperature of 25 °C. To calculate Km, 

Lineweaver-Burk plot was used analogously to protocol for morphinone reductase of P. 

putida M10 [9]. The optimum for enzyme activity was determined in 50 mM phosphate buffer 

with pH adjusted by citrate (the range from 4.8 to 9.0) and 30-min preincubation at a 

temperature ranging from 15 to 30 °C. The specific activity (SA) was assayed at temperature 

of 25 °C with 1mM morphine alkaloid (or other substrate) and 1 mM NADH. The activity is 

expressed in U.mg
-1

 protein. The activity of 1 U is the amount of the enzyme oxidizing 1 

µmole of NADH per minute. A concentration of proteins was assayed by BCA Protein Assay 

Kit (Pierce) and verified by Direct Detect® infrared spectrometer (Merck). Bovine serum 

albumin was used as a standard. Oligomeric state was assayed on Yarra SEC3000 3u column 

(Phenomenex) and Superdex 75 16 600 columns. The aggregation temperature of XdpB was 

determined by the method of Dynamic Light Scattering (Zetasizer Nano Range ZS 90, 

Malvern) in Precision cells with minimal volume of 20 µl at temperature ranging from 5 to 

40°C after incubation of the protein solution (0.3 mg.ml
-1

 to 10 mg.ml
-1

) at a given 

temperature for 10 min. Circular dichroism (CD) spectra were measured by Chirascan-plus 

spectrometer (Applied Photophysics) with wavelength steps of 1 nm (range of 185-260 nm), 

at 20 °C, in 0.05 cm path-length quartz cell with samples diluted with water to protein 

concentration of 0.2 mg.ml
-1

. The blank (the buffer) was subtracted and the spectrum was 

analysed by CDNN program (citace Bohm 1992). For thermal unfolding experiments “protein 

melting”, the proteins with concentrations of FMN-free XdpBwt 3.3 mg/ml, flavinated protein 

- 2 mg/ml were used. For each condition, 10 μl of sample per capillary were prepared. The 

samples were loaded into UV capillaries (NanoTemper Technologies) and experiments were 

carried out using the Prometheus NT.48. The temperature gradient was set to an increase of 1 

°C/min in a range from 20 °C to 95 °C. Protein unfolding was measured by detecting the 

temperature - dependent change in tryptophan fluorescence at emission wavelengths of 330 

and 350 nm. Melting temperatures Tm, where half of the protein is folded and the other half is 

unfolded, were determined by detecting the maximum of the first derivative of the 

fluorescence ratios (F330/F350).  

Gel-shift assay of XdpR transcription regulator. XdpR was purified as described above. 

The regulatory segment of XdpR from the Agrobacterium sp. R89-1 genome (citace) was a 

short double-stranded probe (26 nt) obtained as a complementary annealed primers (Fwd: 

CAATCATGATGATCGTCATGAATATA) with negative control mutated (Fwd: 

CAATTATGATGATCGTTATGAATATA). Protein XdpR with N terminal His tag was 

purified (0.5 mg/ml) and preincubated with DNA (20 μM) for 1 h at room temperature. 

Electrophoretic separations were done in 7% PAGE gels in blue native arrangement [19]. 

Precision plus protein™ All Blue Prestained protein standards (Bio Rad) and XdpR with 1% 

deoxycholate were used as markers. The gel was stained with ethidium bromide (1 µg/ml) in 

TAE buffer for 2 h and destained for 30 min. Ethidium bromide fluorescence was recorded by 

MF-ChemiBIS 2.0 (DNR Bio-Imaging Systems). 
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Reverse transcriptase qPCR. Primers were designed by means of RealTimeDesign software 

(LGC Biosearch Technologies, USA) and all primers are listed in Table 1. 

Table 1. Primers  

Primers functionalities and their concentrations (100 to 300 nM) were tested with 

chromosomal DNA isolated from Agrobacterium sp. R89-1 (for isolation protocol see 

Expression system construction) diluted to 2 ng DNA/μl in the PCR reaction: 95°C 2 min for 

initial denaturation and 40 times polymeration cycle of 95°C 15 s, 60°C 45 s, 72°C 30 s. 

Polymerase master mix 2x PCRBIO HS Taq Mix Red (PCR Biosystems) was used. RNA was 

isolated by means of High Pure RNA Isolation Kit (Roche) from the culture biomass of 

Agrobacterium sp. R89-1 grown in 50 ml of LB medium or that supplemented with codeine 

phosphate (dissolved in DMSO to final concentration of 1g/L) from exponential, early and 

late stationary growth phases. cDNA was synthesized by Transcriptor First Strand cDNA 

Synthesis Kit (Roche) on all isolated RNA templates. Concentration of cDNA was determined 

with Nanodrop 100 (Thermo Scientific) and diluted to the final concentration of 2 ng 

cDNA/μl. qPCR reaction was performed using StepOnePlus™ Real-Time PCR System 

(Applied Biosystems) with SYBR® Select Master Mix (Applied Biosystems) in the reaction 

mixture (volume of 20 μl) containing 4 ng cDNA and primers at concentration of 200 nM. 

The reaction cycle: 2 min 50°C, 2 min 95°C, followed by 40 times (95°C 15 s and 60°C 1 

min). Data analysis was performed by the StepOne Software (Applied Biosystems), using the 

Relative Quantitation/Comparative CT (ΔΔCT) setting. The sample of culture LB0 grown in 

LB medium (13.5 h) was used as a reference and the coxA gene served as an endogeneous 

control. All experiments were done in independent triplicates.  

Sequence-structure bioinformatics. The UniProt and PDB databases were searched with the 

amino acid sequence of XdpB as a query to select 150 sequences that were subjected to 

multiple sequence alignment (MSA) by the ClustalW algorithm as implemented in Ugene 

program [20] or MEGA 6 [21]. Structural comparison was prepared by MatchMaker 

implemented in UCSF Chimera software (version 1.10.2) [22].The binding of the C-terminal 

pentapeptide TTSDN in the active site of the symmetry-related molecule was analyzed using 

LigPlot+ [23] with the symmetry-related pentapeptide as a ligand. GenBank was searched by 

blastp and DELTA blast tool [24]. Bacterial Operon and Gene Prediction was done by 

Software FGENESB [25]. Operator-like sequence characteristic for TetR family proteins were 

searched by results of Deng at all. [26] and promoters was analyzed by the method of 

MacLellan [27].  

 

Results  

XdpB structure 

The XdpB protein was purified as an Apo form (Figure 2b), crystallized and the crystal 

structure was determined to 2.1 Å resolution in the space group P212121 with one protein 

chain in the asymmetric unit. The first amino acid residue localized in the electron density 

map was Thr5. Two loops between Gly267 and Ala276 and between Asn295 and Phe97 could 

not be resolved due to a low quality of the electron-density map of these regions. The core of 
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the structure is formed by the TIM barrel fold with 8 parallel beta-strands surrounded by 

several alpha-helices (Figure 2a). As in other homologous structures, the active site of XdpB 

is formed by the residues His176 and Asn179, the latter being an H-bond donor. The other 

residues in the active site pocket are Tyr181, Tyr68 and Phe345. Thus, the whole active site 

arrangement is similar to that of NerA [28]. A comparison of flexibilities of the XdpB and 

NerA crystal structures (PDB ID 4jip [12] by juxtaposing their scaled B-factors [29] showed 

that the structure of XdpB is more flexible which corresponds to more psychrophilic character 

which is supported by XdpB low crystalization temperature 281 K (289 K for NerA). 

Surprisingly, the beta-hairpin lid of the TIM barrel as well as the N-terminal cap are less 

flexible in the XdpB than in NerA (Supplementary Figure S1) which is in contrast to known 

structures. 

C terminal peptide interactions with amino acids of the active site 

Protein structure analysis revealed that putative FMN binding site of XdpB contains a C-

terminal pentapeptide (TTSDN) of the symmetry-related molecule (Figure 2a, 2c). The active 

site pocket contains isolated electron density regions that corresponds to a network of 8 

hydrogen-bonded water molecules (Fig.2c). The pentapeptide binds to the amino acid residues 

lining the FMN site of another monomer molecule by rather complex network of interactions: 

10 hydrogen bonds, 4 water bridges, one CH-pi interaction with the total interaction area of 

about 86 Å
2
. Position of Asn365 carboxamide group nicely fits with predicted isoalloxazine 

ring C2 carbonyl and nitrogen N3 because predicted distance of these atoms does not exceed 

0.4 Å. Carboxy group of D364 also fits to the predicted position of isoalloxazine ring and is 

strongly interacting with R318. A “pseudo-dimer” is formed and the “train” like arrangement 

of XdpB monomers to oligomer is thus defined. Figure 2d and 2e shows these interactions in 

detail.  

Figure 2. Structure of the XdpB “pseudo-dimer”.  

 

 

Oligomerization and the effect of enzyme flavination  

Similarly to the crystal structure, during expression, purification and enzyme kinetics study 

we observe various effects connected to FMN content and putative oligomerization in 

solution. The FMN content in heterogously expressed XdpB is highly variable on construct (C 

or N terminal his tag, Δ5 variant – the last 5 amino acids TTSDN deleted) and expression 

system. Highest molar percentage of XdpB flavination (up to 80 %) was determined in 

XdpBΔ5 purified enzyme and with a His tag attached to the C terminus. High FMN content 

(60±10 %) was also determined with XdpB Nhis culture of the host BL21(DE3) after 

induction with 1mM IPTG (growth temperature of 20°C). Under these conditions, however, 

the protein was mainly found in inclusion bodies. The protein was completely soluble when 

synthesized at 10°C in the strain Arctic Express(DE3), but the flavin content represented only 

8-17 % of the expected concentration. No change of this value was observed for non-tagged 

constructs. Considerable increase of FMN content was achieved by coexpression with 

groES/groEL chaperones born by plasmid pGro7 (Takara, Chaperone Plasmid Set). To study 
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binding capacity of the enzyme for FMN, we supplemented directly the culture medium by 1 

mM riboflavin. Nevertheless, the FMN content in the purified enzyme increased only to 30%. 

The only way to get XdpB saturated with FMN (above 80 %) was the direct addition of a pure 

protein to 10 mM FMN solution, the overnight incubation at 4°C and then the removal of 

excess FMN by gel chromatography.  

An oligomeric state of the pure protein (non-reflavinated) was analyzed by SEC-HPLC and 

standard gel filtration chromatography: XdpB was found to be a monomer (41 kDa). This 

finding was verified by MALDI-TOF MS and no molecules with higher mass representing the 

oligomers were detected. By dynamic light scattering we observed that z-average diameter of 

a molecule is as much as twice longer (23±5 nm) than it is expected for XdpB (8-12 nm) and 

the diameter of the molecule is concentration dependent. The protein aggregation started at 

the temperature of 28 °C as determined by light scattering and the aggregation seems to be 

partially reversible by sample cooling. Addition of 5 mM FMN into enzyme solution or the 

use of in vitro flavinated protein suppressed the oligomerization process described above. In 

vitro flavinated form also exhibited slightly increased stability. The melting temperature of 44 

°C and 39 °C was determined by ThermoFluor method for apo form and in vitro flavinated 

form, respectively. The values were verified by nanoDSF Prometheus NT.48 instrument 

melting with 38.9 and 39.8 °C values. The CD spectra for both enzyme variants are identical 

which suggests proper and same folding for both variants. Results are shown in Figure 1. 

Figure 1. The melting temperatures of XdpB.  

The XdpB monomer contains a single cysteine (Cys240) on the molecule surface and we 

identified a dimer formation in oxidizing environment with reduced activity (20 %). The 

dimer existence was confirmed in E. coli Shuffle (DE3) expression system by means of SDS-

PAGE (Figure 2b) and proven by Anti His Western blotting (BD Pharmingen, Monoclonal 

Mouse anti-His tag antibody). A multiple sequence alignment (MSA) of Cys240 in close 

XdpB homologues shows that the position is variable with predominant occurrence of Gly or 

Ser. The cysteine is present in approximately 10% of homologues, which is the highest 

frequency among all residues in MSA analysis. Unexpectedly mutation C240S decreased the 

yield of soluble XdpB to one third. Therefore, we used always the reducing buffers in further 

studies.  

XdpB kinetics  

The level of flavination dramatically affected enzyme activity which corresponds to the 

literature data on OYE enzymes [12]: the pure protein with low FMN content shows low 

residual activity. Therefore, the enzyme kinetics was studied with reflavinated protein and the 

data were recalculated to the values for FMN saturated protein. We determined activity 

maximum at a temperature of 25°C and pH 8-9. The stability maximum was determined by 

ThermoFluor method and we found that the enzyme has the highest stability at HEPES buffer 

(100 mM) and salt concentration ranging from 200 to 500 mM. Under these conditions, the 

specific activity of XdpB for GTN equals 8 U.mg
-1 

and the Km
GTN

 = 460±32 μM which is in a 

good agreement to the value for NerA (705 ±74 μM [28]). The Km
NADH 

equals 6±1 μM. The 

specific activities (pH 8, 25°C) for other substrates are as follows: codeinone 15.3±0.7 U.mg
-

1
, morphinone 6.5±0.4 U.mg

-1
, and cyclohexenone 4.5±1 U.mg

-1
.  
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Structure-based alignment of OYE proteins  

To explain unusual binding of the C terminus of XdpB, we have performed a structure based 

alignments of OYEs with the available 3-D structures. Identical structures to XdpB (5epd) 

have OYE1 of Saccharomyces pastorianus (1bwk [30]), EasA of Aspergilus fumigatus 

(4qnw[31]), SYE1 of Shewanella oneidensis (2gou [32]), Ncr of Zymomonas mobilis (4a3u 

[33]), TcOYE of Trypanosoma cruzi (3aty [34]), PETN of Enterobacter cloacae (1h51)[35], 

NerA of Agrobacterium radiobacter (4jic [12]), and OPR3 of Solanum lycopersicum (2hsa 

[36]). We named this subgroup as OYE C1. In these enzymes (Figure 3a), the C terminus has 

a sequence GytDYPtl (in capitals strictly conserved amino acids, preferred residues in low 

cases) and the enzymes have a high 3-D structure similarity (Fig.3a). Root mean square 

deviation (RMSD) value for the sequence GytDYPtl is 0.741 Å and averaged value for the 

protein core (including residues T5-Q113, E142-P234, D242-D255, G258-V265; the XdpB 

numbering) equals 0.983. Based on AA sequence, we in total identified and compared 150 

OYE homologous enzymes to XdpB. The majority of identified proteins were annotated as a 

glycerol trinitrate reductases, N-maleimide reductases or alkene reductases. Nearly 36% of 

these sequences bear the octapeptide GytDYPtl as a C terminus and the rest bears the 

sequence that is longer by 1 up to 7 amino acids, predominantly Glu, Ala, Ser, Thr, Asn and 

Gln.  

Figure 3.  

We also identified a subgroup of OYE proteins that differ XdpB and do not contain GytDYPtl 

motif. This second subgroup was designated as OYE C2. As representatives of this sub-group 

with known 3-D structure we can name the protein YqjM of Bacillus subtilis (1z41)[4], TOYE 

of Thermoanaerobacter pseudoethanolicus E39 (3kru [37]), XenA of Pseudomonas putida 86 

(3l5l,[38]), Oye of Geobacillus kaustophilus (3gr8 [39]) and also proteins so far not 

structurally characterized, e.g., OYE from Corynebacterium glutamicum [40].  

Bioinformatics of the xdo operon.  

The analysis of the genome of the strain Agrobacterium sp. R89-1 revealed that the xdpB gene 

forms together with gene xdpA (short chain dehydrogenase) an operon that was designated by 

us as a xenobiotics degradatory operon (xdo). A DNA fragment bearing this operon was 

obtained together with neighboring sequences by PCR techniques, sequenced (access number 

KM272590) and NT sequences were verified by Ilumina whole genome sequencing (access 

number LNUW00000000, [11]). We found that the operon is under the control of a 

transcriptional regulator from TetR family that precedes the operon in the reverse orientation 

and was designated as xdpR (Figure 4b). The structural genes xdpA and xdpR were 

independently subcloned into expression vectors and recombinant plasmids with full length 

proteins were obtained, expressed in E.coli ArcticExpress (DE3) host and characterized in 

detail.  

 

 

Biochemical characterization of XdpA  
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By sequence homology, we found that the XdpA protein belongs to NADB Rossman 

superfamily and is a short chain dehydrogenase (SDR). Blast search was not clear but the 

aligment of 50 members SDR and 50 members of AraC family support assetion that XdpA is 

a SDR rather than AraC regulator. The alignment is in simplified form shown as a 

Supplementary material S6.   

Using SDS PAGE and gel filtration chromatography (Supplementary Figure S2), the enzyme 

XdpA was found as a homodimeric short chain dehydrogenase (55 kDa) of a subunit with 262 

AA (27.6 kDa). The melting temperature of 38.5 °C was determined by ThermoFluor method 

and purified protein was found to quickly aggregate at the room temperature. We attempted to 

find any activity of the substrates associated with the metabolism of codeine and other 

available alcohols. The XdpA did not exhibit any dehydrogenase activity with substrates 

codeine, morphine, crotonaldehyde, allyl alcohol, n-butanol, isobutanol, cyklohexanol, or 4-

hydroxybenzoic acid in a phosphate buffer system (pH 6-8) supplemented with NAD
+
 or 

NADP
+
.  

Biochemical characterization of XdpR transcriptional regulator from TetR family 

We predicted the transcriptional regulation of xdo operon by the XdpR regulator using 

bioinformatics and verified by in vitro experiments (gel-shift assay). Promotor-transcriptional 

start sequences of xdo operon and xdpR gene were analyzed by MacLellan method [27] 

together with identification of an operator-like DNA sequence recognizable by TetR family 

proteins [26]. The results are schematically represented in the Figure 4c: a predicted binding 

NT sequence TCATGA(6NT)TCATGA recognizable by XdpR overlaps -35 region common 

for the xdpR promoter and xdo operator sequences (Fig. 4 b). Same regulation sequence can 

be found on the genome of related Agrobacteria (C58 strain; gb|AE007872.2 and H13-3 

strain;gb|CP002249.1) although the neighboring sequence are mutated with identity values 

83% and 80% respectively. This conserved region contains not only NT sequence 

TCATGA(6NT)TCATGA, but also the neightbouring nucleotides (5-7). 

XdpR regulator was purified, oligomeric state of the active protein was determined by PAGE 

electrophoresis (Fig. 4a) and gel filtration (Supplementary Figure S2): this regulator protein is 

a homodimer with molecular mass of 37 kDa (19 kDa for monomer). After the NiNTA 

chromatography, we have observed a rapid oligomerization.  

The binding of XdpR to the operator site was confirmed by a gel-shift assay (Fig. 4). Blue-

native electrophoresis had to be used to overcome obstacles connected with stability and 

mobility of XdpR in a native gel. Although this technique reduces the assay sensitivity for UV 

fluorescence of ethidium bromide, clear increase of UV fluorescence and marked reduction of 

fluorescence of free DNA in a positive sample was observed. Negative control experiment 

where potential effector binding sequence was mutated showed reduced binding of the protein 

to DNA. The role of XdpR as an effector molecule regulating xdpA and xdpB expression 

could be therefore expected. 

Figure 4. Gel-shit assay of xdo operon.  

Physiological function of XdpB 
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Being classified as OYE member, the involvement of XdpB in answer of the bacterial cell to 

the oxidative stress was studied by RT-qPCR experiments in terms of the gene relative 

transcription. The transcriptome of the culture of the strain Agrobacterium sp. R89-1 grown in 

LB medium (a reference sample) was compared with that grown in LB medium supplemented 

with the codeine, a precursor of the codeinone and substrate of the XdpB, that elicits oxidative 

stress.  

We have found by RT-qPCR experiments similar expression levels for the gene xdpR under 

both growth conditions. Although the gene xdpB was not overexpressed in the presence of 

codeinone, the data on upregulation under these growth conditions implicitly indicate the 

oxidative stress presence: transcription of the katG gene encoding peroxidase and genes trx1 

and gshB was upregulated more than nine times and four-times, respectively. No upregulation 

was observed for sodBI (Supplementary figure S4). 

 

Discussion 

Although there are almost 100 reports on structures of Old Yellow Enzymes, their 

physiological role and structure-function relations are not well understood. We have 

characterized a new monomeric OYE enzyme XdpB of the strain Agrobacterium sp. R89-1 

and classified it as a glycerol trinitrate reductase. We suggest that the enzymes XdpB and 

NerA belong to the same kinetics group [28]due to the following resons: 1. parameter Km of 

the XdpB for glycerol trinitrate is similar to that of glycerol trinitrate reductase from NerA, 2. 

amino acids involved in te mechanism of catalysis in both enzymes are almost conserved, an 

3. the cofactor interacts with identical residues in both enzymes except residues A58, K329 

and F345 identified in the XdpB. A list of OYE enzymes with glycerol trinitrate activities is 

given in the Table 3. The nitroester reductases belongs to OYE C2 subgroup and all other 

enzymes are members of the OYE C1 subgroup that was classified by us in this work.  

Table 3. Microbial OYE enzymes with glycerol trinitrate activity  

The structure of XdpB apo form was solved and unique structural feature discovered. The C 

terminal pentapeptide TTSDN was found to be tightly bound to FMN binding region of 

another enzyme molecule. The C-terminal pentapeptide (TTSDN) intermolecular interactions 

could mimic the binding of FMN at the active site. We conclude that from superimposing the 

NerA structure over the XdpB structure: RMSD between 321 atom pairs is only 0.719 and the 

FMN binding site residues are identical. Moreover, the FMN binding site is highly conserved 

among OYE (Figure 3a). The network of interactions of TTSDN peptide of the XdpB 

suggests a lower affinity to the cofactor binding site.  

We have found two major attributes for XdpB in solution supporting the interaction observed 

in the crystal structure. The purified enzyme has very low molar content of FMN and there are 

concentration dependent cappability for interaction/aggregation. Marshall at al. [28] reported 

“in vivo” apo form production with heterologously overproduced glycerol trinitrate reductase 

NerA but without detailed analysis. We showed, that even if riboflavin was added to the 

XdpB producing culture as a direct precursor for FMN synthesis, the FMN-free and inactive 

enzyme is finaly obtained after purification. Therefore we hypothetize that the FMN synthesis 
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is not limiting for the FMN content. Moreover, XdpB Chis and XdpBΔ5 variants with 

blocking and missing C terminus respectively, showed higher FMN content then the wild type 

under the same conditions.   

The second characteristic feature, cappability for interaction/aggregation, was observed by 

DLS for concentrated solutions and also with elevated temperature (25-28 °C). This is not 

typical for in vitro flavinated form and also for construct with blocked C terminus. We have 

very carefully assessed the folding of the enzyme: the CD spectrum and melting curves 

analyzed by different methods showed that 1. the protein was correctly folded and no 

degradation occurred and 2. the stability of the XdpB fully saturated with FMN is similar to 

the apo form (a shift of Tm by 1 °C). Thus, the observed aggregation is not associated with 

protein denaturation. 

Both above described phenomenons can be explained by reversible aggregation of the 

monomers caused by C terminal interactions. Therefore, we believe that in vivo formation of 

apo form is a natural characteristic for the XdpB enzyme rather than an artefact of 

heterologous overexpression and purification. This also means that the C terminus 

intermolecular interaction occupying FMN binding site prevents holoenzyme formation in 

vivo. We hypothesize (as in the case of OPR3 (2hsa)) that phosphorylation of a specific 

residue may prevent intermolecular “C-terminus - FMN binding site” interactions and, 

therefore, the enzyme activity can be tightly regulated.  

Unusual structure and enzyme properties has led us to deeply investigate OYE sequences and 

structures in order to find if the described phenomenon is widespread or not. We founded that 

similar autogenic blocking reported here by us for XdpB has been observed in the crystal 

structure of an OYE OPR3 from the plant species Solanum lycopersicum (PDB code 2hsa 

[36]). However, the mode of the active site blocking in the OPR3 is completely different from 

that in the XdpB: in the former, an intrinsic loop Gln289-Ala292 of a monomer binds to the 

active site pocket of the second one without the FMN removal, thus sterically blocking the 

active site pocket. The second result of our search was that OYE proteins can be divided into 

two subgroups. Although the majority of OYE proteins structure is the same, C terminus 

showed significant differences with the impact on the properties of the proteins. We 

designated these two subgroups as a OYE C1 and OYE C2. 

 The subgroup OYE C1 consists of mainly monomeric proteins bearing C terminal loop with 

GytDYPtl sequence motif. The members may exhibiting the mechanism of intermolecular 

blocking. Multiple sequence alignment of members suggests the presence of two types of 

interactions. Long C teminal sequences may allow similar interaction as in the case of the 

XdpB. We identified also an insertions in the same loop as in the case of OPR3 which may 

also mediate blocking (See suplementary Figure S3). Our search through the PDB database 

shows that most of the XdpB-homologous proteins have been heterologously produced with 

C-terminal His-tags and could not therefore exhibit self-blocking of the FMN site observed in 

our structure (5epd). Therefore, we suggest that this phenomenon is more common in OYE 

C1 subfamily, is of yet unknown biological significance and may be observed when OYEs are 

purified and crystalized without C-terminal tags, e.g., the EasA from Aspergillus fumigatus 

PDB ID 4qnw [31]) or GYE from Gluconobacter oxydans (PDB ID 3wjs). The literature data 
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suggest a possible role of enzymes of this subgroup in apoptosis [5], alcohol stress [41] or 

oxidative stress [42]. The XdpB and SYE2 of Shewanella oneidensis are not upregulated at 

oxidative stress response.  The N-ethylmaleimide reductase from Escherichia coli K12 by 

NemR suggests involvement in the response to alkylation with chemical agents [43]. 

Therefore, we believe in another physiological function of OYE C1 proteins, not directly 

involved in oxidative stress response and different from OYE C2.  

OYE C2 subgroup embraces predominantly OYEs of Gramm-positive bacteria with dimeric 

or tetrameric structures. These enzymes are well characterized as regards the transcription and 

translation processes and they are, in certain respects, related to the oxidative stress, e.g., the 

YqjM from Bacillus subtilis [4] and SYE4 from Shewanella oneidensis [44]. The CyeR 

from Corynebacterium glutamicum, a redox-sensing transcriptional regulator of OYE from 

regulator family ArsR [40], was characterized. Another member of the subgroup, a YqjM, has 

already been classified based on amino acids C26, Y28, K109, and R336 involved in active 

site. The enzyme is a homotetramer with C terminus taking part in homotetramer formation 

instead of autogenic blocking. Intermolecular interaction “C terminus - YqjM active site" 

mediated by active site residue Arg336 has been described. In another enzyme XenA (3n19 

[45]) of C2 subgroup, the amino acid W358 is responsible for this interaction. However, these 

interactions do not cause reduction of activity and are more likely involved in active site 

pocked formation. The different mechanism of subunit interaction/oligomerization between 

OYE C1 and C2 subgroups is therefore evident. For deeper understanding, it requires further 

investigation in a context with physiological functions.  

In an effort to contribute to understanding of OYE proteins we also focused on genomic 

organisation of XdpB protein and its regulation. We found that XdpB, like many other OYE 

C1 proteins, is located in the xdo operon controlled by tetR-like regulator designated as a 

XdpR. Operon xdo is widespread mainly among Proteobacteria: a single copy of xdo operon 

is present in genomes of microorganisms, e.g., Rahnella, Enterobacter, Pseudomonas, 

Serratia, Xanthomonas and Stenotrophomonas. The operon was also identified on Ti plasmid 

pTiBo542 of Agrobacterium tumefaciens (GenBank: DQ058764). In all cases, the operon 

consisted of the tandem genes encoding OYE and: 1. a short chain dehydrogenase frequently 

miss-annotated as AraC transcriptional regulator (see suplementary material figure XX), 2. 

aldehyde dehydrogenase (Polaromonas naphthalnivorans CJ2; NC_008781) or 3. Zn-alcohol 

dehydrogenase (Ralstonia pickettii 12J; CP001068). All these operons are under the control of 

the tetR family transcriptional regulators and we expect, that the enzymes take part in a single 

metabolic pathway. Exceptions might be present in microorganisms with more than one OYE 

in the genome like proteins sye1 and sye2 from Shewanella oneidensis MR-1 or in XdpB 

hylogenetically distant members of OYE C1 like N-ethylmaleimide reductases. 

 

Conclusions 

In this report, we characterized and classified XdpB as a glycerol trinitrate reductase (GTNr) 

by its sequence homology, substrate specificity, and by determining its 3D crystal structure. 

We have solved the crystal structure of XdpB from Agrobacterium sp. R89-1 at 2.1 Å 

resolution (PDB 5epd). The structure reveals the common TIM barrel fold similarly to other 
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OYE proteins but it also exhibited two unique features. The non-covalently bount FMN 

cofactor is missing and the C-terminal pentapeptide region is tightly interacting with the 

crystal symmetry related molecule at the FMN binding site.  

Using biochemical and biophysical methods on XdpB with different His tag possition and 

shortened variant XdpBΔ5 we identified that XdpB is produced preferably as a FMN-free 

form and at high concentration exhibits self-interaction (aggregation) without an impact to 

structure or stability. We therefore conclude that self-interaction is not an artifact coused by 

heterologous overexpression and crystalization and has some biologic relevance. 

By structure based bioinformatics we distinguished two subgroups of OYE enzymes based on  

different C terminus sequence. Subgroup OYE C1 characterized by the mechanism of self-

blocking, represented by the XdpB, a monomeric enzyme with large extended C terminal 

bearing conserved motif GxxDYP and by previously described OYE protein OPR3. 

Physiological function of this subgroup is yet unknown but as our results indicated they are 

not directly involved in the response to oxidative stress. In contrast, subgroup OYE C2 bears  

dimeric or tetrameric proteins, mainly from G+ bacteria and involved in the cell response to 

oxidative stress. 

We founded that OYE C1 enzymes similar to XdpB are accompanied with an oxidoreductase 

to form conserved xdo-like operons found in a single copy mainly in Proteobacteria. The 

operons are under regulation of tetR-like repressors (xdpR) which was prooved by gel shift 

assay and as our qPCR data indicates, the enzymes encoded by structural genes are not 

involved in the direct response to the oxidative stress. 
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Table 1. 

 

Beamline HZB, Bessy II, MX 14.2 

Wavelength (Å) 0.91841 

Resolution range (Å) 47.36 - 2.10 (2.16 - 2.10) 

Space Group P 21 21 21 

Cell parameters (Å) 54.88, 68.60, 93.68 

No. of observations 74,784 (4,185) 

No. of unique reflections 20,170 (1,469) 

Multiplicity 3.7 (2.8) 

Mean I/σ(I) 13.0 (2.1) 

Rmerge 0.068 (0.358) 

CC1/2 99.7 (82.8) 

Wilson B value (Å2) 19.7 

Refinement 
 

Reflections: working/free 19,114/1,012 

Protein atoms 2632 

Waters 221 

Rwork/Rfree 0.198/0.262 

Rall 0.201 

Ramachandran plot 342/348 (98%) 

favored 330 (96%) 

allowed 12 (4%) 

disallowed 00 

R.m.s. bond distance deviation (Å) 0.011 

R.m.s. bond angle deviation (°) 1.417 

Mean B factors: protein/solvent/overall (Å2) 37/38/37 

PDB accession code 5epd 
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Table 2. List of primers 

 

Expression system construction primers 

Construct Plasmid Primers 

XdpB CHis pET26b 
fwd: TTTCATATGACCAAGACCACACTCTTCC,  
rev: TTTGAATTCATTGTCGGACGTTGTTT 

XdpB WT pET26b 
fwd: TTTCATATGACCAAGACCACACTCTTCC, 
rev: TTTGAATTCTCAATTGTCGGACGTTGTTT 

XdpB∆5   pET28b 
Fwd: GATTTCATATGACCAAGACCACACTCTTCC,  
Rev: TATGAATTCTCATTCGGAAAAGCGGGG 

XdpB∆5 CHis pET26b 
Fwd: GATTTCATATGACCAAGACCACACTCTTCC,  
Rev: TATGAATTCTCATTCGGAAAAGCGGGG 

XdpBWT C240S pET26b 
Fwd: CAACGGTATTTCCTCCAGTGATCCCCAGAC 
Rev: GTCTGGGGATCACTGGAGGAAATACCGTTG 

XdpB∆5 C240S pET26b 
Fwd: CAACGGTATTTCCTCCAGTGATCCCCAGAC 
Rev: GTCTGGGGATCACTGGAGGAAATACCGTTG 

XdpA WT pET26b 
Fwd: TTTCATATGACTCAGATTCCCTTAGTCTTG,  
Rev: AAATGCTCGAGTCACGCCGGCGTCCGATAGCGTT 

XdpA NHis pET28b 
Fwd: TTTCATATGACTCAGATTCCCTTAGTCTTG,  
Rev: AAATGCTCGAGTCACGCCGGCGTCCGATAGCGTT 

XdpA CHis pET26b 
Fwd: TTTCATATGACTCAGATTCCCTTAGTCTTG, 
Rev: AAATGCTCGAGCGCCGGCGTCCGATAGCGTT 

XdpR WT pET26b 
fwd: GACTACATATGAAAGTCAGTCGAGAACAGATGGC,  
Rev: AAATCCGAATTCCTACTCCACCTGCGTGTCGATCC 

XdpR NHis pET28b 
fwd: GACTACATATGAAAGTCAGTCGAGAACAGATGGC,  
Rev: AAATCCGAATTCCTACTCCACCTGCGTGTCGATCC 

XdpR CHis pET26b 
fwd: GACTACATATGAAAGTCAGTCGAGAACAGATGGC,  
Rev: AAATCCGAATTCCTCCACCTGCGTGTCGATCC 

  RT q PCR Primers 

Function Name Orientation  5′- .... - 3′ Sequence Amplicon (bp) GenBank/UniProt 
number 

reference 

genes 

atpD F AGCTACCCCAAAGAAAACCG 
118 KXG85648.1 

R TGTCAGTCTCAATCGCGTTG 

 

recA F GGCTCGCTCAGCCTTGATG 
84 KXG86763.1 

 

R CGGAGCTTTCCGGTCCATA  

 

coxA F CGACCGTTCTCTGCATGACA 
63 KXG87943.1 

 

R CCCAGCGACAGCACGTAA 

 

proC F GACCGAAGCACCGAAGAATG 
77 KXG85914.1 

 

R  AGGACCGCATCCATCAACTGA 

 

rpoD F TCGCATCTGGGTGACTTCATC 
73 KXG85954.1 

 

R CGCAGGTTGGCCTGAATGG 

oxidative 

stress 

markers 

sodBI F CAGGCATTCGCGTCTGATCTC 
86 KXG88030.1 

R CCAGCCGGAACCAAACTGT 

katG F CGATGGCTTCCGCAACTTC 
97 KXG85283.1 

 R GCCCTGTCAGCGTGAGAA 

 trxA F CCGTGAAAGTCGATACGTCAAAC 
87 KXG85552.1 

 R CCACACCATTCAGCCCAGAA 

 gshB F CGCGATGACCGCAACTTC 
91 KXG84280.1 

 R CGAACGTCGGGCAGATACTG 

codeine 

metabolism 

xdpB F CCAGACGCAGTACGATTACATTG 
85 A0A0A0VDJ9 

R GTCCGCCGGTAGCACCTT 

xdpR F CAACGTCTGCGCGACAAGA 
75 A0A0A0VAX9 

R GAAGGCCGCCGGTATGAC 
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Table 3.  

 

Microorganism Protein  

Activity 

GTN [U.mg
-

1
] 

°C Ref. 

Pseudomonas putida II-

B 
Nitroester reductase 124 ± 6

 
25 [46] 

P. fluorescens I-C Nitroester reductase 110 ± 11 25 [46] 

Agrobacterium 

radiobacter 

Glycerol trinitrate 

reductase, NerA 
3,1 ± 0,1 30 [47] 

Agrobacterium 

radiobacter 
GTN 15,02* Rt [48] 

Enterobacter cloacae 

PB2 
PETN reductase 12,1 ± 0,5 Rt [49] 

Enterobacter cloacae PETN reductase 35,5 ± 3,1 30 [50] 

Escherichia coli NEM reductase 37,9 ± 5,3 30 [50] 

Agrobacterium sp. R89-1 XdpB 8,2** 25  

 

* The activity was assayed with GTN in absence of NA(P)DH.  

** Activity recalculated to XdpB fully saturated with FMN  
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Figure 1. The melting curves from nanoDSF Prometheus NT.48 instrument with spectra first 

derivative and Circular dichroism spectra (inset) for apo form (in green) and “in vitro” 

flavinated form (in dark blue) of XdpB.  
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Figure. 2. Structure of the XdpB “pseudo-dimer” formed upon intermolecular interactions of 

C-terminal pentapeptide with FMN bindig region. a) Ribbon and surface representation of the 

XdpB “pseudo-dimer”. The C-terminal pentapeptide TTSDN (in blue) mimics the binding of 

FMN (in red, added from NerA structure containing FMN by overlapping over the XdpB 

structure). b) gel filtration chromatography of XdpB (in blue), conductivity (in red), size 

standards (in gray): Thyroglobulin, bovine, 669kDa (1); β-amylase, 200kDa(2); Albumin, 

bovine, 66kDa(3); Carbonic Anhydrase, bovine, 29kDa (4); SDS-PAGE analysis: non 

reducing conditions (in color; M corresponds to monomer and D for dimer) and reducing 

conditions (in grey). c) Network of 8 hydrogen-bonded water molecules in the FMN binding 

site of XdpB. d) The putative FMN isoalloxazine ring is mimicked by D364 and N365. e) 

Interaction scheme of C terminal pentapeptide produced by LigPlot+ [23].  
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Figure. 3. Comparison of subgroups OYE C1 and OYE C2. a) Structural alignement of 

OYE C1 subgroup members: 5epd (This work) 1bwk [30], 4qnw[31], 2gou [32]), 4a3u 

[33], 3aty [34], 1h51[35], 4jic [12], 2hsa without loop Q281-T315 [36].The conserved 

residues are depicted by red. Highly variable regions are in green. Highly conserved 

FMN binding site is evident from FMN overlap. b) Comparison of characteristic features 

with OYE C2 subgroup. OYE C1 subgroup characteristic C-terminal loop is depicted in 

magenta. This loop bears conserved motif GxxDYP and is missing in OYE C2 subgroup. 

The OYE C2 terminal loop is depicted by forest green.  

 

 

 

Figure 4. Gel-shift assay and the transcriptional control of xdo operon. a) SDS-PAGE 

analysis of protein XdpR (M1) which is present mainly as a monomer (19kDa including N 

terminal His tag, the mobility differs from expected value) and dimer (38kDa ), M2 - Protein 

Standards marker, and Blue native electrophoresis (BN-PAGE) of XdpR-DNA binding. Lane 

DNA – pure DNA; lane+ - binding DNA (26 nt) and XdpR; lane– - negative control. b) xdo 

operon, xdpR gene and orientation of genes. c) Bioinformatics analysis of the regulatory 

region.     
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Supplementary material 

Thermofluor assay. The method was used to optimize a buffer pH and ionic strength by 

means of Tm determination using CFX384 Touch™ Real-Time PCR Detection System, Bio-

Rad[51] (19). The XdpB solution (1.2 mg.ml
-1

) was applied to Flat Cap strips (Bio-Rad) as 

follows: 6.25 µl and 3.13 µl of the solution was mixed with 17.75 µl and 20.87 µl of buffer, 

respectively. The SYPRO® Orange dye (Sigma) was used as fluorescent label (1 µl of 

25times diluted stock solution into each reaction mixture). The mixtures were preincubated 

for 30 min at 0°C and the reaction temperature was step-wise increased by 0.5°C in the range 

from 4 to 80°C. Fluorescence of mixtures was assayed after 30 s incubation at each 

temperature in FRET mode and the results were evaluated (Bio-Rad CFX Manager 3.0). 

Parallel assays were performed using a method ThermoFAD(FMN) with samples prepared 

analogously [52]. 

Intact protein MALDI MS. According to instrument manual : solution of protein were 

mixed with Sinapic acid solution 5mg/ml in 50% Acetonitrile, 0,1% TFA in ratio 1 to 10. This 

mixture were spotted on MALDI plate and measured in linear MALDI Tof mode on a 4800 

Plus MALDI TOF/TOF analyzer (AB Sciex). Proteins mass were read directly from spectrum. 

 

 

 

Figure S1. Comparison of scaled B-factor for NerA (4JIP) in blue upper molecule and XdpB 

(5epd) in red. The color and thickness of the representation show scaled B-factor per residue 

ranging from low values (blue) to high (red) [29].  
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Figure S2. Purification of XdpA and XdpR. a) Electrophoreogram from XdpA NiNTA 

purification. M-molecular marker (same as in text), CE – cytosolic extract, UE – insoluble 

(urea) extract, FT-non bound fraction, W-wash fractions, numbers refers to imidasole step 

elution. b) Superdex 75 5/150 showing the identified dimer. Absorbance 280 nm in blue; 

conductivity in brown; c) Electrophoreogram from XdpR NiNTA purification. Lanes same as 

above. d) Superdex 200 16/600 chromatography shoving the monomer, dimer and oligomers 

of XdpR. 
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a) 

 

 

b) 

 

 

 

Figure S3. Multiple sequence alignment produced by by the ClustalW algorithm in Ugene 

program [20] for C terminal region a) and OPR3-like insertions b). Consensus scoring is 

shown above the sequence with conserved residues in bolt. In the picture only 11 

representative sequences, OPR3 and XdpB are shown.  
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Figure S4. Relative quantification of gene expression by RT qPCR. Comparison of XdpB and 

selected oxidative stress markers of strain R89-1 grown on LBTE medium and on LBTE 

supplemented with 1g/L codeine. The sample grown in LB medium (13.5 h) was used as a 

reference and the coxA gene served as an endogeneous control. All experiments were done in 

independent triplicates. 
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Figure S5. UV melting and the CD spectra for XdpBΔ5 NHis variant. 
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Figure S6. Alignment for XdpA and SDH family members (upper panel) and XdpA vs AraC 

regulators (lower panel). 
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Příloha P3 – Přípravná verze publikace charakterizující degradační 

potenciál mikroorganizmu Raoultella sp. KDF8 (v anglickém jazyce) 
 
 
Tato příloha detailně popisuje izolaci a vlastnosti mikroorganizmu Raoultella sp. KDF8 použitého 
v této práci. Kromě kodeinu je mikroorganizmus Raoultella schopný degradace dalšího důležitého 
farmaceutického mikropolutantu – diklofenaku.  
 
Z důvodu zřetelného odlišení této přílohy od ostatních částí diplomové práce není dodrženo 
doporučené formátování a je využito odlišné typografické úpravy textu. 
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Abstract 

A bacterium was isolated from the sample of composted wastes of Papaver somniferum and 

soils polluted with chemical wasted that has the ability to use diclofenac (DCF) or codeine 

(CD) as its sole carbon and energy source. Based on 16S rRNA gene phylogeny, biochemical 

and morphological properties, the strain was designated as Raoultella sp. KDF8. The 

bacterium is able to removal DCF or CD from medium and transformate into metabolites.  

After cultivation of strain in optimalized conditions (28°C, pH 7.0, drug concentration 1g L-1 

) HPLC analysis of separated culture supernatant and biomass yield consistent residue´s 

concentration of DCF only in biomass yield (8%). When used as a whole-cell catalyst, 92 – 

63 %  degradation was achieved at concentration of DCF up to 5.0 g/l and 45 - 27 % 

transformation at concentration of CD up to 1.0 g/l to metabolites as a single products. The 

presence of five predominant metabolites of CD degradation and one metabolite of DCF 

degradation in culture supernatant suggests that this soil bacterial strain Raoultella sp. KDF8 

would be potential degradater of both pharmaceuticals and may has environmental relevance.     
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Introduction 

The release of emerging pollutants such as pharmaceutical compounds and their 

metabolites into the aquatic environment has become an issue of increasing concern over 

recent years. The elimination of these emerging pollutants from discharges is desirable 

because of potential damages to environmental organisms even at low concentrations 

(Gavrilescu et al., 2015). Conventional wastewater treatment system such as filtration and 

activated sludge do not efficiently remove active pharmaceutical ingredients (API) and as a 

result they have been found in environmental samples including surface water, groundwater 

and drinking water (Behera et al., 2011; Benotti et al., 2009). Similarly, physicochemical 

techniques for the removal of APIs are based upon ozonation and  

oxidation processes (Ikehata et al., 2006) have their specific disadvantages, such as the 

formation of toxic products (Guzzella et al., 2002; Richardson et al., 2007). In principle, 

biological techniques can be more robust and effective for removal of pharmaceutical 

pollutants compared to the other technologies.  

Studies on the occurrence of pharmaceuticals show that the widely used analgesics (e.g. 

diclofenac and codeine) are present in relevant concentrations in the environment 

(Schwarzenbach et al., 2006; Birch et al., 2015). Diclofenac (2-(2-(2,6-dichlorophenylamino) 

phenyl) acetic acid; DCF)  is non-steroidal drug, used against pain, fever and inflammation 

which is extensively used in human medical care. Codeine (CD) is nature alkaloids produced 

by Papaver somniferum and Papaver bracteatum and displays analgesic, antitussive and 

narcotic antagonist characteristics. Bacterial degradation of drugs have been reported with 

white rot fungi, capable of producing extracellular lignin peroxidase (Zhang et al., 2010), 

laccase (Marco-Urrea et al., 2010), manganese peroxidase (Rodarte-Morales et al., 2012) lead 

to a significant biodegradation rate of DCF. Moreover, the removing of DCF was described 

during manganese oxidation by Pseudomonas putida MnB6 when the degradation was 

improved by the presence of manganese-oxidizing bacterial biomass (Meerburg et al., 2012). 

With regards to codeine, the bacterial transformations were described with filamentous fungi 

of the genuses Trametes (Iizuka et al., 1962; Yamada et al., 1963; Asai  et al., 1964; Aida et 

al., 1964), Cunninghamalla (Gibson  et al., 1984)and the strain Mucus piriformis (Madyastha 

et al., 1994). Additional, bacterial transformations of the morfine alkaloids have also been 

reported with the strains Arthrobacter sp. (Liras et al., 1975), Pseudomonas testosterone 

(Liras et al., 1975), Pseudomonas putida M10 (Walker et al., 2000), Bacillus sp. (Madyastha 

et al., 1994), Mycobacterium neoaurum MTP650 (Zhang et al., 2005) and Streptomyces 

griseus NRRL B8090 (Harder et al., 1989) and Rhizobium radiobacter R89-1 (Kyslikova et 

al., 2012).  

So far, little is known about bacteria that utilized analgesic and involved biodegradation 

pathways. Only a few bacterial strains (for example Shingomonas sp. strain Ibu-2 or 

Pseudomonas putida F1) have been described that use these drugs as carbon and energy 

source (Murdoch et al., 2005). The objectives of this study were (1) isolation of a new soil 

isolate Raoultella sp. KDF8 capable of utilization diclofenac or codeine as a sole carbon and 

energy source by growing cell, (2) to investigate the intermediates should be identified during 

growth exponencial phase and (3) optimization of conditions for degradation of DCF (at 

concentration up to 6g/l) and CD (at concentration up to 1g/l) by whole cell catalyst. This 

allows us to get insight into the biodegradation process, including enrichment of the 
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responsible bacteria, elucidation the potential degradation pathways and evaluation of the 

removal of these pharmaceuticals from an environment.  

 

 

                                           
                                                                                          

 

        Diclofenac (DCF)                                                                         Codeine   (CD)                                                                   

                                            

 

Figure 1: Chemical structure of diclofenac (DCF) and codeine (CD). 

 

Materials and Methods 

Microorganisms and chemicals  

Microorganisms for screening were obtained from environmental samples. These have been 

collected from soils polluted with chemical wasted (sewage disposal plant, central Bohemia) 

and factory producing poppy seeds (Agrobyskovice s.r.o., Neratovice, CR; 50°25´85.65´´N, 

14°48´53.81´´E). Microorganisms were maintained as frozen glycerol stock cultures at -70°C.   

The media components were sourced from Hi Media Laboratory (Mumbai, India), Oxoid 

(UK) and Difco (USA).  Codeine (CD), Diclofenac (DCF), 4-hydroxydiclofenac (4OHDF) 

and 2,6-dichloroanilin (DCA) were purchased from Sigma Chemicals (St. Louis, USA). Stock 

solutions of DCF and CD (100 mg/ml) were prepared by dissolving DCF in ethylalcohol, and 

CD in dimethyl sulfoxide (DMSO), and sterilized on 0,2 µm nylon membrane filters 

(Whatman). HPLC grade solvents were used in HPLC systems and obtained from 

Millinckrodt Baker, USA. Organic solvents were obtained from Merck (Germany). 

 

Culture conditions and screening procedures 

The cultures of bacteria were grown in LB medium (1% tryptone, 0.5 % yeast extract, 1.0% 

sodium chloride, pH 7.0 adjusted before sterilization).  Basal salts broth medium (BSBTE) 

used in the study contained in  1% sodium chloride, 10% potassium hydrogen phosphate, 

7.5% potassium dihydrogen phosphate, 10% ammonium chloride, pH 6.7 adjusted before 

sterilization, supplemented with trace elements: MgSO4 . 7H2O  200 mg/L, CaCl2 . 2H2O 50 

mg/L, ZnSO4 . 7H2O 60 mg/L, MnSO4 . 4H2O 17 mg/L, FeSO4 . 7H2O 15 mg/L, CoCl2 . 

6H2O 50 mg/L, CuSO4 . 5H2O 50 mg/L, Na2MoO4 . 2H2O 50 mg/L. To prepare solid media 

for screening or a short-term strain maintenance, 22 g/L agar were added to the media LB or 

BSBTE.  
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Standard cultures were grown in 100 ml of a given medium (500 – mL culture flask) on an 

orbital shaker (200 rpm) at 30°C. For screening, the single-colony isolates were grown in 20 

mL of BSBTE medium with concentration of DCF and CD (1 g/L) that were added into the 

medium at the beginning of the culture.  

Small-scale cultures of whole-cell catalyst (3 mL) in 6-well cell culture plates (mcp) were 

grown on an orbital shaker (200 rpm) at 30°C for 72h. Three replicate cultures were 

established. 

The soil samples were collected from different depth of wasted places of disposal site of 

sewage disposal plant (10 cm and 30 cm underground) and P. somniferum composted for 3 

years. Each soil sample was homogenized and the amount of about 5 g was suspended in 100 

mL of LB. The mixture was shaken at 28 °C for 24 h, diluted by mineral medium BSBTE 

supplemmented with DCF or CD (at a concentration of 1 g/L) in a 1: 3 ratio and shaked for  

another 48 hours ( 200 rpm and 28 °C). The dilution step was repeated and the resulting 

autochthonous culture was plated on solid LB and BSB media containing the DCF or CD at 

concentration of 1 g/L. After 2- 3 days of growth at 28°C, single-colony isolates (SCI) with 

different morphologies (400 strains) were analysed for their capability of degradation of DCF 

or CD: 20 mL of the BSBTE liquid medium in sterile 100-mL flasks supplemented with DCF 

or CD (1g/L) was inoculated with individual isolates and incubated on the shaker for 72h 

(28°C, 200 rpm). After cultivation, the culture depredating DCF or CD were further analysed 

by HPLC to determine degree of residual concentration of both compounds. Selected isolates 

capable of utilization DCF or CD were maintained as frozen glycerol stock cultures at -80°C.  

 

Identification of isolated microorganism 

Bacterial strain identification was based on classical phenotypic and biochemical analysis 

(CCM, Masaryk University, Brno, Czech Republic) and molecular taxonomy analysis of the 

16S rDNA gene (our laboratory). The culture grew in LB medium at 28°C for 16h. The 

chromosomal DNA was isolated and purified using the commercially available High Pure 

PCR Template Preparation Kit (Roche, Switzerland) according to the manufacturer´s 

instructions. The chromosomal locus of 16S rDNA coding region was amplified by standard 

polymerase chain reaction (PCR). All PCR experiments were carried out in 0.5 mL thin 

walled PCR tubes using a PTC-200 thermal cycler (MJ Research). PCR reaction were 

performed using  proofreading Herculase
®
 II Fusion DNA Polymerase (Agilent Technologies) 

and universal conserved primer pair Fwd27 (AGAGTTTGATCMTGGCTCAG) and  

Rev1492 (TACGGYTACCTTGTTACGACTT) in 25 µL volumes. PCR conditions were as 

follows: 2 min at 98°C; 40 cycles of 20 s at 98°C, 20 s at 55°C, and 60 s at 72°C; 10 min at 

72°C. PCR amplicons were purified using High Pure PCR Product Purification Kit (Roche, 

Switzerland) following the manufacture´s protocol. 

The determination of nucleotide sequences was carried out at the Institute of Microbiology of 

the AS CR, v.v.i. by the dideoxy chain-terminating method using universal 16S rDNA 

primers [Fwd27;  Rev1492; internal Fwd519 (CAGCMGCCGCGGTAATAC)] and 

automated DNA sequencer ABI PRISM 3130xl (Applied Biosystems). The obtained 

sequences were edited by Chromas Lite software (Technelysium Pty Ltd., Australia), 

assembled and further analyzed by the Lasergene software program pack (DNASTAR, Inc., 
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U.S.A.). Searching of 16S rDNA sequence similarity was performed at GenBank data library 

using the BLASTN program (National Center for Biotechnology Information, U.S.A.). 

       

 

Monitoring diclofenac and codeine via HPLC 

Quantitative determination of residual concentration of CD or DCF was done by HPLC 

(Dionex with PDA detector) on a column Lichroprep RPC18 250 mm x 4.6 mm (Waters). 

Extraction of compounds and preparation of samples for HPLC analyses: 1 mL of the culture 

liquid was extracted with 1 mL terc-butyl methyl ether (TBME) under vigorous shaking 

(vortex mixer) for 20 min. Organic and water phases were separated by centrifugation 

(12 000g, 10 min) and degradation of a substrates were determined in the organic phase. 

Mobil phases for CD and DCF were water and methanol (4:1 V/V + 0,1% TFA for CD; 3:7 

V/V + 0.2% phosphoric acid for DCF), and the flow rate was 1.0 mL/min resp. 0.8 mL/min. 

The samples volume was 10 µL, column was maintained at the temperature of 40°C resp. 

28°C. Detection of CD was done at 220 and 214 nm and DCF at 215 and 275 nm. The 

retention times of compounds were: DCF 11,2 min, CD 4.7 min. Extraction equilibrium was 

experimentally verified and calibration curves for HPLC assay was empirically determined. 

Pharmaceuticals were found completely dissolved in the extraction reagents with stable 

equilibrium at given temperature. Nonlinear concentration dependence was observed for 

diclofenac due to a limited solubility in ether system and therefore, experimentally determined 

polynomial equation was used for calculation.  

 

Effects of concentration substrates 1 and 2 on growth parameters 

The strain Raoultella sp. KDF8 CCM 8678 was grown in liquid BSBTE medium containing 

CD or DCF in concentration ranging from 0.5 to 2.0 g/l. growth was monitored by measuring 

absorbance at 600 nm using a UV-Visible spectrophotometer from Shimadzu. The culture was 

sampled periodically and following parameters were determined: the amount of biomass 

CDW (cell dry weight), pH without maintenance and specific growth rate.      

 

Optimization of process variables for DCF or CD degradation by whole-cell catalyst  

Parameters such as pH, temperature (20, 28 and 37°C), concentration of biomass and 

concentration of substrates were optimized for maximum degradation of substrates DCF or 

CD. The biomass used in degradation experiments was harvested from stationary phase of 

growth in the medium LB. The biomass was washed with LB medium (pH optimum, 

temperature optimum) and frozen. Frozen biomass was stored at – 25°C for maximum of 3 

months.  

For experiments, the biomass was resuspended in the BSBTE medium to get the final 

concentration of 10% wet weight (WW). For small-scale cultures multiwall cell culture plates 

(mcp), 3-ml samples of the 10% WW biomass were transferred into 6-well mcp and CD or 

DCF were supplemented to get the final concentration 0.2 and 1.0 g/l of CD and (from 1.0 to 

5 g/L of DCF). The experiments were performed in triplicate. 

The effect of pH on the conversion was studied in the range of initial pH (pH
INI

) from from 3 

to 10 without pH maintenance. Conditions of biodegradation: temperature 28°C, 0.5g cells 
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(CWW) resuspended in the 5 mL BSBTE medium supplemented with DCF (1 g/l). After 48h 

of degradation, residual concentration of DCF and final pH of the culture (pH
F
) were assayed.  

 

 

Analysis of DCF and CD metabolites 

In order to get a preliminary indication about the pathway of the DCF or CD degradation by 

Raoultella sp. KDF8 (CCM 8678), intermediates were analysed by xxxxxx with respect to 

various time periods of growth. For global metabolic profiling analysis: there was 

methanol/acetonitrile/acetone (1:1:1, v/v/v) added to samples (samples of culture, separated 

medium or biomass) and after that vigorously extracted for 15 min at room temperature 

(Bruce et all., 2009). The samples were then centrifuged at 12000g for 10 min at 4 °C. All the 

supernatant was removed and evaporated to dryness. The dry residue was reconstituted in 

……… The extract of compounds obtained on different times of exponential phase were 

dissolved in ………, and injected into a Bruker TOF MS System ............ in a positive 

ionization mode. The m/z ratios ……………………………….                       

 

 

Results and discussion 

 

Isolation, classification and characterization of bacterial degraders for drugs 

We screened 400 bacterial strains from soil samples for degradation of drugs DCF and 

CD: there were 350 isolates capable of growth in a medium suplemented with DCF and 50 

strains utilizing CD. Mixed population of these strains was cultured in LB medium and 

subjected to chemical mutagenesis by NMNG. 

Only a single mutant exhibited  degradation of these two drugs (both at concentration of 1g/l) 

and had the ability to use the DCF or CD as  sources of carbone and energy for growth. The 

isolate was designated as the strain KDF8.  

The physiological and biochemical characterization of the strain was performed at the 

Czech Collection of Microorganisms, Masaryk University, Brno. The strain KDF8 is a Gram-

negative bacterium, nonmotile, capsulated, requiring aerobic or facultatively anaerobic 

growth conditions. On nutrient TSA (Tryptic soya agar), colonies are circular, smooth and 

glossy. Positive results: catalase, glucose is fermented with the production of acid and gas, 

decarboxylation of lysine, production of indole, urease, Simmons citrate, acetoin, natrium-

malonyl, hydrolysis of ONPG, acids from glucose, mannitol, inositol, adonitol, cellobiose, 

rhamnose, sucrose, sorbitol, trehalose, raffinose and melibiose, growth at 37°C, positive test 

with methyl red. Negative results:  oxidase, production of hydrogen sulphide, decarboxylation 

of ornithine, arginine dihydrolase, deamination of phenylalanine, hydrolysis of Tween 80, 

gelatine and DNA, acids from dulcitol, nonmotile.The strain was classified as Raoultella sp. 

and deposited at the Czech Collection of Microorganisms under the number CCM8678. 

The molecular classification of the strain KDF8 was carried out by the 16S rDNA sequence 

analysis of an approximately 1.5 kb 16S rDNA amplicon obtained with the purified 

chromosomal DNA of this strain as a template. The BLAST search showed that the strain 

https://en.wikipedia.org/wiki/Motility
https://en.wikipedia.org/wiki/Capsule_(microbiology)
https://en.wikipedia.org/wiki/Facultative_anaerobic_organism
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belongs to the family Enterobacteriaceae, namely to the genus Raoultella, as the partial 

nucleotide sequence of 16S rDNA region of the strain in length of 1.35 kb showed the 

maximum nucleotide identity (over 99%) with the strains R. planticola, R. ornithinolytica, 

Klebsiella sp. or Enterobacter sp. strains. Since the results of the phylogenetic analysis are 

consistent with the phenotypic traits and there is a recent proposal of Drancourt et al. (2001) 

that, e.g. Klebsiella planticola and Klebsiella ornitholytica should be reclassified into the 

genus Raoultella, the previous identification of the strain, a Raoultella sp. KDF8, was not 

changed .     

 

We have studied the effect of a growth temperature (20, 28 and 37°C)  on the culture 

growth on an unnatural carbon source DCF. The data are shown in Table X. The highest 

degradation of DCF (92%) was achieved at 28°C in the course of 48 h when the biomass 

concentration reached 1.1 gdw/l and the specific rate of removal (SRR) was 28 mgDCF/gcdw/h. 

The lower temperature did not affected significantly the growth but the biodegradation and  

SRR decreased to 55% and 13 mgDCF/gcdw/h, respectively. The temperature of 37°C was not 

suitable for the growth but the biodegradation was reasonable. The temperature of 28°C was 

used in further degradation/culture experiments performed both with DCF and another 

pollutant CD. 

 

Table X. The effect of temperatures on growth and removal of DCF by growing cells 

after 48h  

Temperature°(°C) µ (h
-1

) DW g/l Degradation (%) SRR (mgDCF/gDW/h) 

20 0.05±0.01 0.72±0.05 55±2.05 13±0.2 

28 0.08±0.01 1.10±0.12 92±2.05 28±0.9 

37 0.03±0.005 0.22±0.03 82±1.63 23±1.0 

DW and SRD stand for biomass concentration and specific utilization rate of DCF, respectively.  

µ means the specific growth rate of cultures. The experiments were performed in triplicate. 

 

The growth curves of the shaken flask cultures of the strain KDF8 in mineral medium 

BSBTE supplemmented with DCF or DC (1 g/L) under optimal growth temperature are 

shown in FIG. x. The culture supplemmented with DCF entered exponencial growth phase in 

4
th

 h after inoculation. Slowly growing culture with u of 0.08 /h reached the stationary phase 

after approximately 48h. By that time, almost 100% of the DCF had been metabolized.  

As to culture in CD-supplemmented medium, the exponencial growth started after 24h 

(u of …/h) and the maximum concentration of the biomass was reached in 72h after 

inoculation. Consumption of only 30 % of the substrate was achieved.     
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Fig.x  Growth of a culture of the strain Raoultella sp. KDF8 in shaken flasks (28 °C)on medium BSBTE 

supplemmented with 1 g/l of DCF (A) or CD (B):  biomass concentration (OD600, full square) and residual 

concentration of  DCF or CD (empty square, measured by HPLC).    

 

We can conclude that the genus Raoultella ranks among very efficient biodegraders of 

DCF (92 % removal) and, although with lower efficiency (30% removal), simultaneously 

among degraders of CD. This is the first report on a bacterial biodegrader capable of nearly a 

complete degradation of the DCF (xenobiotics) and the drug CD, a natural product.  

A complete utilization of the DCF by R. sp KDF8 is an important trait. A comparison 

with literature data shows that laboratory experiments with activated sludge from the 

wastewater treatment plant completely removed some pharmaceuticals (e.g. ibuprofen), 

whereas a residual concentration of the DCF was always present, showing the necessity to 

remove this pollutant by further treatment, for example, by means of activated carbon 

(Langenhoff et al., 2013). Other reports dealing with the DCF removal from aquatic 

environment by Pseudomonas putida MnB6 revealed that degradation of the drug required 
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manganese oxidation by (Meerburg et al., 2012). Regarding morphine alkaloids (e.g., the 

CD), these compounds were utilized as sole carbon and energy sources by the strain 

Pseudomonas putida isolated from industrial waste liquors (Bruce et al., 1990).  

Kaczorek et al. (2016) has studied the strains Raoultella planticola WS2 and 

Pseudomonas sp. OS2 as potential biodegraders of halogenated phenols. Both strains 

displayed changes in inner membrane permeability and cell surface hydrophobicity during the 

growth in medium supplemented with halogenated phenols. Biodegradation of phenols was 

observed only in the case of the culture of Pseudomonas sp. OS2.  

 

Raoultella sp. KDF8 as a whole cell catalyst for removal of DCF and CD 

In previous chapter we have reported the strain Raoultella sp. KDF8 as an efficient 

degrader of the DCF and CD when cultured in a mineral medium supplemented with the drug 

at a concentration of 1 g/l where the final biomass concentration reaches about 1 gdw/l (OD600 

about 4). Therefore we have performed experiments to evaluate the degradation potential of 

the strain R. sp. KDF8 for both drugs and to determine optimal conditions for catalyst 

application.  The mcp cultures were performed with 10% (w/w)  whole-cell catalyst/biomass 

(OD600 of about 25) at the temperature of 28°C in the medium BSBTE supplemented  with 

different concentrations of DCF (1.0 – 5.0 g/l) or CD (0.2 and 1.0 g/l), and pH value ranging 

from 3 to 10.  

 

Effect of pH and DCF concentration. 

The effect of pH on the culture growth and efficiency of the DCF removal is shown in 

Table X. The optimal initial pH range for biodegradation was 7 to 9. It should be noted that 

there is a slight increase in OD of the culture (by 20%) at pH of 6 and 7. The other pH values 

did not support neither biomass increase nor DCF degradation. Table X shows that the pH of 

the reaction mixtures reaches after 48 h the value ranging from 3.4 to 4.6 which corresponds 

to pH change during the culture growth (Fig. …).    

 

Table X. The effect of initial pH of the reaction on the DCF removal   

pH
INI

/pH
F 

3/3.4 4/3.8 5/3.9 6/3.8 7/4.1 8/4.4 9/4.3 10/4.6 

degradation 

(%) 

46±3.4 47±2.9 55±4.1 60±1.7 92±2.1 87±2.4 88±1.7 49±3.1 

OD600 25.2±0.

4 

26.5±1.

0 

25.3±0.

6 

31±0.5 30±0.3 25±0.8 25±0.8 23±0.8 

 pHINI and pHF stands for the initial pH of the reaction mixture and culture pH after 

48h, respectively 

 

Xenobiotic substrates subjected to biodegradation may inhibit growth of the bacterium 

via interference of substrates and their intermediates with the cell metabolism (Bühler et al., 

2008; Tsotsou et al., 2016): a level of toxic effect of compounds may correlate with increasing 
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concentration of the drugs. On the other hand, high initial concentrations of the substrate may 

reveal biodegradation potential of the catalyst (Chen et al., 2010). Therefore we have studied 

growth inhibition of the R. sp. KDF8 culture and degradation performance in the medium 

supplemented with DCF.  The data are shown in Table XX.  

 

Table XX Concentration effect of DCF on bacterial growth and the drug  removal.   

DCF concentration 

g L-1 

DW g L
-1 

Degradation (%) SRR mgDCF gDW
-1

h
-1

 

24 h 48h 24h 48h 24h 48h 

1 6.5±0.32 7.3±0.73 80±1.20 92±1.95 12.0±0.4 5.0±0.3 

2 6.7±0.25 7.2±0.35 87±1.60 88±1.27 10.0±0.2 5.0±0.3 

3 6.3±0.24 6.5±0.3 67±0.75 71±0.84 23.0±1.2 10.0±0.4 

4 5.3±0.08 6.1±0.04 47±0.95 65±1.10 27.0±0.8 13.5±0.6 

5 4.7±0.12 4.9±0.07 55±1.17 63±0.75 24.0±0.6 16,5±0.4 

Biodegradation was determined after 24 h and 48h by 10% (WW) cell suspension of Raoultella sp. KDF8. DW 

and SRR stand for biomass concentration and specific removal rate for DCF, respectively. Data are given as 

averaged values from three parallel mcp cultures.         

 

Biodegradation was followed in mcp cultures at five different concentrations of DCF: 1, 

2, 3, 4 and 5 g/L (Table XX) and we have found that the concentration of DCF  affected both 

the degradation and culture growth. The degradation of DCF was faster (23 – 27 mg/gcdw/h) at 

higher concentrations (3-5 g/l) but the growth was slowed down from 7.3  to 4.9 gdw/l. The 

highest percentage (92%) of DCF removal was reached in the culture supplemented with 1.0 

g/l of DCF after 48h of cultivation. 

Optimized conditions for biodegradation by whole-cell catalyst of Raoultella sp. KDF8  

(10% ww biomass, 28°C) obtained from the previous experiments were used for the removal 

of another persisting analgesics, codeine. These conditions were applied in 5-ml mcp 

experiments to study the concentration effect of the pharmaceutical. The better elimination of 

CD was observed in medium supplemented with 0.2 g/l of CD indicating a 45% of drug 

removal after 48h, whereas significantly less pronounced removal occurred at concentration 

1.0 g/l (Table X). At the concentration 0.2 g/l of CD, the specific removal rate is slower (2 

mgCD/gCDW/h) and at 1.0 g/l the SRR increases up to 9.5 mgCD/gCDW/h after 24h. The use of 

the whole cells for CD conversion by Rhizobium radiobacter R89-1 at higher concentration of 

CD has been described by Kyslikova et al., 2013. Our results are in agreement with the cited 

work that reports faster CD conversion at higher concentrations of the drug.   
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Table X. Concentration effect of CD on bacterial growth (DW) and the drug  removal.   

Concentration of 

CD 

g L
-1 

degradation (%) DW g L
-1 

SRR (mgCD gDW
-1

 h
-1

) 

24h 48h 24h 48h 24h 48h 

0.2 30±1.9 45±2.8 4.3±0.19 5.1±0.17 2.0±0.1 0.6±0.03 

1.0 22±1.1 27±2.0 4.1±0,16 3.8±0,25 9.5±0.18 5.1±0.09 

DW and SRR stand for biomass concentration and specific removal rate, respectively. Biodegradation was 

determined after 24 h and 48h by 10% (WW) cell suspension of Raoultella sp. KDF8. Data are given as 

averaged values from three parallel mcp cultures.         

 

The metabolic profil of DCF and CD in Raoultella sp. KDF8 

Virtually no information on metabolites of diclofenac transformation by microbial 

communities is currently available. Intermediates have been described only from conversions 

with cultures of fungi and yeasts. During biological treatment of DCF have been recently 

described for example O-nitrosation and nitration products of DCF and dichlorbenzoic acid 

(Perez et. Al., 2008), 2-((2,6-dichloro-phenyl) amino) benzyl alcohol methyl ether (Kosjek et 

al., 2009; Langenhoff et al., 2013), oxidation products such as 5-hydroxy-, 4´- hydroxyl- and 

3´- hydroxyl diclofenac, 4´-5-dihydroxydiclofenac (Hata et al., 2010; Scheurell et al., 2009) 

and 1-(2,6-dichlorophenyl)-1,3-dihydro2H-indol-2-one (Kosjek et al., 2009). The analysis of 

three culture samples from different growth phase led to detection metabolite produced after 

biodegradation of DCF by nature bacterial strain. This metabolite extracted from cultures of 

Roultella sp. KDF8 and characterized by 4´-hydroxy diclofenac (4´OH-DCF).  4´OH-DCF 

was shown to be the predominant metabolite and have been also detected in incubations with 

activated sludge (Bouju et al., 2016; Gröning et al., 2007). This results demonstrate that the 

hydroxylation of DCF to 4´-OH-DCF isn´t a bottleneck in overall DCF biotransformation by 

nature bacterial strain. 

When codeine was degraded by natural strain Raoultella sp. KDF8, five predominant 

metabolites were observed in culture samples, some of them have been found in other studies: 

codeinone, 14-OH-codeine, 14-OH-codeinone, 14-OH-7.8-dihydrocodeine and 14-OH-7,8–

dihydrocodeinone (Kyslíkova et al., 2013). This clearly indicates the presence of morphine-6-

dehydrogenase and morphinone reductase catalysed reactions (PMID: 8452544)( PMID: 

8037698)( PMID: 27056219). Our metabolic study also confirmed the presence of neopine or 

isoneopine (MW 300.159) which is in non-enzymatic equilibrium with codeinone 

(doi:10.1016/S0040-4039(00)73838-X).  

 

 

 

 

 
 


