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Abstract 

Sulfonamides are among the most administered antibiotics (1), leading to a release of 

more than 20’000 tons per year into the biosphere (2). Due to their physicochemical 

properties, they are classified as photolytically- and thermally stable (3). As they do not 

tend to accumulate or strongly sorb onto organic carbon or other environmental matrices, 

they move rather freely in the environment (2, 4). Once released, they may enhance the 

development and the propagation of sulfonamide antibiotic resistance genes (5). 

Several research groups were able to isolate bacteria being capable of mineralizing 

different sulfonamide antibiotics (6–10). But, as of yet, the degradation pathway and 

enzymes involved remained unknown. 

This work describes the biological degradation of sulfonamide antibiotics by 

Microbacterium sp. strain BR1. Here, a two-component flavin monooxygenase initiates the 

degradation by an ipso-attack on the sulfonamide antibiotic. This leads to an electron 

rearrangement within the molecule and its final decomposition, releasing benzoquinone 

imine, sulphur dioxide and the heterocyclic moiety as a stable metabolite. Benzoquinone 

imine is most likely abiotically reduced to 4-aminophenol before it is hydroxylated further 

by a second two-component flavin monooxygenase, yielding 1,2,4-trihydroxybenzene. 

Both monooxygenases have so far remained unknown but in this work their genes have 

also been identified in three other sulfonamide mineralizing bacterial isolates. 

Growth experiments of Microbacterium sp. strain BR1 cells both acclimatized and non-

acclimatized in the presence of the sulfonamide antibiotic sulfamethoxazole indicated 

that the mineralization of sulfamethoxazole constitutes a new sulfonamide antibiotic 

resistance mechanism. 

This is the first report of enzymes involved in the metabolism of antibiotics and the first 

time that the molecular mechanism of antibiotic subsisting bacteria could be 

experimentally verified. 
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Zusammenfassung 

Die Gruppe der Sulfonamide gehören zu den am meisten verabreichten Antibiotika (1), 

was zu einer Freisetzung in die Biosphäre von mehr als 20'000 Tonnen pro Jahr führt (2). 

Aufgrund ihrer physikochemischen Eigenschaften werden sie als photo- und thermisch 

stabil (3) eingestuft. Da sie nicht dazu neigen, sich auf organische Kohlenstoff- oder 

andere Umweltmatrizen zu sammeln bzw. stark zu sorbieren, können sie sich in der 

Umwelt relativ frei bewegen (2, 4). Es wird angenommen, dass sie bei Freisetzung die 

Entwicklung und die Ausbreitung von Sulfonamid-Antibiotikaresistenz-Genen 

hervorrufen (5). 

Mehrere Forschergruppen waren in der Lage, Bakterien zu isolieren, welche in der Lage 

sind, verschiedene Sulfonamid-Antibiotika zu mineralisieren (6–10). Aber bis jetzt waren 

der Abbauweg und die beteiligten Enzyme unbekannt. 

Diese Arbeit beschreibt den biologischen Abbau von Sulfonamid-Antibiotika durch 

Microbacterium Stamm BR1. In diesem Stamm initiiert eine Zweikomponenten-Flavin-

Monooxygenase den Abbau durch einen ipso-Angriff auf das Sulfonamid-Antibiotikum. 

Dies führt zu einer Elektronenumlagerung innerhalb des Moleküls und seiner endgültigen 

Zersetzung, wobei Benzoquinonimin, Schwefeldioxid und der heterocyclische Rest als 

stabiler Metabolit freigesetzt werden. Benzochinonimin wird höchstwahrscheinlich 

abiotisch auf 4-Aminophenol reduziert, bevor es durch eine zweite Zweikomponenten-

Flavinmonooxygenase weiter hydroxyliert wird, wobei 1,2,4-Trihydroxybenzol entsteht. 

Beide Monooxygenasen sind bisher unbekannt, jedoch wurden ihre Gene in dieser Arbeit 

auch in drei anderen Sulfonamid-mineralisierenden Bakterienisolaten identifiziert. 

Wachstumsexperimente in der Gegenwart von Sulfamethoxazol mit akklimatisierten und 

nicht-akklimatisierten Microbacterium Stamm-BR1-Zellen, die sowohl akklimatisiert als 

auch nicht-akklimatisiert waren, zeigten, dass die Mineralisierung von Sulfamethoxazol 

einen neuen Sulfonamid-Antibiotikaresistenz-Mechanismus darstellen könnte. 

Dies ist der erste Bericht über Enzyme welche am Stoffwechsel von Antibiotika beteiligt 

sind, und es ist das erste Mal, dass der molekulare Mechanismus verifiziert werden 

konnte, welcher für das Wachstum von Bakterien auf Antibiotikum verantwortlich ist. 
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Abbreviations 

Abbreviation Explanation 
× g Relative centrifugal force 
3A5MI 3-Amino-5-methylisoxazole 
4AP 4-Aminophenol 
4AP-MO 4-Aminophenol degrading monooxygenase from Microbacterium sp. 

strain BR1 
ACN Acetonitrile 
AQX 2-Aminoquinoxaline 
AUM Artificial urine medium 
BQ Benzoquinone 
BQI 1,4-Benzoquinone imine 
BSTFA N,O-Bis(trimethylsilyl)trifluoroacetamide 
BTEX Benzene, toluene, ethylbenzene, xylene 
CDS Coding DNA sequence 
CYP Cytochrome P450 dependent monooxygenase 
DAD Diode array detector 
dd H2O Double distilled water 
DEAE Diethylaminoethyl 
DNA Desoxyribonucleic acid 
DW Cell dry weight 
EI Electron ionization 
EtOH Ethanol 
FAD Flavin adenine dinucleotide 
FHNW University of Applied Sciences and Arts Northwestern Switzerland 
FMN Flavin mononucleotide 
FMNH2 Flavin mononucleotide, reduced 
FMNR Flavin reductase from Microbacterium sp. strain BR1 
FMO Flavin-dependent monooxygenase 
FPLC Fast protein liquid chromatography 
GC Gas chromatography 
GST Glutathione transferase 
HBQ 2-Hydroxy-benzoquinone 
HCl Hydrochloric acid 
HIC Hydrophobic interaction chromatography 
HPLC High pressure liquid chromatography 
HQ Hydroquinone 
IC Ion chromatography 
ICB Institute for Chemistry and Bioanalytics (FHNW) 
IEC Institute of Ecopreneurship (FHNW) 
IMAC Immobilized metal ion affinity chromatography 
kDa Kilo Dalton; unified atomic mass unit 

LSRD Liquid scintillation radioflow detector 

MAFFT Multiple Alignment using Fast Fourier Transformation 
MeOH Methanol 
MS Mass spectrometry 
MW Molecular weight 
MWCO Molecular weight cut-off 
NaCl Sodium chloride 
NADH Nicotinamide adenine dinucleotide, reduced 
NADPH Nicotinamide adenine dinucleotide phosphate, reduced 
NaOH Sodium hydroxide solution 
NCBI National Center for Biotechnology Information 
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ODX Optical density at x nm 
oN Over night 
PBS Phosphate buffered saline (50 mM, pH 7.0) 
PCR Polymerase chain reaction 
PMSF Phenylmethanesulfonylfluoride 
RT Room temperature 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SDZ Sulfadiazine 
SGPI SYBR Green and Propidium Iodide solution 
SMX Sulfamethoxazole 
SMX-MO Sulfonamide degrading monooxygenase from Microbacterium sp. strain 

BR1 
SN Sulfanilamide 
SQX Sulfaquinoxaline 
TCMS Trichloromethylsilane 
THB 1,2,4-Trihydroxybenzene 
TLC Thin layer chromatography 
Tris Trisethylaminohydroxymethane 
v/v Volume per volume 
w/v Weight per volume 
WWTP Wastewater treatment plant 
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1. Introduction 

1.1. Biological degradation of sulfonamide antibiotics 

Sulfonamide antibiotics used in veterinary and in human medicine are released into the 

environment because they are only metabolized to a limited extent. Once released, they 

pose an environmental risk, as their presence might entail the propagation of antibiotic 

resistance genes among bacteria (11). In this regard, wastewater treatment plants 

(WWTP) are of special interest, as they are known to be hotspots for the propagation of 

antibiotic resistance genes (12). 

Despite the ubiquity of sulfonamide antibiotics, their microbial metabolism and ultimate 

fate in the environment is poorly understood. 

Several studies have shown that sulfamethoxazole (SMX), an important representative of 

sulfonamide compounds, undergoes partial degradation in wastewater treatment plants 

under aerobic and anaerobic conditions (13–16). It has recently been demonstrated that 

Microbacterium sp. strain BR1, a gram-positive bacterium isolated from a membrane 

bioreactor fed with synthetic wastewater containing  several pharmaceuticals, was 

capable of mineralizing the 14C-labelled aniline moiety of SMX when the latter was 

supplied as sole carbon source (6). This was the first unambiguous indication that 

sulfonamides are subject to growth-linked metabolism in microorganisms. 

To my knowledge, Hartig (17) was the first, who identified the aminated heteroaromatic 

side moieties of the sulfonamides SMX and sulfadimethoxine as stable metabolites after 

biodegradation by activated sludge. This result was recently confirmed by two groups 

which were able to isolate Microbacterium strains with the ability to degrade the 

sulfonamides sulfamethazine (SMZ) (8) and sulfadiazine (SDZ) (9). Additionally, both 

groups identified the aminated heteroaromatic side moieties of the sulfonamide as a 

metabolite after the degradation of the parent compound. Although those stable 

metabolites were identified, the initial attack of the sulfonamide and the further 

degradation pathway of the aniline path remained unclear. 

Before those findings, only few sulfonamide metabolites (i.e. hydroxylated, acetylated, 

glycosylated etc.) were identified, which were not further degraded (18–20). 

Most commercial sulfonamides are para substituted aromatic amines. As hydroxyl 

groups, amino moieties are ortho- and para-directing activators in electrophilic aromatic 

substitutions, ortho and para substituents of phenolic compounds can be detached by 
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ipso-substitution (21–30) (detailed review in chapter 1.2). The reaction, regardless of 

type, is affected by electronic and steric properties of both the substrate and the attacking 

agent (29) and the full range of biochemically catalyzed ipso-substitutions remains as of 

yet unexplored.  
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1.2. Ipso-substitution: A general mechanism for biological xenobiotic 

degradation 

Many environmentally relevant aromatic compounds are degraded through 

hydroxylation of the aromatic moiety at unsubstituted positions with subsequent ortho-

hydroxylation and cleavage of the aromatic ring by catechol or protocatechuate 

dioxygenases, e.g. BTEX (benzene, toluene, ethylbenzene, xylene), phenol, dibenzo-p-

dioxin and polyaromatic compounds. Two decades ago, reactions at the ipso-position of 

para-hydroxylated phenol derivatives were discovered to be catalysed by cytochrome 

P450 dependent monooxygenase (CYP) model systems. That was surprising as the ether 

group of nitrophenoxyphenol had previously been thought to resist biological attacks 

(31). The term ipso-substitution refers to the replacement of the group bearing the 

substituent, relative to which ortho-, meta- or para-positions are defined. More surprises 

were to follow, as a number of ipso-substitutions were subsequently reported where 

attacks occurred at positions previously deemed unfavorable, revealing a hidden gate to 

metabolic pathways. 

Founded on reactions catalysed by CYP systems, it has been proposed to categorize ipso-

substitutions into two types, based on the leaving group. This division solely depends on 

the substrate and not on the catalysing enzyme. In a type I ipso-substitution, the leaving 

group is detached from the substrate as an anion, and the product will form a quinone, 

mostly benzoquinone (BQ) or a derivative thereof. In a type II ipso-substitution, the 

leaving group is a cation, which leads to the formation of a quinol, mostly hydroquinone 

(HQ) or a derivative thereof (29). Based on the reaction mechanism, however, this does 

not always apply, as it will be obvious from the following paragraphs that glutathione-S-

transferases (GST) and dioxygenases in particular can catalyse ipso-substitutions with 

anionic leaving groups nevertheless resulting in quinol products. 

Several classes of enzymes are known to be capable of aromatic ipso-substitutions: CYP, 

flavin-dependent monooxygenases (FMO), GST, laccases, peroxidases and dioxygenases. 

1.2.1. Laccases 

Laccases possess a broad substrate range, making them suitable candidates for 

applications such as effluent decolourization and detoxification. Among the reactions 

catalysed by them are several examples of ipso-reactions. The degradation of phenolic azo 

dyes by a laccase from Pyricularia oryzae is initiated through a type I ipso-attack (see 
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Figure 1). It is primed by the oxidation of the phenolic moiety. Two consecutive one-

electron transfers result in the successive formation of a phenoxy radical and a carbenium 

ion at the C atom linked to the azo group. A subsequent nucleophilic attack by water leads 

to the decay of the azo dye, releasing a BQ derivative and 4-sulfophenyldiazene that 

further is oxidized to 4-sulfophenylhydroperoxide (32). This mechanism is characteristic 

for laccases, and initiates e.g. aryl-alkyl bonds cleavage from phenolic subunits in lignin 

backbones (33), 2,4,6-trimethoxyphenol demethylation (34) or tetrachloroguaiacol 

dechlorination (35). 

 

 

Figure 1: Degradation of phenolic azo dyes by laccase from Pyricularia oryzae as a characteristic example of ipso-

substitution catalyzed by laccases as reported by Chivukula et al. (32). 

The phenolic moiety of the azo dye is oxidized by Cu (II) in the active site of the laccase to its phenoxy radical, and a 

carbenium ion after a consecutive one-electron transfer. A nucleophilic attack by water leads to the formation of a BQ 

derivative and 4-sulfophenyldiazene that is further oxidized to 4-sulfophenylhydroperoxide. Preprint in Ricken et al. 

2015 (36). 

1.2.2. Peroxidases 

Peroxidases, also promising candidates for the degradation of recalcitrant compounds, 

can initiate degradation mechanisms comparable to those described for laccases. For 

instance, the degradation of the phenolic lignin model compound arylglycerol-beta-aryl 

ether by a manganese peroxidase follows the same mechanism and results in the same 

metabolites as described in the previous section on laccases, i.e. transfer of electrons 

followed by the attack of water (37). A versatile peroxidase was also described to catalyse 

dichlorophen dehalogenation (38) presumably via a type I ipso-substitution mechanism. 

1.2.3. Dioxygenases 

Dioxygenase enzyme systems consecutively add two oxygen atoms to benzene rings, 

usually forming catechol intermediates. The oxygenase component is the main catalytic 

subunit, depending on a reductase and a ferredoxin to transfer electrons to it (39). 
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Dioxygenases are known to catalyse attacks at the ipso-position, many of which result in 

unstable cis-diol intermediates. If these intermediates release the initial substituent in 

ipso-position, the result can be regarded as an ipso-substitution. 

Two dioxygenases, i.e. from Comamonas testosteroni T2 and from Sphingomonas sp. strain 

RW1 were involved in the desulfonation of 4-sulfobenzoate by ipso-substitution, as seen 

in Figure 2 (40, 41); a dioxygenase from Pseudomonas sp. strain CBS catalysed 

dechlorination of 4-chlorophenylacetate (42). Several dioxygenase systems were also 

involved in ipso-substitution of nitro-groups from nitrobenzenes and derivatives thereof, 

to the corresponding catechols (43, 44). Their substrate specificity is apparently 

dependent on the alpha unit and can be narrow, i.e. dioxygenases of Pseudomonas sp. JS42 

and of Burkholderia sp. strain DNT and certain hybrid enzymes combined from their 

subunits could only act on certain nitrotoluenes by ipso-substitution (45). In contrast, a 

dioxygenase from Comamonas sp. strain JS765 transformed a wide range of isomers of 

mono- and di-nitrotoluenes to the corresponding catechols with the concomitant release 

of nitrite (46). A recent study on the mechanism of the dioxygenases-catalysed cis-

dihydroxylation of nitrobenzene revealed that the first oxygen actually is introduced at 

the ortho-position, followed by an introduction of the second oxygen at the ipso-position 

(47). 

 

Figure 2: Ipso-substitution by dioxygenases 

The mechanism for the dioxygenation of 4-sulfobenzoate has been adapted from Locher et al. (48). 4-Sulfobenzoate 3,4-

dioxygenase dihydroxylates the substrate simultaneously at the ipso- and ortho-positions. This leads to an electron 

rearrangement and finally to the decay into hydrogen sulphite and protocatechuate. Preprint in Ricken et al. 2015 (36). 

1.2.4. Cytochrome P450-dependent monooxygenases 

Cytochrome P450 dependent monooxygenases (CYP) are known for their broad substrate 

spectrum and their role in the metabolism of xenobiotics. The basis for the catalysed 

oxidations is the oxygen species bound to the heme acting in the nucleophilic peroxo- or 

electrophilic hydroperoxo- or oxenoid form (49). 
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Apparently all CYP substrates, which undergo ipso-substitution, are p-substituted phenols 

and hence para-substitution appears to be a prerequisite for substrate transformation, as 

can be seen in Figure 3 (29). A reconstituted rat-liver-CYP system was able to convert p-

chloro, p-bromo, p-nitro, p-cyano, p-hydroxymethyl, p-formyl and acetyl phenols to HQ by 

ipso-hydroxylation. A CYP mutant catalysed also the conversion of p-benzoyl, p-methyl 

and p-t-butyl substituted phenols (49). These substrates, except for the methyl- and t-

butyl-substituted phenols should be degraded via type I ipso-substitution, yielding BQ 

rather than HQ. However, apparently cytochrome reductase driven by excess NADPH is 

able to transform HQ from BQ, thus creating this analytical artefact (50). 

Besides the already mentioned substrates, it has been shown in other studies that also p-

fluoro-, carboxy- and benzoyl-phenols were successfully transformed by CYPs, originating 

from rat liver (29). Furthermore bisphenol A was transformed via ipso-substitution by 

rat-liver-CYP to HQ, isopropenylphenol and hydroxycumyl alcohol (51). 

 

 

Figure 3: Substitution mechanisms of P450s, FMOs and by NIH shifts. 

Para-substituted hydroxybenzenes can be degraded to BQ or HQ by P450s and FMO by the general pathways shown. A, 

degradation via type I ipso substitution, X = -NO2, OPh and O(CH2)nCH3 as reported for P450 (29), and, for the latter 

substituent also for FMO (52). B, degradation via type II ipso substitution; reactions with X= Cl, Br, F, CH2OH, and COPh 

were reported for P450 (29), and with branched alkanes as substituents were reported for FMO (53). C, ipso-

hydroxylation followed by internal rearrangement leads to NIH-shift products as reported for branched alkanes as 

substituents (53). Preprint in Ricken et al. 2015 (36). 
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1.2.5. Flavoprotein monooxygenases (FMO) 

Like CYP, FMO are responsible for a wide range of xenobiotic transformations, and like 

the former, they rely on activated oxo species to transfer oxygen atoms. These oxo species 

are however bound to a flavin rather than a heme. There are several examples of ipso-

substitutions catalysed by FMO. FMO involved in nicotine degradation by Pseudomonas 

putida hydroxylates 6-hydroxy-3-succinoyl-pyridine at the carbon bearing the succinic 

semialdehyde moiety, which leads to the fragmentation into 2,5-dihydroxy-pyridine and 

succinic semialdehyde (54). Another FMO is involved in the ipso-hydroxylation of 

pentachlorophenol to yield tetrachloroBQ after substitution (55). FMO from both 

Burkholderia cepacia and Ralstonia pickettii can oxidize 2,4,6-trichlorophenol to 2,6-

dichlorophenol (56, 57). A curious case of dehalogenation is catalysed by a related FMO 

from Ralstonia eutropha JMP134, which can ipso-hydroxylate 2,4,6-trichlorophenol firstly 

at the ortho- and, in a coupled second step without apparent release of the substrate from 

the enzyme, at the para-chloro substituent to form 6-chloro-trihydroxybenzene (58). Like 

with CYP, in all these cases, a hydroxyl group in para-position seems to be a prerequisite 

for ipso-substitution. An exception is an ortho-phenol-monooxygenase that transforms 

ortho-nitrophenol to catechol. Based on sequence similarity it is a putative FMO, but here 

a para-hydroxy group is not needed for ipso-substitution (59, 60). 

Two examples of FMO responsible for the removal of nitro groups by ipso-substitution are 

from Pseudomonas sp. JHN (61) and Pseudomonas sp. strain WBC-3 (62), which catalyse 

the transformation of 4-chloro-3-nitrophenol to 4-chlororesorcinol (strain JHN), a rare 

example of meta-hydroxylation, and of 4-nitrocatechol to hydroxyhydroquinone or of 4-

nitrophenol to 4-BQ (strain WBC-3). An interesting example of desulfonating FMO 

converts dibenzothiophene sulfone to 2-hydroxybiphenyl-2-sulfinite, relying on a 

hydrolase to catalyse the removal of the sulfo group (63). Analogous processes are also 

present in different Rhodococcus and Paenibacillus strains (64). 

An FMO from Sphingomonas sp. strain PWE1 attacks alkylphenols at the aromatic carbon 

bearing the alkyl chain, leading to the formation of HQ and the detached alkyl chain (52). 

It could be shown later that homologs from Sphingomonas sp. strain TTNP3 and 

Sphingobium xenophagum strain Bayram were responsible for the NADPH- and FAD-

dependent degradation of bisphenol A, octylphenol, t-butylphenol, n-octyloxyphenol and 

t-butoxyphenol (compare Figure 3). Especially the attack adjacent to quaternary carbon 

atoms was unexpected, as previously deemed improbable due to steric hindrances (53). 
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1.2.6. Ipso-substitutions led astray - of NIH shifts, aryl ethers and aromatic 

ring cleavage 

In some cases, the reactions initiating ipso-substitutions can result in events giving rise to 

side-products where the initial ipso-group is not eliminated, but shifted to another 

position by intramolecular rearrangement. 

One of these events is the so-called NIH-shift, where a hydroxyl group is introduced into 

the molecule at the ipso-position, while the former substituent migrates to the meta-

position (compare Figure 3). Studies showed NIH-shifts to occur for fluorinated benzenes 

with CYP systems (65) and for 4-hydroxyarylaldehydes (66) and 4-alkylphenols (53) with 

FMO. The dioxygenase-catalysed transformation of 4-hydroxyphenylpyruvate to 

homogentisate (67) is a further example of NIH shift. A noteworthy variation on this 

substituent shift is the GST-catalysed shift (compare the following section) of the newly 

introduced glutathione from ipso- to ortho-position (68). 

Alternatively, other rearrangements are possible. Rather than leaving the molecule as a 

carbocationic intermediate, some alkyl substituents were partially observed to form 

arylethers with the aromatic ring upon introduction of the hydroxyl group (53). It appears 

that these side reactions are substrate-specific and that the rearrangements are not 

enzyme-catalysed but rather occurring spontaneously. To our knowledge, these 

rearrangements have only been described for the degradation of alkylphenols by FMO. 

For laccases it has been even shown that an ipso-attack, initiated by laccases, can lead to 

ring cleavage, as in the case for 4,6-di(t-butyl)guaiacol, when the ipso-attack takes place 

at the position adjacent to the phenoxy radical. Here, the methoxy group is not released 

from the ring; instead, the aromatic ring is cleaved to form a muconolactone still bearing 

the methoxy moiety, as seen in Figure 4 (68). 
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Figure 4: Ring cleavage by a laccase of Coriolus versicolor 

The Ring cleavage mechanism depicted here, initiated by an ipso-attacked has been first described by Kawai et al. (68). 

4,6-di(tert-butyl)guaiacol is oxidized by a Coriolus versicolor laccase and forms a phenoxy radical which is 

nonenzymatically oxidized by molecular oxygen. The hereby formed hydroperoxide reacts with the neighboring 

carbonyl group and forms a cyclic peroxide, which is transformed to a muconate derivative. A final cyclization results 

in the product lactone. Preprint in Ricken et al. 2015 (36). 

1.2.7. Glutathione S-transferases 

In contrast to the previously described electrophilic ipso-substitution mechanisms, GST 

act on a wide variety of xenobiotics by nucleophilic attack of the glutathione sulphur atom 

(69). They are involved in sulfonylfuropyridine desulfonylation and sulfonamide cleavage 

of the HIV-1 protease inhibitor PNU-109112 (70) via ipso-substitution (71) (see Figure 

5). Dehalogenation via ipso-substitution of aniline-derived substrates bearing halogens 

both in ortho- and para-position by human GST was observed if these had previously been 

transformed to a reactive intermediate by oxidation. Interestingly, the ortho halogen 

replacement is due to glutathione-transfer onto the carbon bearing the aniline moiety, 

followed by an intramolecular shift of the glutathione to the neighbouring halogen, thus 

eliminating it (compare Fig. 2) (72). No mechanism was proposed for the dehalogenation 

via ipso-substitution of chlorinated hydroquinones by GST of Sphingobium 

chlorophenolicum ATCC 39723 (73) and Sphingobium japonicum strain UT26 (74). 

However, in these two cases of two consecutive ipso-substitutions, a similar mechanism 

can be assumed, i.e. attack on the hydroxyl-bearing carbon with subsequent elimination 

of chlorines via intramolecular shift of glutathione. Here, the presence of two hydroxyl 
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groups in para position should be sufficient to stabilize a required 2,5-di-enone 

intermediate. Hence, halogen substitution is actually initiated by attack at the vicinal 

amino or hydroxyl moiety of chlorinated anilines or chlorinated hydroquinones; 

therefore, the ipso-substitution is not initiated by an ipso-attack, but rather ortho-attack 

relative to the leaving group. 

 

 

Figure 5: Mechanism of dehalogenation of 2,4-dihaloaniline by human GST, adapted from Zhang et al. (72). 

2,4-Dihaloaniline is oxidised into a reactive intermediate (RI) by cytochrome P450. This reactive intermediate can 

then be trapped by the GST. Once trapped by the enzyme, GSH binds to the reactive intermediate at the ipso position 

(ER I). This leads to an electron rearrangement in the complex with an episulfonium ion intermediate (ER II). GSH 

migrates further to the ortho-position (ER III), which leads to the cleavage of the halogen (ER IV). ER IV is reduced to 

the glutathione conjugate. Modified preprint from Ricken et al. 2015 (36). 

1.2.8. Conclusion 

This review revealed the capability of several enzyme classes to catalyse ipso-

substitutions and other attacks at ipso-position, which were originally often not described 

as such. Most substrates of the enzymes reviewed here are monocyclic, aromatic 

compounds initially attacked at rather unexpected positions of the rings. Especially for 

the oxidative and/or reductive dehalogenation of aromatic compounds, enzyme mediated 

ipso-substitution seems to be a common reaction. Halogenated aromatic substrates stem 

mainly from industrial/artificial origin, and pose a risk to the environment due to their 

toxicity and low degradability, however, pathways have evolved to metabolize them (44). 

The FMO involved in pentachlorophenol degradation has been considered to be the model 

system for evolution studies on new catabolic pathways, as pentachlorophenol has no 

natural source, but has only been used since 1920 (75). Copley suggested that it has been 

recruited from another monooxygenase that was used for the p-hydroxylation (no ipso-

attack) of natural dichlorophenols and then evolved into a pentachlorophenol-degrading 

monooxygenase (76). Another example of protein evolution is a dioxygenase from 

Acidovorax sp. strain JS42 where a few mutations led to a broadened substrate spectrum, 

resulting in the new capability of this strain to grow on p-nitrotoluene (77). As, 

independent of the catalysing enzyme, some parameters are determined by the choice of 
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substrate, e.g. type I or II ipso-substitution, it can be assumed that mutations in these 

enzymes are mainly necessary to overcome steric hindrance issues. 

In addition to the benefits of bioremediation by natural catalysts, enzymes catalysing ipso-

attacks could be of industrial interest at the interface between grey and white 

biotechnology. For instance, the antioxidant hydroxytyrosol could be produced from 

inexpensive 3-nitrophenethyl alcohol via dioxygenation (78). It is also known that some 

enzymes catalyse reactions impossible to accomplish by conventional chemistry, e.g. 

bioproduction of cis-diols (79), which are often results of a dioxygenase-catalysed ipso-

attack, such as, e.g. 2-hydro-1,2-dihydroxybenzoate (80). Other applications could be the 

synthesis of p-alkoxyphenols, side metabolites of alkylphenol degradation by FMO, as p-

alkoxyphenols can be successfully used in cancer therapies (81). 

It can be concluded that ipso-substitutions can result from a number of substantially 

different reaction mechanisms. It must, however, be pointed out that there are 

mechanistic homologies, e.g. between laccases and peroxidases on the one hand, and 

between CYP and FMO on the other hand. Moreover, as shown for GST, ipso-substitutions 

are not necessarily initiated by ipso-attacks, but intramolecular rearrangements may 

cover the tracks of the actual underlying mechanisms. 

1.3. Biological SMX mineralization: Possible downstream pathways 

During biological mineralization of 14C-SMX by Microbacterium sp. strain BR1, the 

heterocyclic moiety is released as stable metabolite into the medium and the aniline 

moiety is further mineralized, which was proven by the detection of 14CO2 (6, 82). 

The fate of the aniline moiety, which is present in most of the currently available 

sulfonamide antibiotics on the market, has not been thoroughly investigated yet. Although 

it can be eventually mineralized, the only intermediate detected so far is 4-aminophenol 

(4AP) (82). But it remains unclear how exactly it is metabolized. 

As 4AP is prone to auto-oxidize, toxic quinones that are likely to impair the viability of the 

sulfonamide-degrading microorganism may occur as intermediates (83, 84). 

In Microbacterium sp. strain BR1, 4AP appeared to be one of the first intermediates after 

ipso-hydroxylation initiated the fragmentation of the sulfonamide antibiotic. The 

instability of 4APdue to its strong tendency to autoxidize has hampered research efforts 

for elucidation of degradation pathways. Nonetheless, several pathways were proposed 

in previous studies (85, 86). A summary of possible pathways based on a literature survey 
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is shown in Figure 6 (86–90). However, as these pathways are partially contradictory, 

many open questions with regard to the degradation of 4AP still remain. 

BQ was identified as an intermediate of biological 4AP degradation in a study from Min 

and colleagues, together with the ring cleavage products maleic acid, fumaleic acid and 

oxalic acid, but no further intermediates were observed (86). Starting from BQ the group 

of Zhang proposed a pathway, BQ is reduced to HQ and then oxidized by a HQ 1,2-

dioxygenase which cleaves the benzene ring and gives rise to 4-hydroxymuconic acid via 

ring cleavage (87). Contrary, Takenaka proposed that 4AP will be transformed directly to 

HQ, followed by a monooxygenation yielding 1,2,4-trihydroxybenzene (THB), which is 

further oxidized to maleylacetic acid (88). The pathway described by Takenaka might be 

complemented with the work from Zhao who proposed that 4AP is first oxidized to 

benzoquinone-imine (BQI) (90). The imine group may subsequently hydrolyse to result 

in BQ, which is in equilibrium with HQ. The group of Chauhan claimed that the ring of THB 

is not cleaved, but rather 2-hydroxy-1,4-benzenequinone is formed, which is then reduced 

to BQ. Another reduction step gives rise to HQ, which can then be transformed to 4-

hydroxymuconic semialdehyde (89). 

 

 

Figure 6: Overview on possible transformations of 4AP as found in previous studies 

4AP can be either converted via HQ to THB and followed by a ring cleavage. It has been also proposed, that THB is first 

converted to 2-hydroxy-benzoquinone (HBQ) and HQ, before the ring was cleaved. Furthermore, the formation of (BQI) 

can be transformed to BQ. The ring cleavage occurs either directly via HQ or HQ and THB. Preprint in Ricken et al. 2015 

(91).  
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1.4. Antibiotic subsistence 

Already in 1951, Pramer and Starkey concluded that bacteria isolated by them have the 

ability to subsist on the antibiotic streptomycin, i.e. to grow on it as a sole carbon source 

(92). Several publications by different groups followed, dealing with different antibiotics 

which had successfully been tested as sole carbon sources (93–98). However, the 

hypothesis of bacteria subsisting on antibiotics got much more attention around the turn 

of the millennium with the awareness that antibiotic resistant bacteria pose a global 

threat to human health. This new advertence may have initialized the of Dantas et al. 2008 

(99). The authors proposed that up to 17 different antibiotics would serve as carbon and 

energy source for bacterial isolates. Subsequently however, the hypothesis of bacteria 

subsisting on antibiotics and the methodology of the mentioned study on which this 

hypothesis was based, has controversially discussed (100, 101). Subsequent studies have 

especially criticized the possibility of artefacts due to the presence of other carbon 

sources in the medium, such as EDTA (101). Therefore, following mineralization studies 

of antibiotics used 14C labelled antibiotics to detect 14CO2 as an unequivocal proof of 

mineralization (Table 1). However, enzymes involved in the hypothesized antibiotic 

degradation pathway could not be identified so far (100). 
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Table 1: Mineralization studies with 14C-labelled antibiotic 

It has to be noted, that only defined parts of the antibiotic molecules were labelled with 14C. It cannot be ruled out that 

mineralization rates for non-labelled moieties of the antibiotic vary from the rates stated here. 

First 
author 

Year 14C-labelled 
antibiotic 

Biomass Mineralization 
observed 

Reference 

Marengo 1996 Sarafloxazin 
hydrochloride 

Different 
soils 

< 0.6 %  (102) 

Junker 2006 Benzylpenicillin, 
ceftriaxone and 
trimethoprim 

Activated 
sludge 

yes (only 
benzylpenicillin) 

(103) 

Wehrhan 2006 Sulfadiazine Soil 0.3 % after 42 
days 

(104) 

Schmidt 2008 Sulfadiazine Soil < 2 % after 218 
days 

(105) 

Henderson 2008 Sulfamethazine Small pond 
water 
microcosms 

< 3 % (106) 

Bouju 2012 Sulfamethoxazole 5 bacterial 
Isolates 

yes (6) 

Islas-
Espinoza 

2012 Sulfamethazine 15 bacterial 
Isolates 

yes (7) 

Junge 2012 Difloxacin Pig manure < 0.2 % after 56 
days 

(107) 

Topp 2013 Sulfamethazine 1 bacterial 
isolate 

yes (8) 

Tappe 2013 Sulfadiazine 1 bacterial 
isolate 

yes (9) 

Jessick 2013 Erythromycin Sediment 
and manure 

yes (108) 

Reis 2014 Sulfamethoxazole 1 bacterial 
isolate 

yes (10) 

Kim 2004 Erythromycin A Aquaculture 
sediment  

yes (109) 

Topp  2016 Erythromycin, 
clarithromycin 

Soil yes (110) 
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1.5. Aim of this thesis 

The goal of this thesis was to elucidate the biological degradation pathway of sulfonamide 

antibiotics by the bacterial isolate Microbacterium sp. strain BR1, to characterize the 

enzymes involved in it, and to perform first experiments for evaluating the potential of 

sulfonamide mineralization to serve as new antibiotic resistance mechanism and for 

assessing the risk for humans. 

 

The degradation or even partial mineralization of sulfonamide antibiotics was reported 

for several bacterial isolates (chapter 3.1), but the underlying mechanism let alone 

responsible enzymes remained unknown. The knowledge of key-intermediates and 

metabolites during bacterial sulfonamide degradation might help to distinguish between 

biological and abiotical degradation mechanisms or to compare degradation pathways of 

different sulfonamide mineralizing bacterial isolates. The nucleotide sequences of genes 

encoding for enzymes involved in the degradation pathway of sulfonamides in 

Microbacterium sp. strain BR1 can support in silico screenings in order to identify its 

dissemination and abundance in potentially pathogenic bacteria. 

 

In addition, further research is needed to understand to which extend the mineralization 

of sulfonamide antibiotics does possess a new resistance mechanism. No data are 

available so far of sulfonamide degraders and non-degraders which would allow any 

conclusion in this respect. It also remains to be elucidated to which extend sulfonamide 

mineralizing isolates, originating from environmental samples, are able to grow under 

clinically relevant conditions and thus possess a risk for human health. 
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2. Materials & Methods 

2.1. Media and Buffer 

2.1.1. Chemicals 

Unless stated otherwise, all reagents were of analytical grade and obtained from Sigma-

Aldrich (Buchs, Switzerland). Premixed microbial media were obtained from Carl Roth 

GmbH & Co KG (Arlesheim, Switzerland) and Merck (Grogg Chemie, Stettlen-Deisswil, 

Switzerland) and cofactors were obtained from Applichem (Axonlab, Dättwil, 

Switzerland) 

2.1.1.1. Radiochemicals 

14C-SMX (14C-aniline-derived [uniform]; Hartmann Analytic, Germany) had a specific 

radioactivity of 0.33 MBq mmol-1. 

2.1.2. Basal medium (MMO) 

Seven separate stock solutions were prepared for the basal medium (modified from 

Stanier et al. 1966 (111)). Stock solutions A-D were autoclaved and E-G were sterilized by 

filtration with 0.2 µm nylon filter (Table 2). The sterile stock solutions were added to 

autoclaved dd H2O. In case SMX was added as substrate, it was added to the dd H2O before 

autoclaving. When fructose was used as carbon source, 1 ml/l of a 2 M sterile filtered stock 

solution was added to autoclaved dd H2O. 

Table 2: Composition of MMO medium for Microbacterium 

Label Chemical Concentration 
Stock solution [g l-1] 

Stock concentration 
In medium [ml l-1] 

A Na2HPO4 141.96 10 ml/l 
 KH2PO4 136.09  
B (NH4)2SO4 132.10 3 ml/l 
C MgSO4 19.70 5 ml/l 
D CaCl2 5.88 5 ml/l 
E Na EDTA 0.640 5 ml/l 
 FeSO4 + 7*H2O 0.550  
 ZnSO4 + 7*H2O 0.230  
 MnSO4 + H2O 0.340  
 CuSO4 + 5*H2O 0.075  
 Co(NO3)2 + 6*H2O 0.047  
 (NH4)6Mo7O24 + 4*H2O 0.025  
F Vitamin solution  * 2.5 ml/l 
G Yeast extract 1.0 0.5 ml/l 
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* DSMZ medium 462 

2.1.3. Autoinduction medium ZYM-5052 

The autoinduction medium ZYM-5052 for T7 RNA polymerase based expression systems 

was prepared as described by Studier (112) with the following changes: N-Z-amine was 

replaced by tryptone (peptone from casein) and instead of a trace metal solution, FeCl3 

with a final concentration of 100 µM was used. 

2.1.4. SOC medium 

The SOC medium was adapted from a commercially available SOC medium (Sigma-

Aldrich, #S1797). It was sterilized by autoclaving. 

Table 3: SOC medium composition 

Chemical Concentration 
[g l-1] 

Tryptone 20 
Yeast extract 4.8 
MgSO4 3.6 
Dextrose 0.5 
NaCl 0.19 

 

2.1.5. Artificial urine medium (AUM) 

AUM was prepared as described by Brooks and Keevil (113), but the buffer strength was 

increased from 14 to 50 mM to avoid Mg2+ and Ca2+ precipitation. For the preparation of 

AUM with a starting SMX concentration of 1 mM, dd H2O with 1 mM SMX was autoclaved 

to dissolve SMX. This 1 mM SMX H2O was then used to dissolve the AUM ingredients 

instead of dd H2O. Both media were sterilized by filtration (0.22 µm pore size). 

2.1.6. Buffer 

50 mM PBS pH 7.0: 2.4 g l-1 NaH2PO4 and 5.22 g l-1 K2HPO4 

20 mM BisTris pH 7.0*: 4.18 g l-1 Bis(2-hydroxyethylethyl)aminotris(hydroxymethyl) 

methan. The pH was adjusted with HCl. 

FPLC: 

All FPLC buffers were filtered through filters with a pore size of 0.22 µm. 
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Ammonium sulphate buffer: The ammonium sulphate amount (g l-1) were calculated with 

an Ammonium Sulphate Calculator (EnCor Biotechnology Inc., Gainesville, USA). The 

calculated ammonium sulphate concentration was added to 4 °C BisTris pH 7.0 buffer. 

 

Immobilized metal ion affinity chromatography (IMAC) buffer: 

Buffer A: 50 mM Tris + 200 mM NaCl + 5 mM Imidazole pH 8.0 at 4 °C 

Buffer B: 50 mM Tris + 200 mM NaCl + 400 mM Imidazole pH 8.0 at 4 °C 

high-performance liquid chromatography (HPLC): 

0.1 % (v/v) HPLC grade formic acid in dd H2O 

HPLC grade MeOH (Baker, Deventer, The Netherlands) 

2.2. Microbiology 

2.2.1. Acclimatization of Microbacterium sp. strain BR1 

Microbacterium sp. strain BR1 cells were grown in 25 % (v/v) Standard I medium (Merck, 

Grogg Chemie, Stettlen-Deisswil, Switzerland) supplemented with 1 mM SMX. The 

cultures were incubated on a rotary shaker (Multitron; InforsHT, Bottmingen, 

Switzerland) at 130 rpm at 28°C for 48 h. Subsequently, cells were washed by 

centrifugation at 8,000 × g at 4°C for 10 min (Avanti Centrifuge J-25-I, Beckmann Coulter, 

CA, USA). The supernatant was discarded, and cell pellets were suspended in a sterile, ice-

cold 0.85 % (w/v) NaCl solution. This procedure was repeated twice. The biomass was 

either used directly for growth experiments or stored at -20 °C after adjustment to a 

calculated OD600 of 30. 

2.2.2. Preparation of glycerol stocks 

Acclimatized Microbacterium cells (chapter 2.2.1) and E. coli cells were washed by 

centrifugation at 8,000 × g at 4°C for 10 min (Avanti Centrifuge J-25-I, Beckmann Coulter, 

CA, USA). The supernatant was discarded, and cell pellets were suspended in sterile, ice-

cold 0.85 % (w/v) NaCl solution. This washing step was repeated twice before 25 % (v/v) 

of a sterile, ice-cold glycerol solution (80 % (w/v)) was added. Glycerol stocks were stored 

on ice in a polystyrene box and slowly cooled down to -80 °C. 
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2.2.3. SMX degradation activity testing with Microbacterium sp. strain BR1 

To confirm that cells were actively degrading SMX and the necessary enzymes were 

expressed, cell biomass was brought to an OD600 of 0.5. Of this cell suspension, 0.5 ml was 

then incubated in a 2 ml centrifugation tube with 100 μM SMX for one hour on a rotary 

shaker (KS15, Edmund Bühler GmbH, Hechingen, Switzerland) with 130 rpm at room 

temperature. 150 µl samples were taken before and after the incubation and centrifuged 

with 16,000 × g and 4°C for 15 min (5804R, A-4-44 rotor, Eppendorf, Hamburg, Germany). 

The SMX concentration in the supernatant was determined photometrically (chapter 

2.4.1). Usually, cells degraded between 40 and 60 % of initially applied SMX within one 

hour.  

2.2.4. Microbacterium sp. strain BR1 cell extract degradation assays for 

cofactor dependencies and sulphite formation 

Frozen Microbacterium stocks with a calculated OD600 of 30 in 50 mM PBS pH 7.0 were 

disrupted by sonication for 20 min (2.3.7.1). The cell extract degradation assays were 

carried out in triplicates, including abiotic controls for every setup. Cofactor stocks were 

prepared freshly in PBS. 

Cofactor dependencies: NADH and NADPH were added to the assay mixtures at a final 

concentration of 1 mM. The final concentrations of FAD and FMN were 0.5 mM. The 

samples, containing 70 % (v/v) undiluted crude cell extract, 100 µM SMX and the 

corresponding cofactor had a final volume of 300 µl. The mixtures were incubated in 

ultrafiltration tubes (Amicon Ultra 10K device; Millipore, Germany) at RT for 20 min 

before centrifugation at 14,000 × g at 4 °C for 15 min to retain proteins. The SMX 

concentration in the filtrate was measured by HPLC. 

Sulphite determination: Cells were disrupted in a 5 mM PBS pH 7.0 buffer to allow for IC 

analysis. Cell extract mixtures contained 77.5 % (v/v) crude cell extract, 1 mM NADH and 

200 µM SMX and asulam, respectively. The reaction mixture with a final volume of 1.2 ml 

was incubated in 2 ml centrifugation tubes on a ThermoMixer (Eppendorf) at RT. At each 

sampling point 300 µl of the mixture transferred into ultrafiltration tubes (Amicon Ultra 

10K device; Millipore) and centrifuged at 14,000 × g at 4°C for 15 min. The filtrate was 

subjected to HPLC and ion chromatography for the analysis of SMX, 3A5MI, sulphite and 

sulphate concentrations. 
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2.2.5. Determination of sulphite and sulphate 

For the determination of sulphite and sulphate possibly resulting from the degradation of 

sulfonamides, a crude cell extract of Microbacterium cells with OD600 30 in 5 mM PBS, pH 

7, was made and incubated with 1 mM NADH and either 0.2 mM SMX or 0.2 mM Asulam. 

Abiotic controls consisted of SMX and Asulam respectively, incubated in PBS. In addition, 

a crude cell extract of Microbacterium was incubated in 5 mM PBS without SMX to rule 

out that sulphite or sulphate was formed by the cell extract without SMX. All tests were 

carried out in triplicates. Samples were taken directly at incubation start and after 22, 35 

and 67 min. Samples were processed as follows: 300 µL was centrifuged at 14,000 × g and 

4°C for 15 min. The filtrate was used for HPLC analysis. The samples for the IC were 

diluted 1:20 with HPLC-grade H2O. Sulphite possibly released during the biodegradation 

of SMX was quantified by IC after filtration and dilution (1:20 with HPLC-grade dd H2O). 

Sulphate species were also determined because of the possible self-oxidation of sulphite 

to sulphate in aqueous solutions (114). The average basal sulphate amount in abiotic 

controls was subtracted from the sulphate concentration measured in the biotic samples. 

The sulphite and sulphate standards were prepared in 0.25 mM PBS, pH 7.0 freshly from 

their respective sodium salts. Due to unavoidable self-oxidation of sulphite to sulphate in 

aqueous solutions (114), a minor amount of sulphate was detected in the sulphite 

standards. This was accounted for by quantifying the molar amount of sulphate formed 

by self-oxidation (based on the calibration of a pure sulphate standard) and subtracting it 

from the nominal molar concentration of sulphite (based on weighted amount of sodium 

sulphite). 

2.2.6. 4AP degradation 

In the degradation assays, the initial 4AP concentration was 75 µM, and the OD600 of 

Microbacterium sp. strain BR1 cells was 7.0. Samples were taken for 4AP analysis at 0, 7.5, 

15, 30, 45, and 60 min, respectively, after the start of incubation. The samples were 

directly mixed with ice-cold methanol (20 % (v/v) final concentration) and stored in an 

ice bath containing water and ethanol in the dark to stop both biotic and abiotic 

transformation of 4AP. All degradation experiments were set up in triplicates. The 

samples were then centrifuged at 32,000 × g at 4°C for 5 min. 4AP was detected in the 

supernatants by a colorimetric method adapted from Van Bocxlaer et al. (115). One 

hundred microliters of Na2HPO4 (0.5 M in H2O, pH 12) was mixed with 10 µl MnCl2 (1 mM 
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in H2O) and 10 µl resorcinol (48 mM in H2O) before 100 µl of the sample was added. After 

a 5 min reaction time, the absorption was measured at 550 nm on a Synergy 2 multimode 

microplate reader (Biotek, Luzern, Switzerland). Due to the abiotic oxidation of 4AP, the 

starting concentration of the abiotic sample was measured directly after setting up the 

experiment. For the calculation of the 4AP concentration from the absorption value, a 

standard was freshly prepared. 

2.2.7. Growth of Microbacterium in MMO medium under nutrient limiting 

conditions 

Acclimatized Microbacterium sp. strain BR1 cells (chapter 2.2.1) in 0.85 % (w/v) NaCl 

were used as inoculum for 200 ml MMO medium (chapter 2.1.2) with 2 mM SMX in 1 l 

Erlenmeyer flasks with a starting OD600 of 0.1. In case the culture was grown under 

sulphur starvation, all sulphate salts were replaced by their corresponding chloride 

counterparts. The bacterial growth was monitored by absorbance at 600 nm and the SMX 

concentration was determined by HPLC measurement. Abiotic controls were set up in 

duplicates and biotic samples in triplicates. 

2.2.8. Growth of Microbacterium on different carbon sources 

The OD600 of acclimatized and washed Microbacterium cells (chapter 2.2.1) was set to 0.05 

in MMO medium (Table 2). 150 µl of the suspension were transferred to a PM1 MicroPlate 

(Biolog; Hayward CA, USA) and the substrate in each vial was dissolved by slowly 

pipetting up and down. The plate was then incubated at 28 °C with orbital shaking (4 mm 

amplitude, 900 s) for 5 days on an iControl plate reader (Tecan; Männedorf, Switzerland). 

The biomass growth was followed by measuring the absorbance at 650 nm. Based on the 

calculated generation times of Microbacterium sp. strain BR1 growing on the respective 

substrates, substrates were compared by their applicability as carbon sources. In case no 

increase or even a decline in OD600 was observed the substrate was defined as not 

metabolizable by Microbacterium sp. strain BR1. 

2.2.9. Sulfonamide degradation assay 

Sulfonamide degradation studies were carried out with SMX as positive control, 4-amino-

N-phenylbenzenesulfonamide and asulam. The determined degradation rates were 

compared to previous studies with SMX, sulfadiazine (SDZ), sulfamethazine, 
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sulfamethizole and sulfadimethoxine (82). The initial concentration of the sulfonamides 

was 0.1 mM. A Microbacterium sp. strain BR1 cell suspension was diluted with PBS to an 

OD600 of 0.5, and all experiments were carried out in triplicates. Ten millilitres of the 

cultures were incubated in 50 ml centrifugation tubes with screw caps on a rotary shaker 

(KS15, Edmund Bühler GmbH) at 230 rpm at RT. Samples were taken every 30 min for 6 

h and finally after 21 h. Abiotic controls consisting of pure PBS and the corresponding 

sulfonamides were also analysed in triplicates. The sulfonamides sulfanilamide (SN) and 

4-amino-N-cyclohexylbenzenesulfonamide (kindly provided by Patrick Shahgaldian and 

Ludovico G. Tulli, FHNW, ICB) were incubated at an calculated OD600 of 7 as in the 

experiments described above, as an OD600 of 0.5 did not result in detectable degradation 

in the case of (82). From these batches, samples were taken after 0 and 1 h of incubation. 

In addition, a control experiment with cells and SMX as a substrate was carried out to 

verify the metabolic activity of the Microbacterium sp. strain BR1 batch under the same 

conditions. After centrifugation of the samples, supernatants were analysed by means of 

HPLC to monitor the concentrations of the parent compound as well as the corresponding 

degradation product, except for methylcarbamate, which is expected to result from 

asulam degradation. The respective rates for degraded sulfonamides were determined by 

linear regression over at least 4 data points (2 h of incubation) and with a coefficient of 

determination > 0.98. 

2.2.10. Cultivation of the expression strain E. coli Arctic Express 

An over night (oN) culture of E. coli Arctic Express (AE, Agilent Technologies, Basel, 

Switzerland) was grown at 30 °C in 20 ml LB-medium with 50 mg kanamycin /l (LB-Kan). 

200 ml of the autoinduction medium ZYM-5052 in 1 l Erlenmeyer flasks were inoculated 

with the oN culture to have a starting OD 600 of 0.05. This culture was incubated at 30 °C 

and 220 rpm for 24 h. Cells were harvested by centrifugation with 4,500 × g at 4°C for 15 

min and resuspended in 50 mM PBS pH 7.0. 

2.2.11. Activity assays for E. coli AE SMX-MO and 4AP-MO 

The biomass of E. coli AE SMX-MO and E. coli AE 4AP-MO, respectively, stored at 4 °C, was 

tested for its activity before being used in degradation experiments. 
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2.2.11.1. Photometric sulfaquinoxaline assay 

A fluorescence assay for the detection of 2-aminoquinoxaline (AQX) was used to 

determine the activity of E. coli AE SMX-MO. The absorbance and fluorescence spectra for 

AQX were determined in white, flat bottom 96-well , plates (Greiner Bio-One, #655 904; 

supplied by Huber, Reinach, Switzerland) with a Tecan infinite 200 microplate reader, 

equipped with a Quad4 monochromator and controlled by Tecan i-control software, 

V.1.11.1.0. The parameters were set as follows: excitation bandwidth 10 nm, emission 

bandwidth 20 nm, gain 100 (fixed), number of flashes 25; additionally for fluorescence: 

integration time 20 µs, lag time 0 µs and settle time 0 ms. 

The formation of AQX, was measured under the same conditions, but with a Tecan infinite 

200 equipped with a filter system. The fluorescence was recorded with λex/λem 360/465 

nm, excitation bandwidth 9 nm, emission bandwidth 20 nm, gain 110 (fixed), number of 

flashes 25, integration time 20 µs, lag time 0 µs and settle time 0 ms. The fluorescence was 

measured every 2 min for at least 60 min. The final reaction volume was 350 µl, with a 

final sulfaquinoxaline (SQX) concentration of 25 µM and an OD600 of 0.5 for biotic samples. 

2.2.11.2. Indole two-phase activity assay 

The indole two-phase assay was used to determine if the 4AP-MO expressed by E. coli AE 

4AP-MO cells is active. 

Pre-experiment for the indole two-phase assay: 

500 µl resting cells of E. coli AE expressing the 4AP-MO were transferred to 15 ml reaction 

tubes and 500 µl of an organic phase both with and without 5 mM indole were added, 

respectively. Based on previous two-phase studies for indigo production silicone oil (116) 

and dioctyl phthalate (117) were tested as organic phases. The resting cells were 

incubated oN at 30 °C with 230 rpm on a rotary shaker (KS 4000i control, IKA, Staufen, 

Germany). 

Indole activity assay for E. coli AE 4AP-MO: 

250 µl resting cells of E. coli AE 4AP-MO with an OD600 of 7 were transferred to 2 ml 

centrifugation tubes and 250 µl dioctyl phthalate with and without 5 mM indole were 

added, respectively. The cultures were incubated horizontally for 1-2 h on a rotary shaker 

with 130 rpm at RT (KS15, Edmund Bühler GmbH, Hechingen, Switzerland). The activity 

of the E. coli AE 4AP-MO could be confirmed visually as the organic phase turned blue. 
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2.2.12. Degradation of 14C-labelled SMX by E. coli mutants 

An oN E. coli AE culture containing either of the sad genes, was grown at 37 °C in 20 ml LB 

medium with Kanamycin (50mg l-1). 20 ml autoinduction medium ZYM-5052 was 

inoculated with the oN culture to have a starting OD600 of 0.05 and the cultures were 

incubated at 37 °C. As soon as the functional expression of the sadB gene was visible 

(formation of blue water insoluble pigments), a final concentration of 100 µM 14C-labelled 

SMX (50,800 dpm ml-1) was added to the cultures, the temperature was decreased to 23 °C 

and the cultures were incubated oN. Samples were centrifuged at 16,000 × g and 4 °C for 

15 min (5804R, A-4-44 rotor, Eppendorf) and then filtered through syringe filters (PVDF, 

0.45 µm pore size). Samples were then analysed by HPLC-DAD coupled to a LSRD detector 

(LC-DAD-LSRD) to determine remaining SMX concentrations and identify 14C-labelled 

metabolites (chapter 2.4.4.1). All experiments were carried out in duplicates. Abiotic 

controls consisted only of the medium and 14C-SMX. E. coli controls contained 

untransformed E. coli AE cells and 14C-SMX. 

2.2.13. Detection of 14C-labelled N-acetyl-para-aminophenol in E. coli 

cultures 

E. coli AE sad1 were concentrated to a calculated OD600 of 11. 12 ml were transferred to a 

50 ml centrifugation tube. 14C-SMX was added to a final concentration of 500 µM (254,000 

dpm ml-1). The abiotic and biotic control were lacking the E. coli AE sad1 and the 14C-SMX, 

respectively. The mixtures were incubated on a rotary shaker with 230 rpm and RT. All 

setups were carried out in duplicates and 2 ml samples were taken every hour. The 

samples were centrifuged at 21,500 × g and 4 °C for 15 min. The supernatant was filtered 

with PVDF filters, 0.45 µm pore size. 1 ml was directly used for HPLC-DAD analysis and 

900 µl were used for the acylation of 4AP (compare chapter 2.4.7.2) before HPLC-DAD- 

LSRD analysis. 

2.2.14. Degradation of 4AP by E. coli AE 4AP-MO 

Two millilitres of E. coli AE and E. coli AE 4AP-MO resting cells with a calculated OD600 of 

20 were transferred to 50 ml centrifugation tubes, each. Two millilitres of a 400 µM 4AP 

stock solution was added. The abiotic control contained only PBS buffer and 4AP. All 

experiments were carried out in triplicates and incubated on a rotary shaker with 230 

rpm at RT. 750 µl samples were taken every hour and centrifuged with 21,500 × g, at 4 °C 
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for 15 min. 500 µl of the supernatant were used for the acylation of 4AP before HPLC-DAD 

analysis (chapter 2.4.7.2). It was observed that the derivatization of 4AP with acetic 

anhydride resulted in N-acetyl-para-aminophenol and diacetamate. Therefore, not only 

N-acetyl-para-aminophenol standards were measured by HPLC-DAD, but also derivatized 

N-acetyl-para-aminophenol samples, treated the same as biological samples, without 

neutralization. 

2.2.15. Degradation of SMX by E. coli AE SMX-MO for the detection of 

BQI 

E. coli AE SMX-MO and E. coli AE resting cell cultures with a final OD600 of 10 in PBS pH 

7.13 buffer with 1 mM SMX and a final volume of 8 ml were prepared in 50 centrifugation 

tubes with screw caps. For negative controls PBS buffer was used instead of resting cells. 

Each condition was tested in duplicates. The mixtures were incubated at RT and shaking 

with 250 rpm (KS-15; Kühner). At each sampling point 2 ml samples were taken and 

centrifuged at 13,000 × g and 4 C for 15 min. From the supernatant, 950 µl were 

transferred into 2 ml glass vials for HPLC analysis and 950 µl were transferred to 7 ml 

glass vials for GC derivatization. 

In case the resting cell setups were carried out at pH 9.1 the E. coli cells were centrifuged 

and resuspended in 50 mM PBS pH 9.1 before the experiment and mixed with a fresh SMX 

stock in 50 mM PBS pH 9.1. The final OD600 was 10 and the final SMX concentration was 

500 µM. 

2.2.16. Cultivation of Microbacterium sp. strain BR1 in AUM 

Acclimatized Microbacterium sp. strain BR1 cultures (chapter 2.2.1) were used as 

inoculum for AUM, which was used as artificial urine. Four different setups were carried 

out: i) an abiotic control consisting only of AUM, ii) Microbacterium sp. strain BR1 in AUM, 

iii) Microbacterium sp. strain BR1 in AUM with 1 mM SMX starting concentration, iv) 

Microbacterium sp. strain BR1 in AUM with 1 mM SMX starting concentration. In setup iv) 

the SMX concentration was adjusted to 1 mM every 24 h. 

All setups were carried out in triplicates. The cultures and controls were incubated on a 

rotary shaker with 130 rpm and 28 °C (Multitron, Infors HT). Samples were taken daily 

with a volume of 0.5 ml and the biomass increase was estimated by OD600 measurements. 

The SMX concentration was determined photometrically (chapter 2.4.1). 
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2.3. Molecular biology 

2.3.1. Proteomics of acclimatized and non-acclimatized Microbacterium sp. 

strain BR1 cells 

Microbacterium sp. strain BR1 glycerol stocks were used as inoculum for 25 % (v/v) 

Standard I medium containing 1 mM SMX and 1 mM succinate, respectively. The cultures 

were incubated as described earlier (2.2.1) and harvested after 48 h by centrifugation at 

8,000 × g and 4°C for 10 min (Avanti Centrifuge J-25-I, Beckmann Coulter, CA, USA). The 

supernatant was discarded and the cell biomass was lyophilized before shipment to the 

Max-Planck-Institut für Dynamik komplexer technischer Systeme Magdeburg. 

The detailed protocol for the proteomic analysis can be found elsewhere (118). 

2.3.2. Plasmid construction with sad genes 

The genes sadA-C were codon optimized for E. coli and synthesized by MWG Operon 

(Ebersberg, Germany). All three sad genes were separately cloned into a pET28a vector, 

downstream of a hexahistidine tagged small ubiquitin related modifier (SUMO, Sequence 

1) as solubilization tag (119) under control of a T7 promotor (plasmid construct provided 

by Ricardo Adaixo). A restriction free cloning strategy was used for the construction of all 

three plasmids. The primer design was carried out with the online tool of the website rf-

cloning.org (120). The retrieved primer sequences were synthesised by Eurofins (Table 

4) and the PCRs were carried out accordingly (Table 4 and Table 5). 

E. coli XL10Gold competent cells were transformed with the construct and colonies 

containing the vector were tested by colony PCR using the T7 primers. The plasmids were 

purified from positive clones and sequenced (MWG Operon). Finally, competent E. coli AE 

(chapter 2.3.5) were transformed (chapter 2.3.6) with the plasmid constructs. 

Sequence 1: SUMO-tag – Supports proper folding of heterologously expressed enzymes 

TCTGACTCCGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGTCAAGCCTGAGACT

CACATCAATTTAAAGGTGTCCGATGGATCTTCAGAGATCTTCTTCAAGATCAAAAAGACCACT

CCTTTAAGAAGGCTGATGGAAGCGTTCGCTAAAAGACAGGGTAAGGAAATGGACTCCTTAAG

ATTCTTGTACGACGGTATTAGAATTCAAGCTGATCAGACCCCTGAAGATTTGGACATGGAGG

ATAACGATATTATTGAGGCTCACCTCGAACAGATTGGTGGC 
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Table 4: Primer for RF-Cloning 

Construct Name For/Rev Sequence [5’ -> 3’] Annealing Temp. [°C] 

Plasmid Target 

pET28a_Nt6HisS

UMO-MOII_codon 

_opt 

Forward CTCACCTCGAACAGATTGGTGGCATG

AAATCTGTCCAAAGCGCT 

61 56 

Reverse GGTGGTGGTGGTGCTCGAGTCACTAA

ATCGGCATGACGAACTC 

64 55 

pET28a_Nt6HisS

UMO-FMNR 

Forward CTCACCTCGAACAGATTGGTGGCATG

ACCTCCGAATCACCAAC 

61 56 

Reverse GGTGGTGGTGGTGCTCGAGTCATCAG

ATGATCGCGGAGCG 

64 58 

pET28a_Nt6HisS

UMO-MOI 

Forward CTCACCTCGAACAGATTGGTGGCATG

GTCGATAGCAGTTTGCC 

61 56 

Reverse GGTGGTGGTGGTGCTCGAGTCATCAA

ACCAGAGGCGTAACG 

64 56 

Table 5: RF-Cloning parameters for 2nd PCR 

Construct Name Extension Time [min] Insert [ng] Plasmid [ng] 
pET28a_Nt6HisSUMO-
MOII_codon_opt 

2:14 309 70 

pET28a_Nt6HisSUMO-
FMNR 

2:01 151.2 69.9 

pET28a_Nt6HisSUMO-
MOI 

2:13 298.8 69.9 

 

2.3.3. DNA clean-up 

DNA was cleaned after PCR with the “NucleoSpin Gel and PCR Clean-up” kit (Macherey-

Nagel, Düren, Germany) and the peqGOLD Cycle-Pure kit (VWR International AG, Zürich, 

Schweiz), respectively. 

2.3.4. Plasmid purification 

Plasmids from E. coli DH5α cells were extracted and purified with the “NucleoSpin 

Plasmid” kit (Macherey-Nagel). 

2.3.5. Preparation of chemically competent E. coli cells  

Hundred millilitres of a fresh E. coli XL10Gold culture in LB medium with an OD600 

between 0.5 and 0.7 were chilled on ice for 15 min before centrifugation at 4,500 × g and 
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4 °C for 5 min (5804R, A-4-44 rotor, Eppendorf). The supernatant was discarded and the 

cells were gently suspended in 40 ml TFBI buffer (30 mM sodium acetate, 50 mM MgCl2, 

100 mM NaCl, 15 % (w/v) glycerol, pH 6.0; sterilized by filtration) by pipetting. After 

incubation on ice for 15 min and centrifugation at 4,500 × g and 4 °C for 5 min (5804R, A-

4-44 rotor, Eppendorf), the supernatant was discarded again and cells were suspended 

gently in 40 ml TFBII buffer (10 mM MOPS, 75 mM CaCl2, 10 mM NaCl, 15 % (w/v) 

glycerol, pH 7.0; sterilized by filtration) by pipetting. The suspended cells were cooled on 

ice for 15 min before aliquots were stored at -80 °C. 

2.3.6. Transformation of competent E. coli cells 

To 50 µl of competent E. coli cells in a sterile 2 ml reaction tube, ca. 50 ng of plasmid DNA 

(but not more than 0.5 µl) were pipetted. The mixture was incubated on ice for 20 min. 

The tube was regularly and gently inverted during the incubation. A heat shock was 

carried out at 42 °C for 30 s in a prewarmed Thermomixer (Eppendorf, Schönenbuch, 

Switzerland), before the incubation on ice was continued for additional 30 min. In case 

the plasmid carried a selection marker for an antibiotic that inhibits protein synthesis, 

250 µl of sterile SOC medium at RT was added to the E. coli suspension, followed by an 

incubation at 37 °C with vigorous shaking on a Thermomixer for 1 h. 5 µl and 45 µl were 

plated on LB agar plates containing the respective antibiotic with a concentration of 

50 mg l-1. The plates were incubated oN at 37 °C. 

2.3.7. Preparation of crude cell extracts 

2.3.7.1. Sonication 

Cell suspensions with a volume of 5 ml and an OD600 of 30 were thawed in a Thermomixer 

comfort heating block (Vaudaux-Eppendorf, Basel, Switzerland) at 37 °C and 300 rpm for 

15 min. 

For cells of Microbacterium sp. strain BR1 1.5 mg ml-1 lysozyme were added (70,000 U mg-

1; Fluka, Buchs, Switzerland) and the mixture was incubated at 37 °C for 60 min. The 

suspensions were centrifuged at 8,000 × g and 4°C for 15 min, and the pellet was re-

suspended in 10 ml of 20 mM BisTris buffer (pH 7 at 4°C), before adding glass beads 

(≤ 106 μm) to 10 % (w/v) and sonication on ice with a Labsonic M device equipped with 

a 2 mm probe (Sartorius, Goettingen, Germany) with 80 % amplitude and 0.6 s/s duty 

cycle for 60 min. A magnetic stirring bar was used at 600 rpm to achieve homogenous 
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sonication. Cell debris were removed after sonication by centrifugation at 60,000 × g and 

4°C for 20 min. 

E. coli cells were homogenized by sonication on ice with 80 % amplitude and 0.6 s/s duty 

cycle for 1 minute. Cell debris were removed from the extract by centrifugation at 

60,000 × g and 4°C for 20 min. 

2.3.7.2. High pressure homogenization 

E. coli and Microbacterium sp. strain BR1 cell suspensions with an OD600 of 10 were 

homogenized by means of a high-pressure homogeniser (EmulsiFlex-B15, AVESTIN 

Europe GmbH, Mannheim, Germany). The homogeniser, buffer and the cell extract were 

precooled with ice-cold solutions and on ice, respectively. The pressure was set to 5.5 bar 

and the cell suspensions were homogenized four times with approximately 1 min breaks 

to chill the lysate on ice. Cell debris were removed from the extract by centrifugation at 

60,000 × g and 4°C for 20 min. 

2.4. Analytic 

2.4.1. Photometrical determination of SMX 

SMX concentration was determined using a modified Griess nitrite detection test (121, 

122). Briefly, 10 μL of samples were mixed in 96 well plates with 100 μL of reagent A 

(0.5% NaNO2 in 0.5 M acetic acid). After two minutes, 120 μL of reagent B (one volume 

0.3% 1-naphthol in 30% acetic acid [w/v], diluted with 25 volumes of 1 M NaOH) was 

added. Absorption of the sample at 520 nm was compared to the linear fit of an SMX 

calibration series with concentrations ranging from 0 to 125 μM. 

2.4.2. Protein concentration determination 

Protein content of the crude cell extracts was determined by means of the Pierce BCA 

protein assay kit (Thermo Scientific, Olten, Switzerland) as described in the manual for 

96-well plate assays. Bovine serum albumin was used as a reference. 

Alternatively, protein concentrations were determined photometrically by means of a 

Nanodrop ND 1000 spectrophotometer (Thermo Scientific; Software: ND-1000 V3.8.1), 

assuming an absorbance of 1 for 1 mg/ml protein at 280 nm with 10 mm layer thickness. 



36 | Materials & Methods 

2.4.3. Measurements of oxygen consumption rates 

Oxygen consumption rate (OCR) measurements were performed by means of an XF96 

extracellular flux analyser (Seahorse Bioscience, USA) based on fluorometric O2 detection. 

This system was proven to be suitable for assays of cultured cells (31) as well as oxygen-

consuming enzymes (32). The hydration of the CFA96 sensor cartridge was carried out 

overnight with 200 µl calibration solution per well. Just before the calibration of the 

sensor cartridge, port A was loaded with 25 µl 50 mM PBS (pH 7), and port B was loaded 

with 25 µl of freshly prepared 400 µM substrate solutions in PBS (final reaction mixture 

concentration, 50 µM). The reaction microplate was loaded with 150 µl acclimatized and 

non-acclimatized Microbacterium. sp. strain BR1 cells (final OD600 of 2) for the biotic 

assays or with PBS for abiotic controls. Every experiment was carried out in 

quadruplicates at a constant temperature of 32°C. The protocol for the measurements was 

as follows: mixing for 30 s, measurement for 20 min, injection of port A, mixing for 30 s, 

measurement for 10 min, injection of port B, mixing for 30 s, and measurement for 4 h. 

The oxygen consumption rates were determined by linear regression with a coefficient of 

determination (r2) > 0.99. 

2.4.4. HPLC-MS and HPLC with radioflow detector 

LC-system 1: 

A HPLC system series 1200 (Agilent Technologies, Germany) was used for all HPLC 

measurements. It was equipped with an auto-injector, a degasser, a diode array detector 

(DAD) and an on-line liquid scintillation radioflow detector (LSRD; Ramona Star; Raytest, 

Straubenhardt, Germany) with a cell volume of 1.3 ml. When required, the mass 

spectrometer (MS) MS 6320 Ion Trap HPLC-MS (Agilent) was used instead of the LSRD. 

For the analysis of 14C-labelled compounds, LSRD was coupled to the HPLC system in 

series with the DAD. This configuration allowed the assignment of a DAD signal to the 

corresponding 14C signal. 50 µL of the samples were injected for DAD and/or LSRD 

detection. For LSRD, Ultima FlowTM scintillation cocktail (Perkin Elmer, Waltham, USA) 

was used at a flow rate of 2.0 ml min- 1. 

For HPLC-MS sample analysis the MS was connected in series to the DAD. For each HPLC-

MS analysis, a sample volume of 5 µL was injected by the autosampler. 
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2.4.4.1. Sulfonamides and the corresponding heterocyclic degradation 

products 

The analyses of the sulfonamide parent compounds and their heterocyclic compounds in 

the sulfonamide degradation kinetics were carried out with methanol (eluent A) and H2O 

with 0.1 % (v/v) formic acid (eluent B). Analytes were separated on a Nucleodur C18 

pyramid 3 µm EC150/4 Macherey-Nagel (Düren, Germany) column and a Macherey-Nagel 

CC 8/4 ND C18 Pyramid 3 µm guard column. The following gradient was used: 0 min 95 

%B, 2 min 95% B, 8 min 41% B, 10 min 2% B, 12 min 95% B, with 3 min equilibration 

time before the next run. The flow rate was set to 0.8 ml min-1. 

The detection wavelengths for the parent compounds and their metabolites were as 

follows: SMX, sulfadimethoxine, sulfadiazine (SDZ), sulfamethizole, 4-amino-N-

phenylbenzenesulfonamide and 4-amino-N-cyclohexylbenzenesulfonamide at 280 nm; 3-

amino-5-methylisoxazole (3A5MI), 2-amino-4,6-dimethylpyrimidine and 2-

aminopyrimidine at 230 nm; 4-amino-2,6-dimethoxypyrimidine, sulfamethazine, 

2-amino-5-methyl-1,3,4-thiadiazole, aniline, asulam and SN at 250 nm. 

2.4.4.2. 4-Aminophenol 

4AP was detected at 230 nm after separation on a Zorbax SB-C18 3.5 µm, 3.0×150 mm 

(Agilent) column with a Zorbax analytical guard column 5 μm, 4.6×12.5 mm. The gradient 

with methanol (eluent A) and H2O (without the addition of formic acid; eluent C) for this 

method was as follows: 0 min 93% C, 4 min 93% C, 10 min 60% C, 11 min 2% C, 13 min 

2% C with 4 min equilibration time before the next run. The flow rate was set to 0.35 ml 

min-1. 

 

LC-system 2: 

The second HPLC system was used for the detection of SMX and 3A5MI in experiments 

carried out in order to detect BQI, produced originating from SMX degradation by E. coli 

AE SMX-MO.  

A Dionex system (Germering; Germany), equipped with a P680 HPLC pump was used. A 

linear gradient was used for sample separation, starting with 95 % (v/v) H2O + 

0.1 % (v/v) formic acid and 5 % (v/v) ACN and finished with 100 % ACN. The auto 

sampler was kept at 4 °C and 20 µl of samples were injected with the ASI-100 Automated 

Sample Injector and the analytes were separated on a CC 250/4 NUCLEODUR C18 
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Pyramid 5 µm column kept at 30 °C in a UltiMate 3000 Column Compartment. Analytes 

were finally detected with the UVD340U DAD detector at 211 nm (3A5MI) and 270 nm 

(SMX). 

2.4.5. Ion chromatography 

The ion chromatography system (IC) consisted of a Dionex 2100 system, equipped with 

an online eluent generator (EGC II KOH), a self-regenerating suppressor (ASRS 300), a 

guard column (AG17-C, 2 × 50 mm), an analytical column (AS17-C, 2 × 250 mm) (all 

obtained from Dionex, Olten, Switzerland) and a conductivity detector. The method used 

for the separation of the analytes was as follows: the column temperature was set to 35°C, 

using a flow of 0.5 ml min-1 and the following gradient of OH-: 0 - 3.0 min isocratic at 1 mM; 

from 3 - 7.5 min to 7.2 mM; from 15.3-21.3 min to 15 mM, 25.3 min 60 mM and 27.3 min 

1 mM. 

2.4.6. Size exclusion chromatography 

Size exclusion chromatography of different purification steps of the native SMX-MO was 

carried out on an Agilent 1100 HPLC system (Agilent Technologies, Basel, Switzerland), 

equipped with a SEC-3; 3 µm, 300 Å; 4.6 × 150 mm column (Agilent). Both buffer and 

autosampler were precooled to 4 °C. An isocratic run with 20 mM BisTris pH 7 containing 

150 mM NaCl was used for protein separation. Bovine thyroglobulin, horse spleen 

apoferritin, β-amylase, alcohol-dehydrogenase from yeast, BSA and carbonic anhydrase 

were used as Mw standards. The detection was carried out at 230 nm. 

To determine the mass of unknown sample proteins, the retention time of the elution 

buffer RT0 was subtracted from the retention time of the standard protein (RT). The RT-

RT0 values were plotted against the corresponding MW of the standard and fitted by an 

exponential model. 

2.4.7. Sample derivatization 

2.4.7.1. Alkylation 

Method 1: As neutral extraction was necessary for some substrates and metabolites, while 

others could only be recovered by acidic extraction, two extraction protocols were 

followed in parallel. By the addition of 50 mg NaCl and 1 ml ethyl acetate, analytes were 

extracted from 0.4 ml aqueous samples for neutral extraction, while the same procedure 
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was carried out with the addition of 50 µL of 6 M HCl for acidic extraction. The organic 

fraction was removed and dried over Na2SO4. The extraction of the aqueous phase was 

repeated twice. The solvent fractions were combined and evaporated to dryness under a 

gentle nitrogen stream prior to re-dissolution in 80 ml ACN. Extracts were derivatized by 

adding 20 ml of N,O-Bis(trimethylsilyl)trifluoroacetamide and incubating the mixture at 

75 °C for 45 min. Samples were subjected to GC–MS analysis after cooling and vortexing. 

Method 2: After the acidification of 300 µl aqueous sample with 30 µl 1 M HCl, analytes 

were extracted with 400 µl ethyl acetate. The organic phase was transferred into a fresh 

glass vial and dried with Na2SO4. 200 µl were transferred into a fresh GC glass vial and 

dried under a gentle nitrogen stream at 40 °C to complete dryness (adapted from 

Kolvenbach et al. 2011) (123). Samples were resuspended in 100 µl ACN/BSTFA TCMS 

(80/20 v/v), before GC-MS analysis (chapter 2.4.8). 

2.4.7.2. Acylation 

Acylation for HPLC analysis: 

Acetic anhydride was added with a final concentration of 11 % (v/v) to the aqueous 

solution and the mixture was incubated at 30 °C for 1 h. The samples were neutralized by 

the addition of 21 % (v/v) 10 M NaOH before HPLC analysis. 

Acylation for GC-MS analysis: 

Acetic anhydride was added with a final concentration of 11 % (v/v) to the aqueous 

solution and the mixture was incubated at 30 °C for 1 h. Derivates were extracted by 

addition of one part ethyl acetate to one part of the derivatized sample and gently mixed. 

The organic phase was transferred to a fresh 2 ml glass vial. Dry Na2SO4 was added to the 

vial before GC measurements in order to dry the sample before GC-MS analysis (2.4.8 

method 2). 

2.4.7.3. Na2S trapping 

A method for imine trapping by Na2S was adapted from Trettin et al. 2011 [11]. To one 

part of the aqueous sample one part of 10 mM Na2S in 50 mM PBS pH 7.1 was added and 

incubated at RT for 15 min. Na2S trapped samples were further derivatized by acylation 

before GC analysis (chapter 2.4.7.2). 
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2.4.8. GC-MS analysis 

Method and equipment 1: 

Samples were analysed on a 7890A series Agilent gas chromatograph (Basel, Switzerland) 

equipped with a Zebron ZB-5MS column, (30 m by 0.25 mm, 0.25 μm film thickness, 

Phenomenex) coupled to an Agilent 5975C series mass spectrometer. The carrier gas was 

helium (1 ml min-1). The injection volume was 1 μl (split 1:30). The temperature program 

was 70 °C for 3 min, raising at 8 °C per minute to 250 °C; the injector temperature was 

100 °C; the interface temperature 280 °C. The mass selective detector (EI) was operated 

in the scan mode (mass range m/z 50-600) with an electron energy of 70 eV. 

 

Method and equipment 2: 

A Trace GC Ultra (Thermo Fisher) system, equipped with a TG-5MS column (Hichrom, 

Berkshire, United Kingdom) and a ITQ 900 MS was used for the detection of BQI, produced 

by E. coli AE SMX-MO. The injection volume was 1 µl. SSL: 250 °C; split flow was 30 ml 

min-1, splitless time 3 min and constant septum purge. The temperature program was 70 

°C for 2 min, raising at 10 °C min-1 until 300 °C, 300 °C for 10 min. The mass selective 

detector (EI) was operated in the full scan mode and started detecting after 6 min. Results 

were processed and analysed with OpenChrom Windows Community Edition 1.1.0 (124–

126). 

2.4.9. Flow cytometer measurements 

Cell samples were diluted with sterile filtered water (Evian) in a final volume of 500 μl 

and 5 μl of 100 x SYBR Green – Propidium Iodide (SGPI) staining solution was added. 

 

SGPI staining solution 100 x 
30 mM Propidium Iodide in DMSO (0.1 μm filtered) 20 µl 
SYBR Green I S7563, Invitrogen 10 µl 
10 mM Tris pH 8 1 ml 

 

The mixture was vigorously shaken and incubated for 10 min at 37 °C in the dark. Samples 

were then analysed with a BD accuri C6 flow cytometer (BD Biosciences, Allschwil, 

Switzerland), equipped with an auto sampler. 50 µl of sample were analysed. The fluidics 

flow rate was set to fast and the fluorescence threshold was set to 800. Only samples with 

100 – 3000 events sec-1 were used for evaluation. 
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2.4.10. Thin layer chromatography 

Thin layer chromatography (TLC) was applied for the analysis of a blue pigment formed 

by E. coli AE cultures expressing the 4AP-MO. The biomass of a 48 ml culture, grown in 

the auto-induction medium ZYM-5052 was centrifuged at 4500 × g and 4 °C for 15 min 

and resuspended in 5 ml DMSO. A silica TLC plate (Polygram Sil G/UV254, Macherey-Nagel, 

#805021) was used for sample separation with a mobile phase consisting of a 

toluene/acetone mixture (4:1) (127). Three microliters of a 500 µM indigo standard in 

DMSO and 10 µl of the DMSO culture supernatant were analysed by TLC. 

2.5. Biochemistry 

2.5.1. SDS-PAGE 

Method 1: 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out 

with Tris-glycine minigels according to Laemmli 1970 (128). The running gel contained 

10 % (v/v) acrylamide. Protein samples were incubated in Laemmli buffer (128) at 95 °C 

for 15 min and shortly centrifuged before they were loaded onto the gel. The 

electrophoresis was carried out in a Mini-PROTEAN Tetra Cell and a PowerPac Basic 

power supply (Bio-Rad, Basel, Switzerland) with 120 V for ca. 60 min. 

The gels were washed after gel-electrophoresis with dd H2O and stained by Blue-Silver 

staining (129). 

Method 2: 

SDS-PAGE analysis of purified protein samples was carried out with 10 % agarose gels 

from the Novex Tricine Gels Kit (Invitrogen, ThermoFisher Scientific, Schwerte, Germany) 

in a XCell Sure Lock cell (Invitrogen) with a PowerPack 300 (Bio-Rad) power supply and 

Tricine SDS running buffer (Novex, ThermoFisher Scientific). 

The gels were washed after gel-electrophoresis with dd H2O and stained by Blue-Silver 

staining (129). 

2.5.2. Photometric determination of NADH consumption 

NADH and FMN were aliquoted as salts, stored at -20 °C and solubilized in the 

corresponding buffer just before the experiment. Only 80 % of the required buffer volume 

was added to the NADH aliquots and its absorbance was measured at 340 nm. The actual 
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NADH concentration was calculated with εNADH 6317 M−1 cm−1 (130), and the volume was 

adjusted accordingly. All experiments were carried out in 50 mM PBS pH 7.0 with 250 mM 

NaCl (PBS-NaCl). 

Plate reader assays: Plate reader assays were used to screen FPLC fractions in parallel and 

for fast screenings of the FMN reductase. The NADH consumption was determined in 96-

well plates with an Infinite 200 (Tecan) plate reader at 340 nm. The layer thickness per 

sample was 0.29 cm, corresponding to an assay volume of 100 µl and 50 µl in 96 well 

plates and half area 96 well plates (Huberlab, Aesch, Switzerland, #7.675 101). The 

reaction was started by the addition of the NADH stock (5 mM NADH in PBS-NaCl). 

Absorbance measurements were taken every minute over 30 min at 340 nm with 10 nm 

bandwidth, and 5 flashes per measurement point. Plates were shaken orbital with an 

amplitude of 6 mm for 30 s between every measurement.  

Cuvette Photometer: The cuvette photometer was used for more accurate measurements 

to determine the FMNR kinetics. A Cary 100 UV-Vis (Agilent; instrument version 12.00) 

photometer with a 6x sample block and temperature control was used for kinetic analysis. 

The temperature was set to 25 °C, wavelength was set to 340 nm with SBW of 1.0 nm. 

Based on the investigated NADH concentration 10 and 2 mm quartz glass cuvettes were 

used. If not otherwise stated the control in the second beamline was identical to the 

analysed sample except of FMNR. Tested mixtures contained FMNR, NADH, and FMN in 

50 mM PBS pH 7.0 with 250 mM NaCl. NADH concentrations were determined before the 

experiment photometrically with ε of 6317 M−1 cm−1. 

Data analysis 

Data retrieved from cuvette photometric measurements was analysed with R (R x64 

V3.3.3) in the development environment RStudio (Version 0.99.484). The linear range of 

the initial rates was determined by numerical differentiation, calculated with R. Initial 

rates were calculated in U mg-1 were U is the amount of enzyme that catalyses 1 µM NADH 

min-1. KM and Vmax were calculated with the extension package drc for the r environment 

(131). KM and Vmax were determined only with specific activities, where no cofactor 

inhibition was evident. 

2.5.3. NADH assay used for the activity screening of fractionized crude cell 

extract 

Active fractions after ammonium sulphate precipitation and FPLC were screened 

indirectly for their sulfonamide degrading activity by comparing NADH consumption 
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rates of samples containing sulfadiazine (SDZ) to those without SDZ. NADH consumption 

rates were determined photometrically with a plate reader (compare 2.5.2). Each fraction 

was tested in duplicates. Additionally, a negative control was run in parallel, containing 

all ingredients of the assay except the fractionized sample (Table 6). Sulfonamide specific 

NADH degradation rates were calculated as follows: The linear range (r2 >= 0.98) of the 

decline in absorbance at 340 nm was determined, and the slope of the sample without 

SDZ were subtracted from the corresponding one containing SDZ. The NADH degradation 

rate was calculated by assuming an εNADH at 340 nm of 6317 M−1 cm−1. 

Table 6: Ingredients of the NADH assay for the screening of active cell extract fractions 

Marked ingredients (*) were added only if stated. 

Ingredients Final concentration 
SDZ 500 µM 
NADH 1 mM 
PBS pH 7.0 50 mM 
NaCl 250 mM 
Sample 30 % (v/v) 
FMN* 2.5 µM 
FRE (E.C.1.5.1.29 NovoCIB, Lyon, France)* 0.1 U ml-1 

Microbacterium sp. strain BR1 cell extract* ca. 0.2 mg/ml 
Metal salts* 1 mM 

 

At a certain purity level of the sulfonamide degrading monooxygenase, the addition of 

crude Microbacterium sp. strain BR1 cell extract was required to regain activity in the 

NADH assay. In order to identify which fraction contained in the crude cell extract is vital 

for activity, the following treatments of the cell extract were carried out: 

Ultrafiltration: The crude cell extract was filtered with centrifuge filter units with a 

molecular weight cut-off (MWCO) of 30 kDa (Nanosep, Pall, Dreieich, Germany), by 

centrifugation at 14,000 × g and 4 °C for 15 min. The volume of the retentate and filtrate 

were adjusted to the originally applied volume before testing it in the NADH assay. 

Proteinase K: Two hundred microliter of the crude Microbacterium sp. strain BR1 cell 

extract were mixed with 20 µl Proteinase K (Qiagen stock concentration: > 600 mAU/ml) 

and incubated at 37 °C for 10 min. A final concentration of 1 mM PMSF (100 mM stock in 

EtOH) was added to inactivate the Proteinase K before the NADH assay. Controls were 

carried out in order to determine if PMSF alone, the inactivated Proteinase K without cell 

extract or the incubation step of the cell extract at 37 °C had an impact on the NADH assay. 
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2.5.4. Sequential purification of SMX degrading enzymes 

2.5.4.1. Ammonium sulphate precipitation 

Ice-cold crude cell extract of Microbacterium sp. strain BR1 was fractionated by the 

addition of ice-cold 100 % saturated ammonium sulphate stock solution until the final 

ammonium sulphate concentration in the cell extract reached 40 %. The suspension was 

incubated on ice under gentle stirring for 20 min. The suspension was centrifuged at 

40,000 × g and 4 °C for 15 min and the supernatant was transferred to a new vial. The 

supernatant was set to 70 % ammonium sulphate saturation by the addition of solid 

ammonium sulphate. The pellet after centrifugation at 40’000 × g and 4 °C for 15 min was 

resuspended in a small amount of 20 mM BisTris pH 7 (up to 5 ml) and stored at -20 °C 

oN. 

2.5.4.2. Sequential FPLC purification 

All serial FPLC purification steps were performed at 4°C on a Pharmacia FPLC liquid 

chromatography system. 

Hydrophobic interaction chromatography (HIC): A 1 ml HiTrap Phenyl HP column (GE 

Healthcare) was used as stationary phase. A linear gradient from 20 % to 0 % saturated 

ammonium sulphate BisTris buffer (20 mM, pH 7) with 19 ml volume and a flow rate of 1 

ml min-1 was used for the first separation step. The fraction size was set to 1 ml and the 

fractions were screened for activity with the NADH assay (chapter 2.5.2).  

Weak anion exchange chromatography: Active fractions from the HIC purification were 

pooled and ultrafiltrated with 0.5 ml filtration units (Amicon Ultra-0.5mL, Sigma, MWCO 

10 kDa, Sigma). The retentate was diluted to a final volume of 2 ml and loaded on a 1 ml 

HiTrap capto DEAE column (GE Healthcare). A linear gradient from 0 to 1 M NaCl in 20 

mM BisTris buffer pH 7 with 10 ml volume and a flow rate of 1 ml min-1 was used for this 

separation step. The fraction size was set to 1 ml and the fractions were screened for 

activity with the NADH assay. 

Strong anion exchange chromatography: Active fractions from the DEAE purification were 

pooled and ultrafiltrated with 0.5 ml filtration units (MWCO 10 kDa). The retentate was 

diluted to a final volume of 2 ml and loaded onto a 1 ml Mono Q 5/50 GL column (GE 

Healthcare). A linear gradient from 0 to 1 M NaCl in 20 mM BisTris buffer pH 7 with 19 ml 
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volume and a flow rate of 0.8 ml min-1 was used for this separation step. The fraction size 

was set to 1 ml and the fractions were screened for activity with the NADH assay. 

2.5.5. Immobilized metal ion affinity chromatography 

2.5.5.1. Purification of the 4-aminophenol-monooxygenase 

An NGC Quest FPLC system (BioRad, Cressier, Switzerland), equipped with a sample 

pump, an inlet valve, two F10 pump heads and a fraction collector was used for the 

purification of the 4AP-MO. E. coli AE expressing the 4AP-MO with an N-terminal 6x-His-

SUMO-tag were lysed with an Avestin EmulsiFlex-B15 high pressure homogeniser. 

The buffer A1 (50 mM Tris, pH 8.0, 200 mM NaCl, 5 mM imidazole) and B1 (50 mM Tris, 

pH 8.0, 200 mM NaCl, 400 mM imidazole) were used for loading, washing and elution of 

the His-tagged proteins. A HisTrap HP 5 ml column (GE Healthcare, Glattbrugg, 

Switzerland) was equilibrated with 25 ml of buffer A1 (5 ml min-1). The sample was 

loaded with the sample pump directly onto the column (5 ml min-1). The column was 

washed with 25 ml of buffer A1 (5 ml min-1) before the 4AP-MO was eluted stepwise with 

increasing amounts of imidazole (50 mM, 100 mM, 200 mM 400 mM) at 5 ml min-1 with 5 

column volumes per purification step. The fraction with the 4AP-MO was identified by 

SDS-PAGE and the buffer was exchanged by ultrafiltration (Amicon Ultra centrifugal filter 

units, Ultra-15, MWCO 10 kDa, Sigma, Buchs, Switzerland). 

2.5.5.2. Purification of the flavin mononucleotide reductase 

An Äkta FPLC system (GE Healthcare), equipped with a P920 pump module, a UPC900 

monitor and a Frac920 fraction collector was used for the purification of the FMNR.  

The buffers A1 (20 mM Tris, pH 8.0, 200 mM NaCl, 5 mM imidazole) and B1 (20 mM Tris, 

pH 8.0, 200 mM NaCl, 400 mM imidazole) were used for loading, washing and elution of 

the His-tagged proteins. A HisTrap HP 5 ml column (GE Healthcare, Glattbrugg, 

Switzerland) was equilibrated with 15 ml 50 mM imidazole (5 ml min-1). The sample was 

loaded manually onto the column with a syringe. The column was washed with 20 ml 

100 mM imidazole (5 ml min-1) before the FMNR was eluted with 20 ml 300 mM imidazole 

(5 ml min-1). The column was finally washed with 29 ml 400 mM imidazole. Fractions with 

the FMNR were identified by SDS-PAGE and the buffer was exchanged by ultrafiltration 

with (Amicon Ultra centrifugal filter units, Ultra-15 MWCO, 10 kDa, Sigma). 
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2.5.6. Incubations of cell extracts under an 18O2 atmosphere. 

Twenty-millilitre headspace gas chromatography-mass spectrometry (GC-MS) vials 

(Agilent Technologies, Germany) sealed with butyl-rubber stoppers were flushed with 

nitrogen. Subsequently, 4 ml of 18O2 (isotopic purity, 97%; Sigma-Aldrich, Switzerland) 

were drawn by syringe from a vessel held upside down immerged in water before being 

filled with 18O2. The oxygen was quickly injected into the vials after inserting a second 

needle for pressure equalization. Subsequently, a mixture of SMX and cell extract 

containing 1.2 mg protein ml-1, prepared as described before (chapter 2.3.7.1), was added 

to the vials without cofactors; finally, 50 µl of aqueous NADH solution were added to a 

final concentration of 1 mM to start the reaction, while the final concentration of SMX was 

0.1 mM in a 1 ml total volume. After 30 min of incubation, the vials were opened, and 

500 µl of the reaction mixture was subjected to ultrafiltration in 0.5 ml centrifugal filters 

(Amicon Ultra 10K device; Millipore, Germany) and centrifuged at 14,000 × g and 4°C for 

15 min to retain proteins. Filtrates were then transferred into HPLC vials for liquid 

chromatography-mass spectrometry (LC-MS) analysis. 

2.5.7. Substrate test for the downstream pathway 

Substrates (4AP, HQ, BQ, THB) were prepared as stock solutions at a concentration of 

4 g L-1 in methanol (HPLC-grade, J.T. Baker, Munich, Germany). Stock solutions were 

diluted 1:10 with methanol. Incubations with whole cells and crude cell extracts were 

both performed in a total volume of 4.4 ml, a substrate concentration of 100 μM. The cell 

suspension was diluted to achieve an OD600 of 5, while crude cell extracts were used 

without previous dilution. At different intervals, 0.4 ml of sample were drawn and rapidly 

derivatized for GC analysis (chapter 2.4.7.1, method 1). 

2.5.8. Clarke electrode measurements 

System: Clarke electrode controller: Digital model 10 (Rank Brothers Ltd.); signal 

converter: SCB-68 (National Instruments); Software: LabView Oxygenase-DAQmxB 

4.7.0.vi. System settings: Stirrer speed: 6; Polarising volts: 0.6; Sensitivity: Maximum. A 

3 ml solution of 100 µM NADH in 50 mM PBS pH 7.0 with 250 mM NaCl was saturated 

with air. As soon as the oxygen concentration was stable 10 µl of a FMNR and FMN mix 

was added (final concentrations 1 µg ml-1 and 3 µM, respectively). As soon as the oxygen 
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concentration stabilized for a second time, catalase was added to a final concentration of 

30 µg ml-1 (ca. 28 U ml-1). 

2.5.9. Catalase activity measurement 

The specific activity of the catalase from bovine liver (Sigma-Aldrich) was determined 

photometrically on a Cary 100 UV-Vis (Agilent; instrument version 12.00) photometer 

with a 6x sample block and temperature control. The temperature was set to 25 °C, 

wavelength was set to 240 nm with SBW of 1.0 nm. The assays were carried out in 10 mm 

quartz glass cuvettes. The final reaction mixture contained 10 mM H2O2 in 50 mM PBS pH 

7.0 with 250 mM NaCl and 1 and 10 µg ml-1 catalase. The H2O2 concentration was 

calculated with an extinction coefficient ε of 43.6 M−1 cm−1 at 240 nm (132). 

2.5.10. Degradation assays with the purified 4-aminophenol 

monooxygenase 

Two hundred micro molar 4AP in PBS with 250 µM NaCl were incubated with the IMAC 

purified FMNR (final concentration 0.1 U ml-1) 4AP-MO (final concentration 

0.24 mg ml- 1). The final cofactor concentrations were 5 mM NADH and 2.5 µM FMN. The 

reaction volume was 1 ml. All setups were carried out in triplicates in 5 ml glass reaction 

vials. 500 µl samples were taken at every sampling point. 200 µl of which were derivatized 

by acetic anhydride for HPLC analysis (see chapter 2.2.14) and the remaining 300 µl were 

derivatized for GC-MS analysis (2.4.7.1, method 2). 

2.5.11. Microbacterium sp. strain BR1 precultures for sulfonamide 

resistance experiments 

The here described acclimatization method was only used for sulfonamide resistance 

experiments with Microbacterium sp. strain BR1 (chapter 3.11.2). 

20 ml of 25 % (v/v) MH with 1 mM SMX in a sterile 100 ml Erlenmeyer flask were 

inoculated with 10 µl of a Microbacterium sp. strain BR1 glycerol stock. The culture was 

incubated at 28 °C with 150 rpm (Lab shaker Lab-Therm, Adolf Kühner AG, Birsfelden, 

Switzerland) for two days. 20 µl of the grown culture were used as inoculum for fresh 

medium. In total, three sub-cultivations were carried out. To obtain cells inactive for 

sulfonamide degradation, the same procedure was carried out, omitting the SMX in the 

medium. Here, in total four sub-cultivations were performed before glycerol stocks of the 
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non-acclimatized cells were prepared. 10 µl of the glycerol stock of non-acclimatized 

Microbacterium sp. strain BR1 cells were used as inoculum for 20 ml of 25 % (v/v) MH 

without SMX in a sterile 100 ml Erlenmeyer flask. The culture was incubated at 28 °C with 

150 rpm for two days, before 20 µl could be used as inoculum for a fresh culture. 

While the acclimatized Microbacterium sp. strain BR1 culture, used as inoculum for the 

flow cytometer experiment was in its exponential growth phase, the non-acclimatized 

culture was already in its stationary phase.  

All setups were carried out in triplicates. 10 ml of 25 % (v/v) MH with 1 mM SMX, 1 mM 

SN and without antibiotic were inoculated with 1×107 cells ml-1, respectively. Antibiotic 

controls were incubated in sterile 50 ml centrifugation tubes. All cultures were incubated 

at 28 °C with 150 rpm. 100 μl of sample were taken and analysed directly by flow 

cytometry after appropriate dilution in filtered Evian water. Remaining samples were 

stored at -20 °C for the photometric determination of the SMX and SN concentration 

(chapter 2.4.1). 

Growth rate evaluation: 

Data evaluation was carried out with Microsoft Excel 2013 and GraphPad Prism 7. The 

growth rate was determined by plotting the natural logarithm of the total cell counts 

(TCC) over time to determine the exponential growth phase. The linear regression of 

ln(TCC) over time and the significance comparison of the retrieved slopes were computed 

with GraphPad Prism 7.02. 

2.6. Bioinformatic methods 

2.6.1. Phylogenetic trees 

Phylogenetic trees for sulfonamide degrading bacteria were built based on 16S rRNA gene 

sequence alignments. Ugene 1.26 (133) was used as the graphical user interface for the 

bioinformatic tools. Sequences were aligned with MAFFT (134) (advanced options were 

inactivated). The tree was built by maximum likelihood with PhyML 3.0 (135) 

(Substitution model: HKY85 for 16S rRNA gene sequences and LG for sulfonamide 

degrading enzymes, respectively, equilibrium frequencies: optimized, number of 

substitution rate categories: 4, fast likelihood-based method: aLRT, tree improvement: 

SRT & NNI) and plotted with Ugene. Retrieved scalable vector graphics were annotated 

with Inkscape 0.91.1. 
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2.6.2. CARD analysis of Microbacterium sp. strain BR1’s genome 

The Comprehensive Antibiotic Resistance Database (CARD) analysis (136) of the 10 

genome contigs of Microbacterium sp. strain BR1 was carried out on the 14th February 

2017. The genome was screened with the Resistance Gene Identifier (RGI) for perfect and 

strict hits to known resistance genes. 

2.6.3. Structure prediction of the SMX-MO 

The prediction of the structure of the SMX-MO was based on the homology to known 

structures. The SMX-MO structure, predicted with SWISS MODEL (137–139) is based on 

4-hydroxyphenylacetate oxidoreductase 2JBR, which was manually chosen as template 

(date of job submission: 15.04.2017). The model was visualized with UCSF Chimera 

1.11.2. 

The model predicted with RaptorX (140) to investigate the active site of the SMX-MO is 

based on the 4-hydroxyphenylacetate oxidoreductase 2JBT. The original structure is 

available including the bound substrate 4-hydroxyphenylacetate and the cofactor FAD. 

The peroxide of the C4a-hydroperoxide FAD shown in this work was manually added with 

PyMOL Molecular Graphics System, V1.7.4.4 Edu, Schrödinger, LLC. Pictures retrieved 

from PyMOL were further processed with Gimp 2.8.14. 

2.6.4. Identification of sad genes in sulfonamide mineralizing isolates 

Genomes of the strains Microbacterium sp. strain C448 (BioProject accession number 

PRJNA170195) and Arthrobacter sp. strain D2 (BioProject accession number 

PRJNA314012) and D4 (BioProject accession number PRJNA314014) were downloaded 

from National Centre for Biotechnology Information (NCBI) repositories and analysed 

locally. Ugene V1.20.00 was used as the graphical user interface. 

A local BLAST+ database containing the amino acid sequences of the SMX-MO, the 4AP-

MO and the FMNR from Microbacterium sp. strain BR1 was built and run against the three 

afore-mentioned genomes, and the genome from Microbacterium sp. strain SDZm4 

(sequenced by Kevin Kroll at the IEC), with the following settings: search: BLASTx, 

expectation value: 10, best hits limit: 100, both strands, word size: 11, gap costs 2 2, match 

scores 1-3; X dropoff values: gapped alignment: 30 bits, ungapped extensions: 20 bits. 
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The identity of the sad gene cluster and its surrounding was carried out by making 

BLAST+ databases of each genome and carrying out local BLAST analyses against the 

genome of Microbacterium sp. strain BR1 and vice versa. 

2.6.5. Alignment of sad genes and enzymes 

Gene and enzyme sequences were aligned offline with MAFFT (advanced options were 

inactivated) in the graphical user interface Ugene V1.26(133). The sequence of 

Microbacterium sp. strain BR1 was set as reference sequence to determine identities 

among the sequences. The phylogenetic tree of the SMX-MO was built with PhyML 

Maximum Likelihood (Substitution model HKY85, equilibrium frequencies: optimized, 

number of substitution rate categories: 4, fast likelihood-based method: aLRT, tree 

improvement: SRT & NNI) and plotted with Ugene. 

2.7. Photodegradation Experiment 

A Suntest XLS+ (Atlas Materials Testing Solutions GmbH, Linsengericht-Altenhaßlau, 

Germany) system equipped with a xenon lamp and a temperature sensor was used as the 

source of artificial sunlight with a wavelength range of 300−800 nm. During the 

experiments, the radiation intensity was maintained at 765 W m−2, and the air 

temperature was 35 °C. Photodegradation of SMX was studied in two solutions, MMO 

containing phosphate buffer and in double distilled water (dd H2O). The pH values of 

1 mM SMX solutions in MMO and dd H2O at the beginning of the experiments were 7.4 

and 5, respectively. The SMX solutions were prepared in 100 ml unstained glass bottles 

(SIMAX GL 45 acc. to DIN; Kavalierglass, Sázava, Czech Republic) and incubated in the 

Suntest XLS+ system until SMX was completely degraded. Control (dark) experiments 

were conducted by protecting the reaction vessels with aluminium foil under identical 

conditions. Experimental treatments and controls were set up in triplicate. 
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3. Results 

3.1. Phylogenetic analysis of sulfonamide degrading bacterial strains 

All bacteria described in the literature with the capability to degrade one or more 

sulfonamide antibiotics (6–10, 99, 141–146) were phylogenetically ordered based on 16S 

rRNA gene sequences (Figure 7). The 16S rRNA gene sequences of the isolates identified 

by Islas-Espinoza and colleagues (7) have not been deposited in public databases, only 

the sequences of the closest reported relatives were used instead (accession numbers of 

relatives were received by personal communication). 

Around 30 % of the isolates from different soils and activated sludge samples are 

representatives of the Actinobacteria. With 6 out of 14 Actinobacteria, Microbacterium is 

the predominant genus, followed by Arthrobacter with 3 species. Other reported classes 

are Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria. It should be 

noted, that 9 out of 12 Gammaproteobacteria are Pseudomonas species. Sphingobacterium 

multivorum is the only sulfonamide degrading member of the phylum of Sphingobacteria 

known so far. Stenotrophomonas maltophilia belongs to the class of 

Gammaproteobacteria, but based on the 16S rRNA gene sequence Stenotrophomonas 

maltophilia Es2-5 was closer related to the class of Betaproteobacteria. 
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Figure 7: Phylogenetic tree of bacteria reportedly capable of mineralizing sulfonamide antibiotics (Preprinted in Ricken 

et al. submitted (147)) 

3.2. Pathway elucidation of biotic sulfonamide degradation 

3.2.1. Cofactor dependency of SMX degrading enzymes in crude cell 

extracts Microbacterium sp. strain BR1 

The detection of the SMX metabolite 3A5MI was used as an indicator for SMX degradative 

activity in the crude cell extract of Microbacterium sp. strain BR1 when incubated with the 

cofactors NADH, NADPH, FMN and FAD either alone or in mixtures (e.g. NADH and FMN). 

The metabolite 3A5MI was detected in significant amounts only in the presence of NADH 

but not in mixtures of NADH and FMN or NADH and FAD. 
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3.2.2. Colorimetric detection of biological 4-aminophenol degradation 

It was hypothesized, that 4AP is an intermediate product of biological SMX degradation 

by Microbacterium sp. strain BR1. Therefore, its degradability by Microbacterium sp. 

strain BR1 was tested by determine the 4AP concentration in resting cell assays by means 

of a colorimetric assay. 

Incubations of resting cells of Microbacterium sp. strain BR1 with 75 µM 4AP as a 

substrate led to the degradation of this compound. In appropriate biotic controls, 

consisting of autoclaved Microbacterium sp. strain BR1 cells and in the abiotic controls, 

4AP was not degraded (Figure 8). 

 

Figure 8: Degradation of 4AP by Microbacterium sp. strain BR1 

Depicted is the biotic degradation of 4AP by Microbacterium sp. strain BR1 resting cells. The concentration of 4AP was 

measured with a modified Bocxlaer assay. 4AP incubated with Microbacterium sp. strain BR1 resting cells (X), 

autoclaved Microbacterium sp. strain BR1 cells (filled triangles) and only in PBS as abiotic control (open circles). 

(Modified from Ricken et al. 2013 (148)) 

This experiment demonstrated, that Microbacterium sp. strain BR1 can degrade 4AP. 

Thus, 4AP might be an intermediate degradation product of the sulfonamides aniline 

mineralization by Microbacterium sp. strain BR1. 

3.2.3. Oxygen consumption rates for biological 4AP oxidation 

It has been demonstrated that 14C-labelled SMX can be partly mineralized by 

Microbacterium sp. strain BR1, while 14C-labelled CO2 was formed (6). In case 4AP is an 
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intermediate product in the biological SMX mineralization pathway and will be further 

oxidized, the presence of 4AP in Microbacterium sp. strain BR1 cultures will increase the 

oxygen consumption rate (OCR).  

OCRs were determined for the biological degradation of 4AP and fructose, respectively, 

by acclimatized and non-acclimatized cells of Microbacterium sp. strain BR1, respectively. 

OCR of Microbacterium sp. strain BR1 cells in PBS without any additional carbon source 

and with fructose served as control, respectively. The OCRs in the absence of any carbon 

source were comparable for acclimatized and non-acclimatized cells 

(22 ± 4 pmol O2 min- 1 gDW-1 and 19 ± 2 pmol O2 min-1 gDW-1), respectively. In case fructose 

was added, the OCRs for acclimatized and non-acclimatized cells increased in a 

comparable manner (43 ± 6 pmol O2 min-1 gDW-1 and 46 ± 5 pmol O2 min-1 gDW-1), indicating 

a similar fitness of both cultures. A clear difference was observed as soon as 4AP was 

added (Figure 9). The OCR with 44 ± 4 pmol O2 min-1 gDW-1 was nearly twofold increased 

in acclimatized cells in comparison to non-acclimatized cells with 

23 ± 4 pmol O2 min 1 gDW-1. 

 

 

Figure 9: OCRs for Microbacterium sp. strain BR1 with different substrates 

Depicted are the OCRs for acclimatized (grey bars) and non-acclimatized (white bars) Microbacterium sp. strain BR1, 

which was incubated with fructose, 4AP and without any carbon source in PBS as negative control. (Modified from 

Ricken et al. 2013 (148)). 

The OCRs of acclimatized and non-acclimatized Microbacterium sp. strain BR1 depicted in 

Figure 9 demonstrated, that 4AP was further oxidized and thus might be an intermediate 

in the SMX degradation pathway of Microbacterium sp. strain BR1. 
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3.2.4. Degradation of SMX by cell extracts under an 18O2 atmosphere 

To determine the type of enzyme activity involved in the initial attack on SMX and to 

elucidate the origin of the hydroxyl group of 4AP, cell extracts of Microbacterium sp. strain 

BR1 were incubated with SMX and NADH under an 18O2 atmosphere. These assays led to 

the formation of 4AP with a molecular ion that showed a mass-to-charge ratio of 112 

when analysed by HPLC-MS in the positive-ionization mode (HPLC mass spectra in Figure 

10 c and HPLC-MS extracted ion chromatograms in Figure 11 e and f). This ratio 

corresponds to a mass shift of the molecular ion by 2 atomic mass units in comparison to 

that of controls incubated under a 16O2 atmosphere (HPLC mass spectra in Figure 10 b 

and c and HPLC-MS extracted ion chromatograms in Figure 11 c, d) and indicates that the 

oxygen atom of 4AP originated from molecular dioxygen. 

  



56 | Results 

 

Figure 10: ESI Mass spectra of 4AP standard and incubations of Microbacterium sp. strain BR1 cell extract with NADH 

and SMX. 

a, 4AP standard; b, cell extract incubated under 16O2 atmosphere; c, cell extract incubated under 18O2 atmosphere. 

(Modified from Ricken et al. 2013 (148)) 
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Figure 11: HPLC-MS extracted ion chromatograms of 4AP standard and incubations of Microbacterium sp. strain BR1 

cell extract with NADH and SMX. 

a 4AP standard, m/z 110; b 4AP standard, m/z 112; c cell extract incubated under 16O2 atmosphere, m/z 110; d cell 

extract incubated under 16O2 atmosphere, m/z 112; e cell extract incubated under 18O2 atmosphere, m/z 110; f cell 

extract incubated under 18O2 atmosphere, m/z 112. (Modified from Ricken et al. 2013 (148)).  
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3.2.5. Sulphite formation during SMX degradation 

To determine whether a type I or type II ipso-substitution is initiating the decay of the 

SMX molecule, the leaving groups sulphite and sulphate were measured in supernatant of 

crude cell extracts of Microbacterium sp. strain BR1. 

Asulam and SMX were degraded by cell extracts of Microbacterium sp. strain BR1, 

respectively. The concentrations of the parent compound, sulphite and sulphate, and the 

SMX metabolite 3A5MI had been monitored. In both setups, the formation of sulphite but 

not sulphate was detected concomitant to the degradation of SMX and asulam, 

respectively. In SMX setups, the formation of 3A5MI was detected as well. SMX was 

degraded by the cell extract at a rate of 1.85 ± 0.22 µM min-1, whereas 3A5MI and sulphite 

were formed in the SMX setup at rates of 2.01 ± 0.05 µM min-1 and 1.92 ± 0.05 µM min-1, 

respectively (Figure 12). Asulam was degraded at a rate of 3.93 ± 0.22 µM min-1, while 

sulphite was formed at a rate of 1.78 ± 0.05 µM min-1. 

 

Figure 12: Formation of sulphite during the degradation of SMX and asulam by cell extracts of Microbacterium sp. strain 

BR1. 

Shown are the concentrations of the parent compound SMX and asulam, respectively (x), sulphite (open circles), net 

sulphate (filled circles), and 3A5MI (filled triangles) in the case of SMX, over time. 

The formation of sulphite indicates that the degradation of sulfonamides by 

Microbacterium sp. strain BR1 is initiated by a type I ipso-substitution. 
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3.2.6. Degradation of possible downstream intermediates 

In a previous study, 4AP had been identified as an intermediate of the sulfonamide 

biodegradation pathway by means of HPLC-MS after the incubation of SMX with crude cell 

extract of Microbacterium and the cofactor NADH (148). The potential intermediates BQ, 

HQ and THB identified based on a literature survey, were tested for further degradability. 

To rule out the risk of autoxidation of substrates to be mistaken for apparent degradation, 

buffer controls were set up for all substrates. In contrast to these controls in which the 

substrates remained stable, the concentrations of tested substrates (4AP, BQ, and HQ) 

were shown to decrease when incubated with Microbacterium resting cells and crude cell 

extracts, respectively (Figure 13). No intermediates could be identified in 4AP 

degradation assays neither with resting cells, nor with crude cell extracts. Nonetheless, in 

both setups BQ was degraded and concomitantly HQ was formed. Likewise, the 

degradation of HQ led to the formation of THB. However, degradation of THB did not occur 

faster in biological samples than in the buffer controls (data not shown). 

  

Figure 13: Metabolisation of assumed intermediates of the downstream degradation pathway of sulfamethoxazole by 

resting cells of Microbacterium sp. strain BR1. 

Degradation of 4AP, BQ HQ by resting cells (RC) and cell extracts (CE), respectively. Open symbols correspond to 

negative controls carried out in buffer, while closed symbols correspond to resting cell and cell extract experiments, 

respectively. Circles indicate the degradation of the added substrate. Triangles show the product formation. During 

the degradation of BQ, HQ was measured as degradation product, while THB was detected in HQ degradation 

experiments. (Modified from Ricken et al. 2015 (91)) 
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3.2.7. Degradation of different sulfonamides by Microbacterium sp. strain 

BR1 

The aniline moiety, which attack initiates the biological sulfonamide degradation by 

Microbacterium sp. strain BR1, is a common motif among commercially available 

sulfonamide antibiotics. Only the heterocyclic moieties differ among the different 

sulfonamide antibiotics. Resting cells of Microbacterium sp. strain BR1 were incubated 

with sulfonamide antibiotics to investigate if the SMX degradation mechanism can be 

applied to structurally similar compounds and to evaluate the influence of the 

heterocyclic moiety on biological degradation kinetics. 

The biological degradation of the antibiotic SMX by Microbacterium sp. strain BR1 (1.42 ± 

0.02 µmol min-1 gDW-1) occurred at a significantly faster rate than that of the building block 

benzenesulfonamide (0.90 ± 0.02 µM min-1 gDW-1), however at a slower rate than that of 

the degradation of the herbicide asulam (2.38 ± 0.07 µM min-1 gDW-1) (Figure 14 and Table 

7). Abiotic sulfonamide degradation was not observed in any of the samples. In case of 

SMX, the heterocyclic metabolite 3A5MI was formed in equimolar amounts to the 

degraded parent compound SMX and remained stable even after nearly 24 h (data not 

shown). In contrast, the concentration of aniline, the metabolite of benzenesulfonamide, 

did not reach higher concentrations than 25 µM and was completely degraded at the last 

measurement point after nearly 24 h (data not shown). Both metabolites 3A5MI and 

aniline were identified by comparing their respective retention times and absorption 

spectra obtained by HPLC-DAD to those of authentic standards. 

A comparison of the degradation rate of the positive control SMX with previously realized 

degradation assays revealed, that the resting cells used in this setup were less active than 

previous ones (Table 7). 

In a second experiment, resting cells with an OD600 of 7 were incubated with 100 µM SMX, 

SN, and 4-amino- N-cyclohexylbenzenesulfonamide, respectively. The higher cell density 

was chosen, as preliminary tests did not lead to the degradation of the latter two 

compounds. While SMX was degraded (73.7 ± 0.9 µM in one hour), no degradation was 

observed for SN and 4-amino-N-cyclohexylbenzenesulfonamide. 
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Figure 14: Biological degradation of SMX, benzenesulfonamide and asulam by Microbacterium sp. strain BR1 

Shown are the concentrations of the respective parent compound degraded by Microbacterium (x) and in the abiotic 

control (open circles), respectively. In case of biological samples containing SMX and benzenesulfonamide the 

respective metabolite was measured as well (filled triangles). (Modified from Ricken et al. 2013 (148)) 

Table 7: Initial degradation rates of sulfonamides by Microbacterium sp. strain BR1 

Calculated sulfonamide degradation rates of three different runs. The setup was always identical, but different stocks 

of Microbacterium sp. strain BR1 were used. For a better comparison SMX was used in each run as positive control. 

(Modified from Ricken et al. 2013 (148)) 

Sulfonamide µmol min-1 gDW-1 Relative to SMX 
Sulfamethoxazole 1 2.09 ± 0.02 100 
Sulfadiazine 2.51 ± 0.02 120 
Sulfamethazine 1.53 ± 0.01 73 
Sulfamethizole 2.26 ± 0.03 108 
Sulfamethoxazole 2 2.09 ± 0.02 100 
Sulfadimethoxine 1.64 ± 0.07 78 
Sulfanilamide 0.00 ± 0.00 0 
Sulfamethoxazole 3 1.42 ± 0.03 100 
Asulam 2.38 ± 0.07 168 
Benzenesulfonamide 0.90 ± 0.02 63 
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3.3. SMX enzyme identification 

3.3.1. SMX mineralization by Microbacterium sp. strain BR1 in the presence 

of an alternative carbon source 

Substrate tests with Biolog plates revealed that fructose can be used as easily 

mineralizable substrate for the growth of Microbacterium sp. strain BR1 (Table A 1). 

Therefore, fructose was used as additional carbon source next to SMX in order to test if 

the expression of SMX degrading enzymes in Microbacterium sp. strain BR1 is regulated 

by carbon or by sulphur starvation. 

The growth of Microbacterium, monitored by turbidity at OD600, was faster in case SMX 

was the only carbon source present in MMO medium (Figure 15) and a clear decrease of 

the SMX concentration was already observed after 77 h of incubation. In cultures 

containing fructose and SMX the bacterial growth was slower, going in hand with a slower 

SMX degradation rate. But the overall OD600 reached after five days was higher compared 

to the one of cultures grown in MMO+SMX medium without fructose. 

Sulphur limitation, achieved by replacing the sulphate salts in the MMO medium with Cl 

salts, did not have a significant impact on the SMX degradation rate and the growth of 

Microbacterium sp. strain BR1, respectively (Figure 15 + and – sulphate, respectively). 

No differences in growth rates were observed for cultures grown with and without 

additional SO4-2, respectively. 

The fastest growth with the highest amount of biomass was achieved in case 

Microbacterium sp. strain BR1 was incubated in medium containing fructose, but no SMX 

(Figure 15 -SMX +Fructose +SO4). 
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Figure 15: Growth of Microbacterium in MMO medium with SMX 

Incubation of Microbacterium sp. strain BR1 in MMO medium with a starting concentration of 2 mM SMX as carbon and 

energy source. Two setups contained 2 mM fructose in addition to SMX (+ Fructose). In two setups, sulphur was 

removed from the medium by replacing all SO4 salts with Cl salts (- SO4). X: SMX concentration, open circles: optical 

density measured at 600 nm. 
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3.3.2. Genome of Microbacterium sp. strain BR1 

For the identification of enzymes involved in the degradation of sulfonamide antibiotics 

by Microbacterium sp. strain BR1, its genome was sequenced. 

Genomic DNA and preparation was performed at FHNW with a peqGOLD bacterial DNA 

mini kit (Axonlab; Dättwil, Switzerland). Next generation sequencing has been carried out 

by Cestmir Vlcek in the Department of Genomics and Bioinformatics, Institute of 

Molecular Genetics AS, Prague, Czech Republic. The retrieved draft genome sequence of 

Microbacterium sp. strain BR1 consists of 10 contigs in one scaffold and a total of 

3’817’849 bp with a high GC content of 68.1 %. 

Prediction of CDS was done by Critica, Glimmer and Prodigal. All predictions were merged 

together into one unique set of CDS. 

3.3.3. Comprehensive antibiotic resistance database analysis 

The genome of Microbacterium sp. strain BR1 was analysed with CARD to identify 

sulfonamide resistance genes. 

16 resistance genes were found with CARD (Table 8). Among them the sulfonamide 

resistance gene sul1 encoding a mutated dihydropteroate synthase (DHPS), which cannot 

be inhibited by sulfonamide antibiotics. The mutated DHPS restores the formation of 

dihydropteroic acid in the presence of sulfonamide antibiotics, but the encoded enzyme 

cannot modify sulfonamides itself. 

Additionally, several efflux pumps were identified (Table 8), but none of here identified 

ones were reported to increase the resistance against sulfonamide antibiotics. 
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Table 8: CARD analysis of the Microbacterium sp. strain BR1 genome 

(Modified from Ricken et al. submitted (147)) 

Best 

Hits 

Cut 

off 

Best Hit e-

Value 

Best 

identities 

Category 

lrfA Strict 5.95E-153 57 efflux pump conferring antibiotic resistance 

tet43 Strict 1.88E-82 40 efflux pump conferring antibiotic resistance 

mfd Strict 0 36 antibiotic target protection protein; fluoroquinolone 

resistance protein 

taeA Strict 1.21E-106 35 efflux pump conferring antibiotic resistance 

katG Strict 0 63 antibiotic resistant gene variant or mutant; isoniazid 

resistance protein 

EF-Tu Strict 0 75 antibiotic resistant gene variant or mutant; elfamycin 

resistance protein; gene involved in self-resistance to 

antibiotic 

taeA Strict 1.68E-113 39 efflux pump conferring antibiotic resistance 

parY Strict 0 65 aminocoumarin resistance protein; antibiotic resistant 

gene variant 

novA Strict 1.57E-176 47 efflux pump conferring antibiotic resistance 

alaS Strict 0 39 aminocoumarin resistance protein 

ileS Strict 0 53 antibiotic resistant gene variant or mutant; mupirocin 

resistance protein 

lmrB Strict 6.52E-109 39 efflux pump conferring antibiotic resistance 

tetB Strict 7.47E-148 78 efflux pump conferring antibiotic resistance 

murA Strict 1.67E-100 42 fosfomycin resistance protein 

tetA Strict 6.60E-160 73 efflux pump conferring antibiotic resistance 

sul1 Strict 0 100 antibiotic target replacement protein; sulfonamide 

resistance protein 

 

3.3.4. Sequential fractionation of the SMX degrading monooxygenase 

In order to purify the SMX degrading monooxygenase (SMX-MO) for further 

characterisation, crude cell extract of Microbacterium sp. strain BR1 were subjected to 

DEAE- and Mono Q-anion exchange chromatography. The activity of every fraction was 

determined with the NADH assay and verified by HPLC measurements. But even though 

active fractions were found after DEAE chromatography, no activity could be detected 

after Mono Q chromatography of the active DEAE pool. Therefore, in a second setup, a 

commercially available FMN reductase from E. coli (FRE) and FMN were added to 

fractions from Mono Q chromatography (without prior DEAE chromatography). The 
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NADH activity assay revealed, that only in the presence of FRE the sulfonamide 

monooxygenase was active (Figure 16). This result was verified by HPLC. The active 

fraction with additional FRE degraded 80 µM NADH in 30 min, whereas the same fraction 

without the addition of FRE degraded only 8 µM. 

Because of these findings 0.1 U ml-1 FRE and 2.5 µM FMN were added to activity assays. 

 

Figure 16: NADH assay of partially purified Microbacterium sp. strain BR1 cell extract with and without FMN reductase 

Crude cell extract of Microbacterium sp. strain BR1 was fractionized by means of FPLC with strong anion exchange 

column Mono Q. Fractions were analysed with the NADH assay in the absence (- FRE) and abundance (+ FRE) of a E. coli 

FMN reductase. Depicted are both experiments with the active fraction, bearing the enzyme responsible for SMX 

degradation. Open circles indicate the samples with SDZ and filled circles samples without SDZ. (Modified from Ricken 

et al. submitted (147)). 

To achieve higher purity of the sulfonamide degrading monooxygenase, two ammonium 

sulphate precipitation steps, followed by HIC were used as pre-purification step. The 

activity of both steps was determined with the NADH assay including FMN and FRE. 

However, after HIC purification no activity could be measured in any of the fractions. Cell 

extract of Microbacterium sp. strain BR1 had to be added in addition to FMN and FRE to 

identify fractions containing the SMX-MO (Table A 2). Additionally, different metals were 

tested for their capability to restore the enzymatic activity. Of these, only MnCl2 (tested at 

a concentration of around 1 mM) had a positive effect (Table A 3 and Table A 4), 

accounting for ca. 20 % of the activity achieved by the addition of cell extract to the HIC 

pool. To test whether other metals or cofactors are responsible for the missing 80 % of 

the activity, the filtrate and retentate of filtered cell extract was added to the active HIC 

pool (method description: chapter 2.5.3). The activity of the HIC pool was restored only 

with the retentate, but not with the filtrate (Table A 5). Furthermore, the HIC pool was 
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supplemented with proteinase K treated cell extract, which could not restore the activity 

of the HIC pool (Table A 6). 

Based on those findings besides the standard ingredients (Table 6) FMN, FRE and cell 

extract were added in every activity screening for the final purification of the SMX-MO. 

The final method for the sequential fractionation of crucde cell extract from 

Microbacterium sp. strain BR1 to purify the SMX-MO consisted of a two-step ammonium 

sulphate precipitation, in which the crude cell extract of Microbacterium sp. strain BR1 

was fractioned by adding 40 % ammonium sulphate saturation. Soluble proteins were 

separated a second time at 70 % saturation. Precipitated proteins were fractionized by 

hydrophobic interaction chromatography, followed by weak anion exchange 

chromatography and finally with strong anion exchange chromatography. 

All sulfonamide degrading activities were determined indirectly with the NADH assay. 

After the last purification step with the strong anion exchange column, an enriched 

protein band with a size of approximately 45 kDa under denaturing conditions, was 

detected (Figure 17). Based on the NADH assay, the final purification factor was 4.49 and 

the overall yield was 3 % (Table 9). 

 

 

Figure 17: SDS-PAGE of samples after (NH4)2SO4 precipitation, HIC, DEAE and Mono Q purification steps 

CE: Crude cell extract; AS: Resuspended pellet after 70 % (NH4)2SO4 precipitation; HIC: Pool of active HIC fractions after 

desalting; DEAE: Pool of active DEAE fractions after desalting; MQ: Active fraction after Mono Q purification; M: 8 µl 

„Precision Plus Protein“ BioRad. (Modified from Ricken et al. submitted (147)) 
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Table 9: Purification of the SMX-MO from Microbacterium sp. strain BR1 

The activities for the SMX-MO were indirectly measured via NADH consumption rates. (Modified from Ricken et al. 

submitted (147)) 

 Activity 
[U] 

Protein 
[mg] 

Spec. act. 
[U mg-1] 

Purification 
factor 

Yield 
[%] 

Crude CE 2539 109.22 23 1 100 
Pellet 70 % 3624 214.46 17 0.73 57 
HIC (pool) 241 30.74 8 0.34 2 
DEAE (pool) 102 8.80 12 0.50 1 
Mono Q (1 fraction) 87 0.84 104 4.49 3 

 

Samples of the Microbacterium sp. strain BR1 cell extract, the active HIC and DEAE pool and the active fraction after 

Mono Q chromatography were analysed by size exclusion chromatography and compared to a protein standard (Figure 

18). The decrease in the complexity of the protein matrix is clearly visible. The size of non-denatured SMX-MO in the 

Mono Q fraction was estimated to be around 194 kDa (Table 10). 

 

Figure 18: Size exclusion of different steps of a sequential purification of the crude cell extract of Microbacterium sp. 

strain BR1 

Dashed: crude Microbacterium sp. strain BR1 cell extract, Dotted: pool after HIC chromatography, Dot dash: pool after 

DEAE chromatography, Solid Black: active fraction after Mono Q chromatography, Solid Grey: Protein standard. 

(Modified from Ricken et al. submitted (147))  
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Table 10: Size exclusion chromatography with standard proteins and the SMX-MO 

The MW for the SMX-MO was calculated based on the RT-RT0 values for the standard proteins. (Modified from Ricken et 

al. submitted (147)) 

Protein MW 
[kDa] 

RT 
[min] 

RT-RT0 

[min] 
Standards 
Bovine Thyroglobulin 669 3.500 0.6 
Horse spleen Apoferritin 443 3.953 1.053 
B-Amylase 200 4.294 1.394 
Alcohol dehydrogenase from yeast 150 4.516 1.616 
BSA 66 4.752 1.852 
Carbonic anhydrase 29 5.469 2.569 
Sample 
SMX-MO 194 4.302 1.402 

 

The active fraction after Mono Q chromatography was analysed via HPLC-MS by Christian 

Bergesch at the Max Planck Institute for Dynamics of Complex Technical Systems, 

Magdeburg. The enriched protein band with a size 45 kDa under denaturing conditions 

could be assigned to the coding sequence (cdid) 2690 in the Microbacterium sp. strain BR1 

genome by peptide sequences predicted from its fragmentation pattern (118). The 

retrieved gene sequence subjected to analysis with the Basic Alignment Search Tool 

(BLAST) against protein sequences of Actinobacteria (taxid:201174) in the NCBI non-

redundant database and was identified to be similar to a putative oxidoreductase 

[WP_009478410.1] (118). 

3.3.5.  Identification of two-component flavin-dependent monooxygenases 

in Microbacterium sp. strain BR1 by comparative proteomics 

In order to identify the missing protein which might recover the activity of the SMX-MO, 

comparative proteomics analyses were carried out with acclimatized and non-

acclimatized Microbacterium sp. strain BR1 cells, grown in 25 % (v/v) Standard I medium 

with 1 mM SMX and 1 mM succinate, respectively. The comparative proteomic studies 

were, too, carried out by Christian Bergesch at the Max Planck Institute for Dynamics of 

Complex Technical Systems, Magdeburg. Briefly, the cells of both setups were lysed and 

the protein patterns were separated by SDS-PAGE. Protein bands which had higher 

concentrations in case of the SMX treatment were cut from the gel and analysed by HPLC-

ESI-iontrap-MS. MS-data processing was carried out as described earlier (3.3.4). Among 

others, the previously identified oxidoreductase cdid 2690, a second oxidoreductase (cdid 

2689, BLAST accession no. YP_002782537.1) and a flavin reductase-like domain protein 
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(cdid 2687, BLAST accession no. YP_003915889.1) were identified, all of which were 

located in one gene cluster (Figure 19). The genes encoding for the two oxidoreductases 

and the flavin reductase were designated sadA, sadB and sadC according to their order in 

the cluster. 

3.4. Bioinformatic analysis of SMX enzymes and their protein and gene 

sequences 

The genome of Microbacterium sp. strain BR1 was annotated with “rapid annotations 

using subsystems technology” (RAST) (149, 150). Upstream of the sad cluster RAST 

annotated a relaxase (Figure 19). A putative enoyl-CoA dehydrogenase and two putative 

transcriptional regulators, belonging to the Cro/CI and yjgF family, respectively, were 

located downstream of the sad genes. 

 

 

Figure 19: Gene Cluster of FMNR, 4AP-MO and SMX-MO (Gene cluster found in Microbacterium sp. strain BR1) 

Genes indicated in dark grey were functionally characterized and cloned in this thesis. Genes indicated in light grey 

were annotated with RAST, yet their respective functions remain unproven. The genes sadA, sadB and sadC encode for 

the enzyme SMX-MO, 4AP-MO and the FMNR, respectively. I encodes for a putative traA like relaxase, possibly involved 

in gene transfer; II and III are encoding hypothetical proteins with unknown function; IV encodes a putative enoyl-CoA 

dehydrogenase and V and VI are encoding putative transcriptional regulators belonging to the Cro/CI and yjgF families, 

respectively). (Preprinted in Ricken et al. submitted (147)) 

The closest relatives for the three enzymes encoded by the genes sadA, sadB and sadC 

found with BLAST in the non-redundant protein database had previously been annotated, 

but not yet functionally characterized (Figure 20 and Table 11). These genes form a 

distinct cluster. Very similar clusters could be found in the genomes of the strains 

Microbacterium sp. strain C448 and Arthrobacter sp. strain D2, respectively. The cluster 

of Microbacterium sp. strain C448 and Arthrobacter sp. strain D2 harbour genes 

presumably encoding for nearly identical proteins when compared to those found in 

Microbacterium sp. strain BR1 (>96 % predicted amino acid sequence identity). 

The closest relatives in the Protein Data Bank (151) were also plotted into a phylogenetic 

tree built from non-redundant protein database hits (Figure 20 and Table 11). Compared 

to each other, the amino acid sequences of the two oxidoreductases identified here 

encoded by sadA and sadB (chapter 3.3.5) share only 36 % amino acid sequence identity. 

I sadA sadB II   III sadC IV V     VI
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Nevertheless, they share the same closest relative in the Protein Data Bank, namely 3-

hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dionehydroxylase (3-Hsa hydroxylase; 

pdb: 2RFQ_A) with 31 % (92 % sequence coverage) and 32 % (95 % sequence coverage) 

identity, respectively. 

Other close relatives in the Protein Data Bank to the enzymes encoded by sadA and sadB 

are two-component flavin monooxygenases. Close relatives in the Protein Data Bank to 

the enzyme encoded by sadC are flavin reductases. Two-component monooxygenases are 

dependent on reduced flavin which is provided by a separate flavin reductase. 

 

Figure 20: Phylogenetic trees of the closest relatives of the enzymes encoded by sadA – C 

Phylogenetic trees were built for the enzymes encoded by sadA, sadB and sadC from the ten closest relatives identified 

by BLAST analyses in the non-redundant protein database and the Protein Data Bank (indicated with pdb). A: 

phylogenetic tree of the SMX-MO, encoded by sadA, B: phylogenetic tree of the 4AP-MO, encoded by sadB, C: 

phylogenetic tree of the FMNR, encoded by sadC. More information about the enzymes shown here with their accession 

number is provided in Table 11. (Preprinted in Ricken et al. submitted (147)) 
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Table 11: Additional information for enzymes used for the phylogenetic trees in Figure 20 

The table gives more detailed information to the protein accession numbers shown in Figure 20. The identity [%] refers 

to the identity of amino acid sequence retrieved from Protein Database analysis compared to their relative protein 

sequences in Microbacterium sp. strain BR1. (Preprinted in Ricken et al. submitted (147)) 

Accession No. Enzyme Strain Identitiy 
[%] 

Tree for SMX-MO    
 SMX-MO Microbacterium sp. 

strain BR1 
100 

CDJ99310.1 Acyl-CoA dehydrogenase, 
C-terminal domain protein  

Microbacterium sp. 
C448 

94 

OEH61722.1 hypothetical protein 
A5N17_13005 

Arthrobacter sp. D2 84 

OEH57813.1 hypothetical protein 
A5N17_22230 

Arthrobacter sp. D2 76 

OEH63558.1 hypothetical protein 
A5N13_14625 

Arthrobacter sp. D4 75 

WP_067118097.1 oxidoreductase Streptomyces 
yokosukanensis 

48 

WP_073734107.1 oxidoreductase Streptomyces sp. 
CB02488 

48 

WP_018102908.1 hypothetical protein Streptomyces 48 
WP_037951145.1 oxidoreductase Streptomyces sp. PRh5 48 
OKI93236.1 oxidoreductase Streptomyces sp. 

CB01249 
48 

WP_065475849.1 oxidoreductase Streptomyces sp. 
PTY087I2 

47 

pdb|3AFE| 3-Hsa Monooxygenase Mycobacterium 
tuberculosis 

30 

pdb|2JBR| 4-Hydroxyphenylacetate 
Hydroxylase 

Acinetobacter 
baumanni 

26 

pdb|2OR0| Putative Hydroxylase Rhodococcus sp. Rha1 26 
pdb|2RFQ| 3-Hsa Hydroxylase Rhodococcus sp. Rha1 31 
Tree for 4AP-MO    
 4AP-MO Microbacterium sp. 

strain BR1 
100 

CDJ99309.1  putative oxidoreductase Microbacterium sp. 
C448 

100 

OEH60118.1  oxidoreductase  Arthrobacter sp. D2 75 
WP_027935525.1  oxidoreductase  Amycolatopsis sp. ATCC 

39116 
58 

WP_067161342.1  oxidoreductase  Mycobacterium sp. 
1245805.9 

56 

WP_066939516.1  oxidoreductase  Mycobacterium sp. 
1554424.7 

57 

SEF20031.1  Acyl-CoA dehydrogenase  Amycolatopsis 
pretoriensis 

58 

SFK75475.1  Acyl-CoA dehydrogenase Amycolatopsis sacchari 59 
WP_025350014.1  oxidoreductase  Nocardia nova SH22a 56 
WP_072951565.1  oxidoreductase  Rhodococcus koreensis 56 
WP_015889093.1  oxidoreductase  Rhodococcus opacus B4 55 
pdb|3AFE| 3-Hsa Monooxygenase Mycobacterium 

tuberculosis 
33 
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pdb|2JBR| 4-Hydroxyphenylacetate 
Hydroxylase 

Acinetobacter 
baumanni 

27 

pdb|2OR0| Putative Hydroxylase Rhodococcus sp. Rha1 26 
pdb|2RFQ| 3-Hsa Hydroxylase Rhodococcus sp. Rha1 33 
Tree for FMNR    
 FMNR Microbacterium sp. 

strain BR1 
100 

WP_036299413.1  flavin oxidoreductase Microbacterium sp. 
C448 

99 

WP_051513618.1  flavin oxidoreductase Arthrobacter sp. D2 90 
WP_031282619.1  flavin oxidoreductase Corynebacterium-like 

bacterium B27 
57 

WP_066040788.1  flavin oxidoreductase Herbiconiux solani 56 
KUM29529.1  flavin oxidoreductase Arthrobacter sp. 

EpRS66 
58 

WP_060700794.1  flavin oxidoreductase Arthrobacter 
halophytocola 

59 

WP_082689349.1  flavin oxidoreductase Arthrobacter sp. 
EpRS66 

51 

WP_047545568.1  flavin oxidoreductase Microbacterium sp. 
CF335 

54 

WP_070348958.1  flavin oxidoreductase Arthrobacter sp. SW1 58 
WP_081638065.1  flavin oxidoreductase Arthrobacter sp. PAO19 51 
pdb|2QCK| Flavin reductase domain 

protein 
Arthrobacter Sp. Fb24 30 

pdb|4L82| Putative Oxidoreductase Rickettsia felis 27 
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Nearly identical gene clusters containing the sad genes identified in this work were found 

by online and offline BLAST analyses in the published genomes of Microbacterium sp. 

strain C448 (BioProject accession number PRJNA170195) (152) and Arthrobacter sp. 

strain D2 (BioProject accession number PRJNA314012) (141). Based on comparative 

genomics, Deng and colleagues proposed an oxidoreductase from Arthrobacter sp. strain 

D2 (NCBI locus tag A5N17_17290) to be responsible or sulfonamide degradation (141). 

However, no evidence was found in this thesis that would back up the hypothesis of the 

gene identified in their work to have the attributed function. At the same time, a gene 

cluster highly similar the sad cluster found in Microbacterium sp. strain BR1 could be 

identified in Arthrobacter sp. strain D2, while the described degradation pattern also 

correlates to that found in Microbacterium sp. strain BR1. A similar cluster was also found 

in the genome of Microbacterium sp. strain SDZm4 (DSM 18910), a strain isolated during 

lysimeter studies in Germany (9). The unpublished genome of the latter strain had been 

sequenced at the Institute for Ecopreneurship at the University of Applied Sciences and 

Arts Northwestern Switzerland. The sadB and sadC genes show high sequence identities 

among all four isolates (100 % and 99 %, respectively). The gen sadA has 99 % 

(Microbacterium sp. strain SDZm4) and 97 % (Microbacterium sp. strain C448) identity 

compared to the one of Microbacterium sp. strain BR1. However, the sadA which can be 

found by online BLAST analysis in Arthrobacter sp. strain D2 has only 82 % identity to the 

one in Microbacterium sp. strain BR1. Yet based on the alignments with the other 

sulfonamide mineralizing strains it can be assumed that the remarkable variation at the 

5’ end of the sadA gene in Arthrobacter sp. strain D2 might be the result of an assembly 

mistake in the Arthrobacter genome. It is conspicuous that a BLAST analysis against the 

Arthrobacter genome revealed, that the whole sadA sequence can be found in all three 

Microbacterium strains, but as a whole (Figure 21). The analyses will yield two hits, one 

of which marks exactly the position at the 5’ end of the Arthrobacter sadA gene which is 

not identical to the genes found in Microbacterium (Figure 22). The sequence of the 

Arthrobacter gene homolog to part of the sadA gene which corresponds to the segment 

covered by the second BLAST hit, is to 98 % identical to the one of Microbacterium sp. 

strain BR1. 
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Figure 21: MegaBLAST analysis of sulfonamide mineralizing Microbacterium genomes against the sadA gene in 

Arthrobacter sp. strain D2 

(Preprinted in Ricken et al. submitted (147)) 

 

  

Figure 22: MegaBLAST analysis of the genomes of Microbacterium sp. strain C448 and SDZm4 and Arthrobacter sp. 

strain D4 against the Microbacterium sp. strain BR1 sad gene cluster. 

(Preprinted in Ricken et al. submitted (147)) 

In order to predict the proteins homo-oligomer structure and the position of the active 

site, a model of the sulfonamide degrading enzyme encoded by sadA was predicted with 

SWISS-MODEL. A homo-tetrameric structure was assumed based on the X-ray structure 

of the 4-hydroxyphenylacetate monooxygenase (2jbr.1.A) with a global model quality 

estimation (GMQE) of 0.64 (Figure 23). 

An additional model based on the 4-hydroxyphenylacetate oxidoreductase 2JBT built 

with RaptorX, revealed, that the active site of the SMX-MO is likely to be on the outside of 

the monomeric form (Figure 24 C), but will lie on the inside of the molecule in its 

tetrameric form (Figure 24 D). 
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Figure 23: Predicted structure of the SMX-MO by SWISS-Model based on the structure 2JBR_A 

 

 

Figure 24: Active site of the SMX-MO model based on the 4-hydroxyphenylacetate hydroxylase 2JBT 

A: Close-up view of the active site of the SMX-MO with 4-hydroxyphenylacetate and C4a-hydroperoxide FAD. B: Active 

site as shown in A but from a larger distance. C: Connolly surface of the SMX-MO monomer. D: Conolly surface of the 

SMX-MO homo-tetrameric model. Green arrows indicate the position of 4-hydroxyphenylacetate and white arrows 

the position of the C4a-hydroperoxide FAD. 
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3.5. Heterologous expression of sad genes in E. coli AE 

The genes sadA, sadB and sadC were heterologously expressed in E. coli AE, respectively, 

after codon optimization and the 5’ addition of a 6xHis-SUMO tag. The flavin reductase 

(FMNR), expressed by E. coli bearing sadC, showed a size of around 37 kDa under 

denaturing conditions (Figure 25, 1). The SMX-MO and the gene product of sadB had a size 

of 57 kDa and 55 kDa, respectively (Figure 25, 2 and 3). 

 

Figure 25: Expression of the three His-SUMO-tagged sad genes in E. coli AE 

E. coli AE biomass was analysed by SDS-PAGE under denaturing conditions for the expression of sadC (1), sadA (2) and 

sadB (3). Molecular weight estimations of the heterologously expressed enzymes were based on the protein molecular 

weight standard (M) Protein Marker II 10-200 kDa unstained (peqlab, VWR, Dietikon, Switzerland). The original SDS-

PAGE picture was modified for a better visualization by removing lanes between the protein standard and the samples. 

(Preprinted in Ricken et al. submitted (147)) 

All three transformed E. coli AE cells were tested for their capability to degrade 14C-SMX. 

14C-SMX was degraded by E. coli AE bearing sadA, while a new 14C-metabolite was formed 

(Figure 26, A 1st chromatogram). In contrast to these findings, the SMX concentration 

remained stable in E. coli AE cultures bearing the sadB and sadC gene (Figure 26, B 2nd and 
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3rd chromatogram). In mixed cultures of E. coli AE cells expressing sadA and E. coli 

expressing sadB 14C-SMX was degraded, but no accumulation of a 14C-metabolite was 

observed (Figure 26, A 2nd chromatogram). 

Because sadA was experimentally proven to encode for the SMX degrading 

monooxygenase, the enzyme was named SMX-MO and E. coli AE constructs expressing 

sadA were named E. coli AE SMX-MO. 

 

Figure 26: Degradation of 14C-SMX by E. coli AE expressing the sad genes 

A: From black to light grey and front to back, respectively: E. coli AE sadA; mixture of E. coli AE sadA and E. coli AE sadB; 

abiotic control. B: From black to light grey: not transformed E. coli AE; E. coli AE sadC; E. coli AE sadB; abiotic control. 

The samples were taken after an oN incubation of the respective culture with 14C-SMX. (Preprinted in Ricken et al. 

submitted (147)) 

The 14C-metabolite accumulating in E. coli AE cultures bearing sadA was identified after 

derivatisation as 4AP by means of HPLC-MS (Figure 27, A) and comparison to an authentic 

standard (Figure 27, B). 



Results | 79 

 

Figure 27: HPLC mass spectra of samples after derivatization with acetic acid anhydride: authentic 4AP (A) and 

incubations of E. coli AE bearing sadA (B). 

N-acetylated 4AP (molecular mass: 151.2 g/mol) measured in the positive mode features an m/z of 152, corresponding 

to the parent compound with a proton adduct, while m/z 174 corresponds to the sodium adduct ion. 

3.6. Degradation studies with E. coli AE SMX-MO 

BQI was hypothesized, rather than 4AP to be the first metabolite after ipso-substitution of 

sulfonamide antibiotics (148). In order to identify BQI, the postulated first intermediate 

of biological sulfonamide degradation initiated by the SMX-MO, resting cells of E. coli AE 

SMX-MO (final OD600 of 10) were incubated with SMX and samples were analysed by 

means of HPLC-DAD and GC-MS. 

A derivatization method, allowing the discrimination of 4AP and BQI had been established 

prior to the degradation experiment. 

3.6.1. Acylation of 4AP 

A 400 µM 4AP standard was acylated as described in chapter 2.4.7.2. As can be seen in 

Figure 28, 4AP was acylated at the hydroxy- and the amino group (diacetamate), resulting 

in an MS spectrum with two dominant m/z peaks of 109 and 151 and minor ones at 80 

and 193. 
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Figure 28: Mass spectrum of an acylated 4AP standard, analysed with GC-MS. 

3.6.2. Trapping of BQ with Na2S 

In order to distinguish BQI from 4AP the imine can be trapped with Na2S (153) prior to 

its acylation. This will result in the corresponding mercapto-derivative of BQI. In contrast, 

the sulphur nucleophile will not react with 4AP and hence not form a mercaptophenol 

(Figure 29). 

Because BQI is not commercially available as a reference, the method was validated with 

BQ and HQ. To ensure that 4AP will not be affected by the Na2S treatment a standard of it 

was run in parallel. All standards were freshly prepared in 50 mM PBS pH 7.13 which was 

also used as negative control to detect possible derivatization artefacts. As an additional 

control, one batch of each standard was treated with Na2S before acylation while the other 

was merely incubated with PBS before acylation. 
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Figure 29: Trapping of BQI with Na2S followed by acylation 

 

After Na2S treatment and acetic anhydride derivatization, BQ was detected mainly in its 

complexed S-di-diacetoxybenzene form (Figure 30; 81 % based on the peak area), with a 

retention time of 24.22 min. To a lesser extent it was detected as 

mercaptodiacetoxybenzene at 17.17 min (Figure 31). Based on a comparison with the 

peak area of the acylated HQ standard, ca. 0.1 % of the initial BQ concentration was 

transformed to HQ. In contrast HQ was detected only as diacetoxybenzene with a 

retention time of 11.93 min and 4AP was detected as diacetamate. Neither HQ nor 4AP 

were detected in their reduced forms. 

When all three standards were directly derivatized with acetic anhydride, HQ and 4AP 

could be detected again as diacetoxybenzene and diacetamate, respectively. BQ cannot be 
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derivatized with acetic anhydride but 1 % of its initial concentration was detected as 

diacetoxybenzene and no additional peak for BQ nor BQ polymers appeared. 

The presented derivatization steps allow the differentiation between HQ and BQ and the 

trapping step with Na2S does not impact the derivatization of 4AP. Therefore, this 

methodology was used for the differentiation between 4AP and BQI. 

 

 

Figure 30: Mass spectrum of S-di-diacetoxybenzene, analysed with GC-MS 
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Figure 31: Mass spectrum of mercaptodiacetamate, analysed with GC-MS E. coli resting cells with SMX for BQI detection 

The activity of the E. coli SMX-MO resting cells was tested with the AQX activity assay prior 

to the BQI formation experiment (Figure 32). E. coli AE 4AP-MO resting cells were used as 

biological negative control. 

 

Figure 32: AQX activity test of E. coli AE SMX-MO 

A: AQX standard in duplicates with an calculated y-interception point at 782.81 ± 257.37 and a slope of 1.40 ± 0.04. The 

concentration of formed AQX in the biological experiment (B) was calculated based on the AQX standard curve. 25 µM 

of SQX were incubated with E. coli AE 4AP-MO (black, open circles) and E. coli AE SMX-MO (blue, open circles) resting 

cells. 
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The degradation of SMX and the formation of the stable metabolite 3A5MI during the 

resting cell experiment were monitored by means of HPLC-DAD measurements. After 6 h 

of incubation, approximately 47 µM of 3A5MI were formed in samples with E. coli SMX-

MO (Figure 33). Formation of 3A5MI or degradation of SMX could not be observed in the 

abiotic control (data not shown), nor in the biotic negative control containing E. coli AE 

expressing sadB. 

By means of GC-MS analysis and Na2S - acetic anhydride derivatization only diacetamate 

was detected in E. coli SMX-MO setups after 3 h and 6 h. Thus, only 4AP but not BQI was 

detected. Derivatized 4AP reference samples with known concentrations had been 

analysed, yet due to considerable tailing of the peak attributed to the derivatized 4AP, 

neither calibration of the standard, nor quantification of the biologically formed 4AP was 

possible.  

Diacetamate was only detected in samples containing E. coli SMX-MO and SMX. 

 

Figure 33: BQI identification during biotic degradation of SMX by E. coli AE SMX-MO in buffers with a pH 7.13, pH 9 and 

pH 9 with Na2S 

While 4AP and BQI were detected by GC-MS, the SMX and 3A5MI concentrations were followed without derivatization 

by HPLC-DAD. Open symbols indicate the SMX (plot A) and 3A5MI (plot B) concentrations of the biotic controls 

consisting of E. coli AE 4AP-MO resting cells, incubated in PBS buffer with pH 7.13 (open squares) and PBS buffer with 

pH 9 (open circles). Filled symbols represent the corresponding SMX and 3A5MI concentration of the strain E. coli AE 

SMX-MO incubated in buffer with pH 7.13 (filled squares), pH 9 (filled circles) and pH 9 with Na2S (filled triangles). 

Because BQI becomes less susceptible to hydrolysis as pH increases, a second series of 

resting cell experiments was carried out at pH 9.1 instead of 7.13 (Figure 33). 

Furthermore, additional samples were prepared were Na2S was added from the beginning 



Results | 85 

of the incubation of SMX with E. coli SMX-MO resting cells in order to derivatize formed 

BQI directly before it can undergo hydrolysis. 

As already observed in the resting cell experiment at pH 7.13, SMX was degraded by E. coli 

AE SMX-MO, giving rise to the metabolite 3A5MI (Figure 33). No degradation of SMX was 

observed in either the biotic negative control at pH 9 (Figure 33), nor in the abiotic 

negative control (data not shown). The 4AP derivative could not be detected in biotic 

controls without SMX but only in samples containing SMX with E. coli AE SMX-MO, 

accordingly. BQI was not detected in any setup. 

3.7. Degradation studies with E. coli AE expressing sadA 

In order to prove that the 14C-metabolite detected in E. coli AE SMX-MO cultures (chapter 

3.5, Figure 26) was 4AP, the culture supernatants were derivatized and analysed by 

means of HPLC-MS. 

Derivatization of the new culture supernatant with acetic anhydride led to the detection 

of N-acetyl-4AP by HPLC-MS, so it could be identified as 4AP (Figure 34). 

 

 

Figure 34: Derivatization of 4AP with acetic anhydride 

As this metabolite was not found in samples incubated with SMX and both E. coli AE SMX-

MO and E. coli AE sadB, it was concluded, that the enzyme encoded by the sadB gene is 

responsible for the biological SMX downstream pathway and oxidizes 4AP. The enzyme 

encoded by sadB was therefore named 4AP-MO, based on its function to oxidize 4AP. The 

E. coli AE strain expressing the sadB gene was named hereafter E. coli AE 4AP-MO. 

Incubations of 4AP with resting cells of E. coli AE 4AP-MO confirmed the hypothesis, that 

4AP-MO is capable of degrading 4AP (Figure 35 A). The 4AP concentration was 

determined by HPLC-DAD, via derivatization of 4AP with acetic anhydride. Additionally, 

the presence of THB in the supernatant of E. coli AE 4AP-MO cultures after incubation with 
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4AP was qualitatively confirmed by GC-MS (Figure A 1 and Figure A 2). 4AP was degraded 

neither by untransformed E. coli AE resting cells, nor in abiotic controls lacking E. coli 

cells. 

The dependence of the purified 4AP-MO on reduced FMN was shown by degradation 

experiments with the purified 4AP-MO in the presence and absence of the purified FMNR 

from Microbacterium sp. strain BR1 (Figure 35 B). 4AP was only degraded if the 

incubation mixture contained the enzymes 4AP-MO and the FMNR, as well as the cofactors 

NADH and FMN. No 4AP degradation was observed in the absence of either the FMNR, the 

4AP-MO or both enzymes. 

In addition to the degradation of 4AP, incubations containing the 4AP-MO, the FMNR and 

the cofactors NADH and FMN would also show the formation of THB (Figure 35 C). Neither 

BQ nor HQ were detected in the same setup. 

The rapid abiotic reduction of BQ in the presence of NADH was demonstrated by 

absorbance measurements at 340 nm where the stability of BQ alone and in the presence 

of NADH was recorded and compared to the absorbance of HQ at 340 nm (Figure 35 D). 
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Figure 35: Degradation of 4AP by E. coli AE 4AP-MO resting cells and purified 4AP-MO 

A: 200 µM of 4AP were incubated with E. coli AE 4AP-MO resting cells with an OD600 of 10 (filled circles), with E. coli AE 

resting cells with an OD600 of 10 as biological negative control (open squares) and in PBS buffer as abiotic negative 

control (open circles). 4AP was analysed by means of HPLC. B: 200 µM of 4AP were incubated with the purified 4AP-

MO, the purified FMNR and the cofactors NADH and FMN (filled circles), with the 4AP-MO and the cofactors NADH and 

FMN (open squares), with the FMNR and the cofactors NADH and FMN (open triangles), and only with the cofactors 

NADH and FMN (open circles). 4Ap was measured by means of HPLC. C: 200 µM of 4AP were incubated with the purified 

4AP-MO, the purified FMNR and the cofactors NADH and FMN (filled circles) and the formation of THB was measured 

by GC-MS (filled triangles). Open circles represent the 4AP concentration in abiotic controls. 4AP was measured by 

means of HPLC, while THB was analysed by GC-MS. D: The stability of BQ was determined photometrically. The 

absorbance at 430 nm was measured for mixtures containing 4 mM BQ (open circles), 4 mM BQ and 5 mM NADH (filled 

circles) and 4 mM HQ (open triangles), respectively. (Preprinted in Ricken et al. submitted (147)) 

3.8. Conversion of indole by E. coli AE 4AP-MO 

The formation of blue, water insoluble pigments was observed in E. coli AE 4AP-MO 

cultures grown in the autoinduction medium ZYM-5052 (data not shown). The pigments 

were further investigated for the establishment of an activity assay of E. coli AE 4AP-MO 

cells. 
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By TLC analysis a blue (Rf 0.66) and a reddish pigment (Rf 0.36) were separated from the 

supernatant of E. coli AE 4AP-MO cultures. The spots were only visible for a short period 

of time and with UV254. A genuine indigo standard run in the same chromatography 

system featured an Rf of 0.67. 

Silicon oil and dioctyl phthalate were tested as organic phases as to whether the formed 

blue pigment was soluble in them. Indigo was dissolvable in both organic phases, but the 

blue pigment formed by E. coli AE 4AP-MO in the presence of indole was only soluble in 

dioctyl phthalate (Figure 36). In contrast to genuine indigo, the blue pigment formed by 

4AP-MO bleached within hours. Differences were also observed for the spectrum of both 

substances in dioctyl phthalate (Figure 37). 

The blue pigment formed b E. coli 4AP-MO does not seem to be indigo, but the here 

described two-phase system could nevertheless be used for activity screening of E. coli 

4AP-MO cells. 

 

Figure 36: Test of silicon oil and dioctyl phthalate for their ability to dissolve the blue pigment 

Resting cells of E. coli AE 4AP-MO were incubated oN in a two-phase system with silicon oil (A) dioctyl phthalate (B), 

respectively. The organic phase was added both without (first two samples on the right of each setup) and with 5 mM 

indigo (first two samples on the left of each setup). 

 

Figure 37: Spectrum of indigo and the blue pigment formed by E. coli AE 4AP-MO in dioctyl phthalate 

Depicted are the spectrum of indigo (black line) and the blue pigment formed by E. coli AE 4AP-MO in a two-phase 

system in the presence of indole (grey line).  
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3.9. Kinetic parameters of the FMNR 

The enzyme encoded by sadC was identified as flavin reductase and revealed in vitro FMN 

reducing activity. Therefore, the enzyme encoded by sadC was named FMNR and the E. 

coli AE expressing sadC was named E. coli AE FMNR. 

When kinetic data for the FMNR with varying FMN concentrations were determined 

250 µM NADH was used and for the determination with varying NADH concentrations, 

200 µM FMN was used. Substrate inhibitions of the FMNR were observed for FMN 

concentrations higher than 100 µM (Figure 38 A). The Michaelis-Menten model was thus 

fitted to the first seven tested concentrations (Figure 38 B). The substrate inhibition was 

found to be even more pronounced in the case of NADH (Figure 39 A). The calculated 

Michaelis-Menten parameters are presented in Table 12. 

 

Figure 38: Kinetics of FMNR with variable concentrations of FMN 

Plot A shows the specific reaction rate [µmolNADH sec-1 mgFMNR-1] of NADH oxidation by FMNR with varying FMN 

concentrations. Plot B depicts the Michaelis-Menten fitting for specific reaction rate values outside the substrate 

inhibition range. The x-axis in plot B is in logarithmic scale. 
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Figure 39: Kinetics of FMNR with variable concentrations of NADH 

Plot A shows the specific reaction rate [µmolNADH sec-1 mgFMNR-1] of NADH oxidation by FMNR with varying NADH 

concentrations. Plot B depicts the Michaelis-Menten fitting for specific reaction rate values outside the substrate 

inhibition range. The x-axis in plot B is in logarithmic scale. 

Table 12: KM and kcat values for the FMNR 

The values listed for calculated kcat, calculated KM and kcat KM-1 are based on vmax and KM retrieved from Michaelis-Menten 

fitting for non-inhibiting concentrations (Figure 38 and Figure 39). Because of the substrate inhibition and resulting 

inaccurate fittings, the following data were calculated additionally: Measured kcat was calculated based on the highest 

actually measured v [µmol sec-1]. Tangent kcat KM-1 was calculated based on the slope of the tangent through the origin 

in a linear plot v over substrate concentration. 

 FMN NADH 

Calculated kcat [sec-1] 196.89 ± 13.67 178.99 ± 6.83 

Calculated KM [µM] 10.25 ± 1.28 87.36 ± 14.9 

kcat KM-1 [sec-1 µM-1] 15.07 ± 3.71 1.59 ± 0.53 

Measured kcat [sec-1] 154.42 ± 4.75 138.85 ± 7.9 

Tangent kcat KM
-1 [sec-1 µM-1] 11.72 ± 0.73 2.04 ± 0.2 

 

The ability of the FMNR to use nicotinamides and flavins other than NADH and FMN, 

respectively, and its stability at different pH was tested with plate reader assays. No 

nicotinamide oxidation was observed in case NADH was replaced by NADPH. In case FMN 

was replaced by FAD with NADH as reduction equivalent, the flavin reduction rate was 

decreased by 52 ± 2 %. 

The FMNR had its optimum activity at a pH around 7 but the activity droped drastically at 

a pH < 6 (Figure 40). A pH > 7 had only a minor negative impact on the FMNR activity in 

the tested range. 
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Figure 40: Activity of the FMNR at different pH values 

3.10. Clarke electrode measurements 

Clarke electrode measurements with the FMNR were carried out in order to prove the 

spontaneous FMNH2 oxidation resulting in the formation of FMN and H2O2. In case 

spontaneous FMNH2 oxidation occurs, it can be assumed, that FMN is not the limiting 

factor in FMNR assays and will be constantly available. 

A consumption of 100 µM O2 (Figure 41 A) was measured in the presence of 100 µM NADH 

and after the addition of FMNR and 3 µM FMN (Figure 41 point 1). Forty-one micromolar 

O2 could be recovered (Figure 41 B) by the addition of catalase (Figure 41 A point 2). 

 

Figure 41: Proof of H2O2 generation during biotic FMN reduction 
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Taking the molecular formula for the conversion of H2O2 by catalases into account 

(Equation 1), this correlates to 82 ± 3.8 % of the O2 consumption. The initial slope of the 

O2 consumption is comparable to the NADH oxidation rate, which was tested in parallel 

photometrically (0.49 ± 0.06 µmolO2 sec-1 mgFMNR-1 and 0.47 ± 0.23 µmolNADH sec-1 mgFMNR-

1, respectively). 

2𝐻2𝑂2 → 𝑂2 + 2𝐻2𝑂 

Equation 1: Mass balance for the conversion of H2O2 into O2 and H2O by catalases 

 

Due to the spontaneous oxidation of FMNH2, it can be assumed that FMN will not be a 

limiting factor in FMNR assays. Therefore, neither a FMN regenerating system, nor excess 

concentrations of FMN will be needed. 

3.11. Resistance of Microbacterium sp. strain BR1 against sulfonamides 

It was investigated if SMX degrading Microbacterium sp. strain BR1 cells grow faster in 

the presence of SMX compared to non-degrading Microbacterium sp. strain BR1 cells. 

In case precultures of Microbacterium sp. strain BR1 were grown in medium without SMX, 

they lost the SMX degrading activity for several generations (hereafter referred to as 

inactive cells). Whereas Microbacterium sp. strain BR1 precultures grown in the presence 

of SMX kept their SMX degrading capability (hereafter referred to as active cells). 

 

3.11.1. Flow cytometry analysis of Microbacterium sp. strain BR1 cells 

The SGPI staining used in this experiment can be generally used to distinguish between 

intact and lysed cells. SYBR Green can pass the cell membrane and bind to double stranded 

DNA, whereas propidium iodide cannot cross intact membranes and thus exclusively 

stains damaged cells. It could be shown that even Microbacterium sp. strain BR1 cultures 

which were four days old (> two days in the stationary phase) were mainly stained with 

SYBR Green and only 0.3 % of the total counts were found in the PI gate (Figure 42). A 

discrimination between living cells and dead cells was thus not possible. Therefore, SYBR 

Green stained cells were referred to as total cell counts (TCC) instead of intact cells. 
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Figure 42: SGPI stained Microbacterium sp. strain BR1 cells. 

A Microbacterium sp. strain BR1 culture, which was for more than two days in its stationary phase, was stained with 

SGPI before flow cytometry analysis. The fluorescence signal of propidium iodide (FL3) was plotted over the 

fluorescence signal of SYBR Green (FL1-A). The gates for SYBR Green stained cells (SG) and propidium iodide stained 

cells (PI) were set based previous analysis with mixed cultures. (Preprinted in Ricken et al. submitted (147)) 

3.11.2. Doubling time comparison of SMX degrading and non-

degrading Microbacterium sp. strain BR1 cells in the presence of SMX 

For a direct comparison of the effect of SMX degradation on the growth rate, acclimatized 

and non-acclimatized Microbacterium sp. strain BR1 cells were cultivated in medium 

containing either no antibitiotic, SMX or the non-degradable antibiotic SN. The growth 

was measured by flow cytometry and the sulfonamide concentrations were determined 

photometrically. 

The Microbacterium sp. strain BR1 cells previously grown in the absence of SMX had a 

longer lag phase than those grown in its presence (Figure 43), but in all three setups 

comparable final TCCs were reached. 

A direct growth rate comparison (Table 13) of acclimatized and non-acclimatized 

Microbacterium sp. strain BR1 cells grown in medium without any sulfonamide antibiotic 

and with the antibiotic SN did not show a significant difference between acclimatized and 

non-acclimatized strains (Table 14). Additionally, the abundance of the non-degradable 

antibiotic SN (Figure 43, SN) did not have a negative effect on the growth of 

Microbacterium sp. strain BR1 compared to growth rates in medium without antibiotics. 

The contrary could be observed in cultures grown in SMX medium. SMX was degraded by 

the acclimatized Microbacterium sp. strain BR1 during its exponential growth phase, 
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while only a small amount was degraded at the of the incubation in inactive 

Microbacterium sp. strain BR1 cells (Figure 43, SMX). A direct comparison of growth rates 

in SMX medium revealed that the difference of the growth rates for acclimatized and non-

acclimatized cells is significant with a P value of 0.0436 (Table 14). 

 

Figure 43: Flow cytometric measurements of the growth of active and inactive Microbacterium sp. strain BR1 cells 

Active and inactive Microbacterium sp. strain BR1 were grown in medium without antibiotics (without AB), with SN, 

which cannot be degraded by Microbacterium sp. strain BR1, and the biologically degradable SMX. The growth was 

measured by flow cytometry after SGPI staining and plotted as TCC over time. Open circles represent non- acclimatized 

Microbacterium sp. strain BR1 cells and filled circles represent the acclimatized bacterium. Sulfonamide 

concentrations in the supernatant of non-acclimatized (open triangles) and acclimatized (filled triangles) cells were 

measured photometrically. 
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Table 13: Linear regression of ln(TCCMicrobacterium) over time 

SD: standard deviation, DT: doubling time. -AB: without antibiotics  

 Acclimatized Microbacterium sp. 
strain BR1 

Non-acclimatized Microbacterium 
sp. strain BR1 

 - AB SN SMX - AB SN SMX 
Best-fit values ± SD of ln(TCC)     
Slope 0.1767 ± 

0.006181 
0.1732 ± 
0.00633 

0.1324 ± 
0.005219 

0.1841 ± 
0.006577 

0.1863 ± 
0.004471 

0.1474 ± 
0.003838 

Y-intercept 14.78 ± 
0.1528 

14.82 ± 
0.1565 

14.72 ± 
0.15 

16.31 ± 
0.1151 

16.29 ± 
0.07825 

15.91 ± 
0.09489 

DT [h-1] 3.92 4.00 5.24 3.77 3.72 4.70 
SD DT [h-1] 0.14 0.15 0.09 0.13 0.09 0.12 
Goodness of Fit     
R square 0.9939 0.9934 0.9923 0.9949 0.9977 0.9966 
Sy.x 0.1484 0.1519 0.1243 0.1395 0.09483 0.09212 

 

Table 14: P values for non-acclimatized ~ acclimatized Microbacterium sp. strain BR1 

The P values were calculated for the slopes of non-acclimatized ~ acclimatized Microbacterium sp. strain BR1 of the 

linear regression models for ln(TCC) over time (Table 13). Additionally, the F-test was carried out and the degrees of 

freedom in the numerator (DFn) and the degrees of freedom in the denominator (DFd) were calculated. 

 F DFn DFd P Value 
Without AB 0.66 1 9 0.4375 
SN 2.585 1 9 0.1423 
SMX 5.333 1 10 0.0436 

 

3.12. Growth of Microbacterium sp. strain BR1 in artificial urine 

Sulfonamide antibiotics, such as SMX, are used for the treatment of urinary tract infections 

and indeed several Microbacterium species have already been isolated from urine (154). 

In order to assess its behaviour as a possible member of a urinary tract community 

Microbacterium sp. strain BR1 was incubated in AUM, which imitates urine. 

Microbacterium sp. strain BR1 was incubated with i) no SMX, ii) with 1 mM SMX starting 

concentration and iii) with 1 mM SMX starting concentration and a daily adjustment of 

the SMX concentration to 1 mM to simulate daily antibiotic administrations. 

Microbacterium sp. strain BR1 is able to grow in AUM medium with and without the 

addition of 1 mM SMX (Figure 44 A). While the OD600 is comparable in all three biological 

setups during the exponential growth phase, the final turbidity is slightly higher in 

cultures grown without SMX. Cultures exposed to SMX with a daily adjustment had the 

lowest OD600 value at the end of the incubation. 
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In case 1 mM SMX was added only in the beginning of the experiment, it was completely 

degraded within 48 h of incubation (Figure 44 B). A decreasing SMX degradation rate 

[µmol mgDW-1 h-1] was observed in cultures were the SMX concentration was adjusted 

daily (Figure 44 C and D). 

 

Figure 44: Growth and SMX degradation of Microbacterium sp. strain BR1 in artificial urine 

The growth of Microbacterium sp. strain BR1 was monitored in AUM by OD600 measurements. Microbacterium sp. strain 

BR1 was incubated in AUM with i) no SMX (open circles), ii) with 1 mM SMX starting concentration (black filled 

circles) and iii) with 1 mM SMX starting concentration, and daily adjustment of the SMX concentration to 1 mM (grey 

filled circles). A comparison of all three setups is depicted in plot A. Plot B shows the OD600 measurements of setup ii 

alone, including the SMX concentration (x) which was determined photometrically. The growth of the setup iii) is 

depicted in plot C, including the daily measured SMX concentration (x) and the SMX adjustment points (blue asterisk). 

Plot D compares the OD600 measurements of setup iii) to the current SMX degradation rate in [µmol mgDW-1 h-1]. 

(Preprinted in Ricken et al. submitted (147)) 

3.13. Photolysis of SMX under simulated sunlight irradiation 

3A5MI is a stable metabolite during biotic SMX degradation by Microbacterium sp. strain 

BR1. In case 3A5MI only occurs during biotic degradation but not during abiotic 

degradation of SMX e.g. by sunlight irradiation, this metabolite might be tested as an 

indicator for biological SMX degradation processes in the environment. 
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The degradation of SMX during simulated sunlight irradiation follows a first-order kinetic 

(Figure 45). In contrast to biotic SMX degradation, the 3A5MI concentration, does not 

exceed 30 % of the initially applied SMX concentration (Figure 45 A and B) and even 

decreased at the end of incubations in dd H2O (Figure 45 A). The half-life of SMX is 

significantly higher in buffered MMO medium with a pH of 7.4 (77.25 ± 0.63 h), in 

comparison to photolysis in dd H2O with a starting pH at 5 (16.03 ± 0.88 h). No 

degradation of SMX was observed in the controls incubated in the dark. 

 

 

Figure 45: Abiotic degradation of SMX by UV irradiation 

Depicted are photolysis experiments of SMX (open circles) in dd H2O (A) and in buffered MMO pH 7.4 (B). Control 

setups were carried out under the same conditions, but in the dark (open, downward pointing triangles). The 

formation of 3A5MI was only observed during the photolysis of SMX (open, upward pointing triangles), but not in 

the control. (Modified from Ricken et al. 2015 (155)) 
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4. Discussion 

4.1. Ipso-attack initiates biological sulfonamide degradation 

In previous investigations employing 14C-SMX (labelled at its aniline moiety, Figure 46), 

the authors could show that Microbacterium sp. strain BR1 had the capability to  partially 

mineralize SMX (6). In another study, para-aminophenol was shown by means of HPLC-

MS (as the acetylated derivative) to be present in SMX degrading crude extracts of 

Microbacterium sp. strain BR1 (82). The author concluded that 4AP might have been 

either an actual intermediate in the downstream pathway of biological SMX 

mineralization or just an abiotic artefact. Many open questions remained with regard to 

the underlying mechanism and the enzymes involved in the degradation pathway of 

sulfonamides. 

 

Figure 46: Chemical structure of 14C-labeled SMX. 

The aniline moiety of SMX was uniformly labelled with 14C. 

The capability of Microbacterium sp. strain BR1 to degrade 4AP was demonstrated in this 

work with resting cells (chapter 3.2.1). It was shown that 4AP was not simply adsorbed 

to the biomass of Microbacterium sp. strain BR1 by means of a biotic negative control, 

consisting of autoclaved Microbacterium sp. strain BR1 cells. By comparing the oxygen 

consumption rates of SMX acclimatized and non-acclimatized Microbacterium sp. strain 

BR1 cells, it was further shown, that 4AP or one of its intermediates is further oxidized. 

The oxygen consumption rates were higher for acclimatized Microbacterium sp. strain 

BR1 cells in contrast to non-acclimatized Microbacterium sp. strain BR1 cells in case 4AP 

was used as substrate, while the basal oxygen consumption (in the absence of a carbon 

source) was equal for both cell suspensions (chapter 3.2.3). This experiment furthermore 

indicates that the induction of enzymes necessary in the degradation of 4AP and SMX in 

Microbacterium sp. strain BR1 might be linked. 

In order to determine the origin of the hydroxyl group introduced at the C-1 position of 

4AP, cell extracts of Microbacterium sp. strain BR1 were incubated with SMX and NADH 

under an 18O2 atmosphere (chapter 3.2.4). The resulting mass shift of the molecular ion of 

CH3

NH2 S

O

O

NH

N

O
14C
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4AP confirmed that the hydroxyl group introduced into the sulfonamide aniline moiety 

originated from molecular oxygen. 

It was demonstrated in chapter 3.2.5 that 4AP was formed as an intermediate of biological 

SMX degradation by Microbacterium sp. strain BR1, while sulphite and the dead-end 

metabolite 3A5MI were released. Based on these findings, I conclude, that the SMX 

molecule (Figure 47 a) was attacked by molecular oxygen at the ipso position. The ipso-

attack presumably resulted in the formation of 1-hydroxy-4-imino-N-(5-methylisoxazol-

3-yl)cyclohexa-2,5-diene-1-sulfonamide (Figure 47 b) as an unstable intermediate, which 

then undergoes electron rearrangement followed by fragmentation to 4-iminocyclohexa-

2,5-dienone (BQI, Figure 47 c), sulphur dioxide (Figure 47 d), and 3A5MI (Figure 47 h). 

Based on the definition of Ohe et al. 1997 (29), the here proposed mechanism is a type I 

ipso-substitution. 

Even though 4AP was identified as an intermediate in this work, the proposed formation 

of BQI could not be verified. Experiments for the verification of BQI were carried out with 

E. coli AE SMX-MO resting cells in order to avoid specific BQI reductases, which might be 

abundant in Microbacterium sp. strain BR1 cells. BQI reductases might accelerate the 

reduction rate of BQI to 4AP. Based on the obtained results an enzymatic reduction seems 

to be rather unlikely. The instability of BQI at a neutral or lower pH results in the 

hydrolysis of the imine, yielding BQ (156), which was not detected either. Therefore a 

reduction of the BQ to its HQ form might occur abiotically by reducing agents such as 

NADH or ascorbic acid (157–159). 

By the incubation of E. coli AE SMX-MO with 14C-SMX (chapter 3.5, Figure 26), this work 

demonstrated, that the two-component flavin monooxygenase SMX-MO is responsible for 

the initiation of the sulfonamide degradation by an ipso-attack. 

4.2. Downstream pathway 

A more comprehensive picture of the downstream pathway of sulfonamide degradation 

was possible by combining results of experiments with resting cells and cell extracts of 

Microbacterium sp. strain BR1 (chapter 3.2.6) with findings from the heterologously 

expressed 4AP-MO (chapter 3.7). 

The formation of 4AP being one of the first intermediates was demonstrated in this work 

by incubations of SMX with Microbacterium sp. strain BR1 cell extracts (Figure 10 and 

Figure 13) and resting cells of E. coli AE SMX-MO (Figure 35). It was furthermore shown 

that 4AP is a substrate of the purified 4AP-MO. 
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Based on the transformation reactions reported here on the one hand and on findings 

from previous studies on the other hand (chapter 1.3), several possibilities exist, two of 

which deserve closer attention. 

The first proposed pathway is supported by results of experiments with resting cells of E. 

coli AE 4AP-MO and the purified 4AP-MO (chapter 3.7, Figure 35). In setups with the 

heterologously expressed 4AP-MO, 4AP was degraded, yielding THB (Figure 47 k). 

Neither HQ, nor BQ were detected. It is therefore assumed, that 4AP was subject to two 

consecutive hydroxylation steps. Tandem hydroxylation has been observed for most of 

the two-component diffusible flavin monooxygenases (158), resulting in THB. Based on 

those results a type II ipso-substitution of the 4AP’s aniline group is proposed, giving rise 

to HQ (Figure 47 f) and NH3+. HQ itself serves as a substrate for the 4AP-MO and is 

hydroxylated a second time to form THB. A type I ipso-substitution which would result in 

the formation of BQ and NH2- cannot be excluded based on the results obtained here, 

because BQ might have been reduced abiotically (chapter 3.6, Figure 35 D), resulting also 

in HQ. But because NH2- is a strong base, it is a very bad leaving group, and thus not 

expected to be formed. The final hydroxylation of HQ to THB was additionally confirmed 

with resting cells and cell extract experiments of Microbacterium sp. strain BR1. 

The second proposed pathway is rationally justified by our experimental data obtained in 

chapter 3.2.6 with Microbacterium sp. strain BR1 resting cells and cell extracts and is also 

in agreement with data previously reported in the literature (160). It differs from the first 

one in that BQI is directly hydrolysed to yield ammonia and BQ. It was shown that BQ 

could be reduced to HQ by Microbacterium sp. strain BR1 and there is precedence for such 

a reaction in the literature (87, 157). The described BQ reductase by Zhang is FMN and 

NADPH dependent (157). In our experiments, none of the two cofactors were added to 

the Microbacterium sp. strain BR1 cell extact, but 88 µM of BQ was degraded and 17 µM 

of HQ was formed within one hour (chapter 3.2.6, Figure 13). Taking into account that no 

BQ degradation was observed in the abiotic control, and assuming a stoichiometric 

relation of one reduction equivalent to reduce one BQ, 88 µM of reducing agents would be 

needed to carry out this reaction. But not more than 0.9 µmoles NADH gDW-1 can be 

expected for aerobe bacteria (161), which would correlate to less than 20 µM in our setup, 

even if the total amount of NADH has been extracted and stable during cell disruption. 

Furthermore, the NADH dependent SMX-MO was not active if no NADH has been added to 

the crude cell extract. Thus, a NADH dependent reductase is unlikely the responsible 

protein for the BQ transformation. Other, NAD(P)H independent enzymes which are 
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capable to reduce quinones to quinols are malate:quinone or succinate:quinone 

dehydrogenases (162). Alternatively, the quinone might be reduced abiotically, as has 

already been described for BQI (chapter 4.1). 

In both proposed pathways, the 4AP-MO is essential for the hydroxylation of HQ to THB. 

Whether the enzymatically catalysed downstream pathway in Microbacterium sp. strain 

BR1 starts with 4AP or directly with HQ needs to be elucidated. 

Ring cleavage of the final hydroxylation product THB by intradiol dioxygenases was 

shown to occur in several microorganisms (163–165). But neither maleylacetic acid nor 

3-oxoadipic acid, i.e. the expected ring cleavage products of THB and its metabolic 

successor, were identified in this work. 

 

The degradation of the intermediate 4AP by resting cells of Microbacterium sp. strain BR1 

was slow in comparison to its degradation with cell extract of Microbacterium sp. strain 

BR1 (chapter 3.2.6, Figure 13). The degradation rate of HQ was as well slightly higher with 

cell extract of Microbacterium sp. strain BR1 compared to whole cells (chapter 3.2.6, 

Figure 13). The apparent lower degradation rates of 4AP and HQ might be explained with 

low uptake rates of both compounds. The log P value of 4AP for example is 0.013±0.216 

(Scifinder) and of HQ 0.620±0.203. The contrary behaviour of BQ was already observed 

by Gimmler (166) who described the significant faster uptake of BQ compared to HQ into 

Porphyridium cells. This was explained by the increase of permeability, induced by the 

binding of BQ to membrane proteins. Therefore, in the case of BQ the uptake barrier was 

reduced and thus its degradation by whole cells can occur faster. 
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Figure 47: Proposed degradation pathway of SMX by Microbacterium sp. strain BR1 

SM
X

 (
co

m
p

o
u

n
d

 a
) 

is
 h

y
d

ro
xy

la
te

d
 b

y
 m

o
le

cu
la

r 
o

xy
ge

n
, w

h
ic

h
 w

as
 b

ef
o

re
 a

ct
iv

at
ed

 b
y

 t
h

e 
tw

o
-c

o
m

p
o

n
en

t 
fl

av
in

 m
o

n
o

o
xy

ge
n

as
e 

SM
X

-M
O

. T
h

is
 le

ad
s 

to
 a

n
 e

le
ct

ro
n

 

re
ar

ra
n

ge
m

en
t 

(c
o

m
p

o
u

n
d

 b
),

 f
o

ll
o

w
ed

 b
y

 a
 c

o
n

ce
rt

ed
 c

le
av

ag
e,

 g
iv

in
g 

ri
se

 t
o

 t
h

e 
fo

rm
at

io
n

 o
f 

B
Q

I 
(c

o
m

p
o

u
n

d
 c

),
 s

u
lp

h
u

r 
d

io
xi

d
e 

(c
o

m
p

o
u

n
d

 d
),

 a
n

d
 a

 3
-i

m
in

o
-5

-

m
et

h
y

li
so

xa
zo

le
 in

te
rm

ed
ia

te
 (

co
m

p
o

u
n

d
 e

).
 R

ed
u

ct
io

n
 o

f 
co

m
p

o
u

n
d

 c
 y

ie
ld

s 
4

A
P

 (
co

m
p

o
u

n
d

 f
),

 w
h

il
e 

co
m

p
o

u
n

d
 d

 is
 h

y
d

ra
te

d
 t

o
 f

o
rm

 s
u

lp
h

it
e 

(c
o

m
p

o
u

n
d

 g
),

 a
n

d
 

co
m

p
o

u
n

d
 e

 is
 t

ra
n

sf
o

rm
ed

 t
o

 3
A

5
M

I 
b

y 
ac

ce
p

ti
n

g 
a 

p
ro

to
n

. C
o

m
p

o
u

n
d

 f 
se

rv
es

 a
s 

su
b

st
ra

te
 fo

r 
th

e 
4

A
P

-M
O

 a
n

d
 y

ie
ld

s 
T

H
B

 (
co

m
p

o
u

n
d

 k
) 

af
te

r 
ta

n
d

em
 h

y
d

ro
xy

la
ti

o
n

. 

A
lt

er
n

at
iv

el
y

, c
o

m
p

o
u

n
d

 c
 i

s 
h

y
d

ro
ly

se
d

 t
o

 y
ie

ld
 a

m
m

o
n

ia
 a

n
d

 B
Q

 (
co

m
p

o
u

n
d

 i
),

 w
h

ic
h

 i
s 

re
d

u
ce

d
 t

o
 H

Q
 (

co
m

p
o

u
n

d
 j

) 
w

h
ic

h
 i

n
 t

u
rn

 m
ig

h
t 

b
e 

h
y

d
ro

xy
la

te
d

 b
y

 t
h

e 

4
A

P
-M

O
 y

ie
ld

in
g 

T
H

B
. 

O

N

N
H

H

N
H

S

O

O
N

H O

N

O
H

O N
H

S
O

2

O
H

2

N
H

2 O

N

O

N
H

N

H

H
+

N
H

SO O

N
H

O

N

H

A
H

2

A

O
H

N
H

2

B
–

O
2O

H
2

O O

O
H

O
H

O
H

O
H

O
H

F
M

N

F
M

N
H

2

S
M

X
-M

O
F

M
N

R

N
A

D
H

N
A

D
+

H
2
O

2

NH N

N
H

N

R

O

O

O

O
H

N
H

2
SO O

N
H

ON

+
+

H
S

O
3
–
 +

 H
+

ab

c

d

e

f

g

h

i

j
k

H
2
O

N
H

3
+

A
H

2

A

F
M

N
R

+
 4

A
P

-M
O

F
M

N
R

+
 4

A
P

-M
O



Discussion | 103 

4.3. Identification of enzymes responsible for SMX degradation 

The hypothesis that a flavin dependent monooxygenase is responsible for the initial ipso-

attack was verified by sequential purification of Microbacterium sp. strain BR1 cell extract 

followed by proteomic analysis (chapter 3.3.4). The closest relatives of the SMX-MO in the 

Protein Data Bank are two-component flavin-dependent monooxygenases. One 

component is a flavin reductase, which provides the monooxygenase with reduced flavin 

(64). The reduced flavin is essential for the activation of molecular oxygen (167) and in 

many cases is transferred by free diffusion to the monooxygenase (168). In such a case 

the native reductase can be substituted with a commercially available reductase from e.g. 

E. coli in activity assays, as carried out in this work. But as described in chapter 3.3.4, the 

activity of the native SMX-MO dropped drastically with each purification step. Finally, the 

activity was only restored by the addition of traces of cell extract of Microbacterium sp. 

strain BR1. Results indicate that an additional protein is needed for the recovery of the 

activity of the SMX-MO (chapter 3.3.4). There is no precedence in the literature that a third 

protein is necessary for activity of two-component flavin dependent monooxygenases 

(167, 169). The same is true for the here observed positive effect of Mn2+ on the purified 

SMX-MO. It thus might be, that Mn2+ is essential for the not identified compound, rather 

than for the SMX-MO itself. 

Comparative proteomic analysis revealed, that the expression of SMX-MO and 4AP-MO, 

together with that of the flavin reductase FMNR, was increased when Microbacterium sp. 

strain BR1 was incubated in the presence of SMX. Also, the genes encoding for the SMX-

MO, the 4AP-MO and the FMNR were located in what appears to be one cluster (chapter 

3.3.5, Figure 19). This further indicates, that the expression of the SMX-MO, the FMNR and 

the 4AP-MO may be connected, which is also indicated by oxygen consumption rate 

measurements with the substrate 4AP. 

E. coli AE SMX-MO was able to degrade 14C-SMX to 4AP (chapter 3.5 and 3.6.2). 4AP in turn 

was degraded by E. coli AE 4AP-MO (chapter 3.7). In both cases, cells of E. coli AE had only 

been transformed with the monooxygenase genes but not with the FMNR. Obviously, the 

missing FMNR was substituted by an indigenous E. coli AE enzyme in these assays. 

 

BLAST analysis of the amino acid sequences of the SMX enzymes identified here revealed 

their rarity and none of the closest relatives had been functionally verified so far (Figure 
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20 and Table 11). It is therefore not possibly to hypothesise on their ancestors and their 

physiological function is therefore not possible. 

Despite the rarity of the here identified enzymes, nearly identical sequences were found 

in three other bacterial strains which were isolated independently from each other and 

are capable to mineralize sulfonamide antibiotics (chapter 3.4, Figure 48). 

Microbacterium sp. strain C448 was isolated from an agricultural soil in London, Canada 

(8) and Arthrobacter sp. strain D2 from activated sludge of a municipal wastewater 

treatment plant in Hong Kong, China (141). Microbacterium sp. strain SDZm4 (DSM 

18910), is an isolate from lysimeter studies in Germany (9). 

 

 

Figure 48: Overlay of the phylogenetic tree of the SMX-MO genes and the world map with spots where the corresponding 

bacteria were isolated. 

The phylogenetic tree depicts the distance of the truncated sad1 genes. The blue symbols indicate the places where the 

corresponding bacteria, harbouring the gene were isolated. The world map was modified from 

https://openclipart.org/detail/19011/world-map. (Preprinted in Ricken et al. submitted (147)) 

Based on those findings we hypothesize, that the initial ipso-attack of sulfonamides in 

Microbacterium sp. strain BR1, Microbacterium sp. strain SDZm4, Microbacterium sp. 

strain C448 and Arthrobacter sp. strain D2 is identical. This view is also supported by 

experiments that showed that the main degradation products are those heterocycles that 

can be expected from an ipso-attack on the corresponding sulfonamide (8, 9, 141, 148). 

This is of great importance, as it implies previously unknown genes, which were found at 

distant locations and on different continents enable bacteria to subsist on antibiotics. In 

the upstream proximity of the SMX-gene cluster, a relaxase, putatively involved in gene 

0.003

Microbacterium BR1

Microbacterium SDZm4

Microbacterium C448

Arthrobacter D2
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transfer, was identified with BLAST (Figure 19). This indicates that the SMX-gene cluster 

might become mobile and if transferred to pathogens, might convey additional 

sulfonamide resistance. The mobility of the sad genes should be also kept in mind in 

bioremediation approaches were sulfonamide antibiotic mineralizing strains were tested 

for contaminated soils or waters (170, 171). 

 

Even though the SMX-MO and the 4AP-MO are two-component flavin monooxygenases, 

only the 4AP-MO was able to convert indole into a blue pigment (chapter 3.8). The 

formation of a blue, water-insoluble pigment after heterologous expression of two-

component flavin monooxygenase in E. coli has been reported earlier (172–174). Previous 

studies hypothesized, but did not verify that the blue pigment is indigo, which is formed 

from indole (172–174). Indole in turn is formed from tryptophan by a E. coli 

tryptophanase. Even though the formation of the blue pigment by E. coli AE 4AP-MO is 

dependent on the abundance of indole (chapter 3.8), its UV absorption spectrum and the 

fast bleaching in dioctyl phthalate indicates that the formed pigment is not indigo. Due to 

a missing standard, a quantitative measurement with the here established activity assay 

is not possible. Nevertheless, qualitative statements about the 4AP-MO activity can be 

made. 

4.4. Sulfonamides molecule structure influences biodegradability 

In two incubation experiments with Microbacterium sp. strain BR1, the degradability of 

sulfonamide antibiotics other than SMX was tested. In a first set which had been published 

previously (148), SMX, SDZ, sulfadimethoxine, sulfamethazine, or sulfamethizole were 

added at a final concentration of 100 µM, respectively to resting cell suspensions with an 

OD600 of 0.5 (molecule structures depicted in Figure 49 a-e). All compounds were 

degraded and metabolites corresponding to the aminated heteroatomic side group 

(3A5MI for SMX; 2-aminopyrimidine for SDZ; 2,6-dimethoxypyrimidin-4-amine for 

sulfadimethoxine, 2,6-dimethyl-4-pyrimidinamine for sulfamethazine, 5-methyl-1,3,4-

thiadiazol-2-amine for sulfamethizole) accumulated in the assays.  

An additional experimental set was carried out in this work, in which the degradation of 

asulam and 4-amino-N-phenylbenzenesulfonamide was tested using resting cells (Figure 

49 f and g). Both compounds, the herbicide asulam and the building block 4-amino-N-

phenylbenzenesulfonamide were degraded by Microbacterium sp. strain BR1. The lower 

SMX degrading activity of the biomass used in this set, compared to the previous set does 
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not allow a direct quantitative comparison of the degradation rates. But asulam, the only 

sulfonamide structure without cyclic side chain, was degraded the fastest compared to 

SMX (Table 7). 

As expected, 4-amino-N-phenylbenzenesulfonamide led to the formation of aniline, which 

eventually was also degraded. The biodegradability of aniline has been reported for 

several bacterial isolates (175) among them a Microbacterium species (176). 

Additionally, the biodegradability of SQX (Figure 49 h) by Microbacterium sp. strain BR1 

was demonstrated by fluorescence detection of the metabolite AQX. 

In contrast to previously tested sulfonamides, neither SN, nor 4-amino-N-

cyclohexylbenzenesulfonamide (Figure 49 i and j) were degraded, even though higher 

biomass concentrations were used. 

All 10 tested sulfonamides have a common aniline moiety, but they possess different 

aminated moieties bound to the amine of the sulfonamide functional group. 

 

Figure 49: Sulfonamide molecules tested for their biodegradability 

(Preprinted in Ricken et al. 2013 (148)) 

In summary, only those sulfonamides were metabolized for which the aminated side chain 

fragments could delocalize the pair of electrons coming from the heterocyclic cleavage of 
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3A5MI in Figure 47). Sulfanilamide and 4-amino-N-cyclohexylbenzenesulfonamide were 

not metabolized, in accordance with the notion that NH2– and RHN– are very poor leaving 

groups. Besides the ability of the leaving group to delocalize an electron pair, the same is 

true for the aniline moiety, which needs either an amine or a hydroxy group in para 

position to the ipso-attack (29). Steric hindrance was not observed in this study for any of 

the sulfonamide antibiotics. But based on the predicted enzyme structure of the SMX-MO 

(chapter 3.3.5, Figure 23) the active side lies within the homotetramer and sulfonamides 

with larger sidechains like amprenavir (Figure 50) might not be degraded due to steric 

hindrance. 

 

Figure 50: Molecular structure of amprenavir 

 

It should be noted, that the biological degradation for the herbicide asulam has been 

already previously reported by Balba and colleagues (177). An unidentified bacterial 

isolate was able to grow in mineral medium on asulam as sole carbon source. The 
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intermediate before ring cleavage (177). None of the intermediates were reported for any 
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sulfanilic acid were degraded by Microbacterium sp. strain BR1 (82). It is therefore 

hypothesised that the sulfonamide degradation mechanism including involved enzymes 
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4.5. Induction of SMX degrading enzymes 

Previous results had already revealed, that enzymes responsible for the degradation of 

SMX are expressed to a higher extent if the complex medium in which they were grown 

was diluted (82). In order to identify the factor on which the SMX-MO expression 

dependents, Microbacterium was grown in MMO medium, composed of mineral salts, 

traces of vitamins and yeast extract. This medium, without additional carbon sources did 

not promote detectable growth of Microbacterium sp. strain BR1 (148). 

To investigate if the presence of an additional carbon source besides SMX will influence 

the growth of Microbacterium sp. strain BR1, cells were incubated in SMX containing MMO 

in the presence and absence of fructose. Fructose was added in equimolar concentrations 

to SMX. Even though fructose is supposed to be an easily degradable carbon source (Table 

A 1), Microbacterium was growing faster in case no fructose was added, going in hand 

with an earlier and faster degradation of SMX. Obviously the SMX-MO expression appears 

to be regulated by carbon starvation and the presence of sulfonamides, allowing a faster 

degradation of SMX in case no other carbon source than a sulfonamide is available (Figure 

15, B). 

It has been previously reported for several two-component flavoproteins involved in the 

degradation of organic sulphur containing molecules that their expression is regulated by 

the presence or absence of inorganic sulphur (178–180). No differences regarding the 

SMX degradation rates and growth rates were observed in the presence or absence of 

inorganic sulphur in the medium. But a proteomic analysis of both cultures revealed 

different patterns for enzymes other than the SMX enzymes (118). During sulphur 

starvation the expression of an aliphatic sulfonate transporter was increased by 2.5 and a 

O-acetylhomoserine/O-acetylserine sulfhydrylase was expressed, which was not 

detected in samples grown in the presence of sulphate. It therefore can be assumed, that 

the traces of sulphur in the yeast extract and vitamins were low enough to allow the 

induction of genes possibly regulated by sulphur starvation, including the sad genes. 

Due to increased SMX degradation activity during carbon limitation and the absence of 

apparent effects during sulphur limitation it is concluded that the sad gene expression is 

regulated by the concentration of easily degradable carbon sources in the medium and 

the presence of sulfonamide antibiotics. 

The differential regulation of SMX genes was also reported for Microbacterium sp. strain 

C448 (170) and Arthrobacter sp. strain D2 (141). Microbacterium sp. strain C448 and 
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Arthrobacter sp. strain D2 possess a gene cluster homolog to that of Microbacterium sp. 

strain BR1, yet no further investigation of this had been started. Even asulam degrading 

isolates (177) and the sulfadiazine degrading Arthrobacter sp. strain D4 (141) showed 

differential regulation of genes related to SMX degradation in the presence of the 

respective sulfonamide, even though they appear to use different pathways for the 

sulfonamide degradation. 

4.6. Characterization of the FMNR 

FMNR reduces oxidized FMN. The reduced FMN is either oxidized by dioxygen yielding 

oxidized FMN and H2O2 or is used by the monooxyenase unit of two-component flavin 

dependent monooxygenase to activate oxygen for ipso-hydroxylation of a substrate. 

Oxygen measurements proved, that over 80 % of formed FMNH2 decays abiotically, 

leading to the formation of oxidized FMN and H2O2 (chapter 3.10). 

In the presence of FMNR, FMN and NADH, the NADH oxidation rate is comparable to the 

oxygen consumption rate, resulting from spontaneous FMNH2 oxidation (chapter 3.10). 

Thus no FMNH2 accumulation is expected and it can be assumed, that the FMNR catalysed 

FMN reduction in the presence of NADH and not the spontaneous FMNH2 oxidation rate 

is the rate limiting step. From this follows, that constant levels of FMN can be expected in 

FMNR setups, whereby an excess of FMN becomes redundant. 

The KM for NADH is relatively high, and therefore the catalytic efficiency (Kcat KM-1) low 

compared to other NAD(P)H:flavin oxidoreductases (181). But the catalytic efficiency for 

FMN is to the best of our knowledge the highest one reported so far (181). 

The observed strong substrate inhibition of NADH has not been found to this extend for 

other NAD(P)H:flavin oxidoreductases. 

To exclude that the FMNR is inhibited by NADH and not by NAD+ as reported elsewhere 

for NAD(P)H:flavin oxidoreductases (181), all experiments in this work were carried out 

with freshly prepared NADH stock solutions. With respect to the strong NADH inhibition 

dehydrogenases might be used for NADH regeneration from NAD+, rather than using 

excess concentrations of NADH. 

4.7. Is Microbacterium sp. strain BR1 a potential risk for human health? 

The threat of the described SMX-MO becomes more comprehensible if we consider the 

antibiotic mineralizing capability in human pathogens. Sulfonamide antibiotics like SMX 
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are used for the treatment of urinary tract infections (182) and indeed several 

Microbacterium and Arthrobacter species have already been isolated from urine (154, 

183). Both genera Microbacterium and Arthrobacter were defined as medically relevant 

(184), even though the pathogenic potential is presumably low (154, 183). But the threat 

to humans by sulfonamide mineralizing coryneform bacteria must not be underestimated. 

Both Arthrobacter and Microbacterium have shown extreme resistance to UV sterilization, 

which is why they have been detected even in clean rooms of a pharmaceutical and NASA 

production site, respectively (185, 186). We were able to show, that Microbacterium sp. 

strain BR1 is not only able to grow in artificial urine medium but is also able to degrade 

SMX under these conditions. The degradation of SMX in artificial urine medium did not 

lead to a measurable increase of the biomass, compared to a strain grown without SMX. 

The capability of Microbacterium sp. strain BR1 to degrade SMX even in urine might 

enable the survival of other sulfonamide sensitive pathogens. 

4.7.1. Do SMX enzymes provide resistance against sulfonamides? 

Microbacterium sp. strain BR1 grew faster and the SMX degradation rate was elevated in 

case Microbacterium sp. strain BR1 was incubated in MMO medium containing SMX but 

without additional carbon sources when compared to experiments carried out with MMO 

medium containing SMX and fructose (chapter 3.3.1, Figure 15). Fructose is not the 

growth inhibiting factor, because in a direct comparison of all growth conditions in MMO 

medium Microbacterium sp. strain BR1 grew the fastest in medium containing only 

fructose as carbon source, but no SMX (Figure 15 -SMX +Fructose +SO4). This reveals that 

sulfonamides do inhibit the growth of Microbacterium sp. strain BR1, even though at least 

one sulfonamide resistance gene (sul1) is present in its genome. The sul1 gene in 

Microbacterium sp. strain BR1 is located on the conserved 3’ end of a type 1 integron (187) 

and no regulatory nucleotide sequences were identified in its proximity. It is therefore 

assumed, that the sul1 gene is constitutively expressed. 

The SMX-MO seems to increase the fitness of its host in the presence of sulfonamide 

antibiotics and thus might be considered to contribute to sulfonamide resistance. With 

regard to clinical relevance, the positive effect of the SMX-MO has to be shown in the 

presence of other carbon sources, because carbon limiting conditions are rather not 

expected for human pathogens. 

Therefore, experiments were carried out in complex medium, and flow cytometry was 

used for cell counting rather than turbidity measurements because of possible 
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morphological changes of Microbacterium sp. strain BR1 resulting from stressful 

environments (188). A direct comparison of acclimatized and non-acclimatized 

Microbacterium sp. strain BR1 cells was carried out in the absence of any antibiotic, in the 

presence of SMX and in the presence of the non-degradable SN. 

The growth rate of Microbacterium sp. strain BR1 was significantly increased in the 

presence of SMX when the bacteria had previously been acclimatized to sulfonamide 

antibiotics (chapter 3.11). The fitness in the absence of antibiotics was comparable for 

both acclimatized and non-acclimatized Microbacterium sp. strain BR1, as demonstrated 

with positive biological controls in medium without antibiotics. Furthermore, the 

abundance of the non-degradable SN did not favour the growth of acclimatized in 

comparison to non-acclimatized cells. Because the SMX-MO cannot degrade SN, the 

resistance derives from the expression of sul1. If sul1 would be regulated as the sad genes, 

the acclimatized cells should grow faster than the non-acclimatized ones in the presence 

of SN. Therefore, the results obtained in the presence of SN indicate that the expression 

of sul1 is not affected by the acclimatization conditions carried out in this work. Thus, the 

different growth rates of acclimatized and non-acclimatized Microbacterium sp. strain 

BR1 cells in the presence of SMX can be attributed to the regulated expression of sad 

genes, rather than to the constitutively expressed sul1 gene. The slightly increased lag 

phase of non-acclimatized Microbacterium sp. strain BR1 cells can be attributed to their 

age, as they were harvested in the stationary phase, while the acclimatized cells were still 

in their exponential growth phase at the point of harvest. 

Combining the results of Microbacterium sp. strain BR1 growth in MMO medium and in 

complex medium, there are strong indications that the SMX enzymes do provide 

resistance against sulfonamide antibiotics. The mineralization of sulfonamides is 

advantageous over the well described mechanism of sul1 genes. While sul1 encodes a 

modified, sulfonamide resistant target protein, the mineralization of sulfonamides does 

not only provide resistance but in addition energy and growth substrates. 

 

Known resistance mechanisms are based on reduced permeability to avoid the uptake of 

antibiotics or efflux pumps which keep the cytoplasmic antibiotic concentration low 

(189). Some mechanisms are based on the modification of the target enzyme, or of the 

antibiotic molecule itself by the attachment of a chemical group or its degradation (189). 
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The resistance to sulfonamide antibiotics is mediated by changes in the target enzyme, 

mutations or recombinations in the target enzyme, mobile drug-resistant target enzymes 

(sul1-3) and efflux pumps (190–192). 

4.7.2. Abundancy of sad genes among different bacteria phyla 

The sad genes identified here were only found in genomes of other genera belonging to 

the GC rich Micrococcale. And additionally, the closest relatives of the identified enzymes 

in the non-redundant protein database of NCBI were found in Actinobacteria (SMX-MO: 

73 %, 4AP-MO: 72 %, FMNR: 99 %). 

It was furthermore observed, that 30 % of the sulfonamide degrading bacterial isolates 

are actinobacteria (chapter 3.1). This is significantly higher than the percentage of 

actinobacteria found in soil or sludge consortia (193, 194). One reason might be the 

limited mobility of the SMX genes among phyla, assuming the isolates do use the same 

sulfonamide degradation mechanism. Other reasons might be the relatively easy isolation 

of Actinobacteria in the lab (195) and diverse abilities which predetermine this bacterial 

phylum to degrade a wide range of natural substrates and xenobiotics (196). 

Unfortunately, datasets of sulfonamide degrading bacteria are rather incomplete and the 

degradation products of the investigated sulfonamides or genome data of the degrading 

isolates are available only for few isolates. Further research has to be carried out in order 

to determine the dissemination of the SMX enzymes and possible alternative degradation 

and mineralization pathways. 

4.7.3. Occurrence of sulfonamide mineralizing bacteria 

The genes sadA-C were only found in Microbacterium sp. strain C448, Microbacterium sp. 

strain SDZm4, Microbacterium sp. strain BR1 and in Arthrobacter sp. strain D2. None of 

the genes or their encoding enzymes was found by BLAST analysis in any other bacteria, 

nor in the Metagenomic proteins (env_nr) database. Future work is needed in order to 

screen for the abundance and functionality of the here identified enzymes. Since the 

enzyme and gene sequence identified have high identities among the different isolates 

(Figure 20) a direct screening for the genes in environmental or clinical samples e.g. by 

qPCR is feasible. The functionality of the enzymes might be confirmed by a comparison of 

the sulfonamide degradation pattern of the sampled community, with the one retrieved 

in this work for Microbacterium sp. strain BR1. Close to equimolar concentrations of the 
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heterocyclic moiety in comparison to the average sulfonamide concentration e.g. 

indicates biological processes, since Microbacterium sp. strain BR1 is not able to degrade 

these, while 3A5MI was degraded under simulated sunlight conditions (Figure 45). 

Additionally, the mineralization capability can be confirmed by laboratory experiments 

with 14C-SMX as carbon source, while measuring formed 14C-CO2. The here described 

methodology for the screening of SMX enzymes is currently carried out in the frame of the 

project “Beyond pollutant removal - understanding the biochemical mechanism of 

sulfonamide degradation in wastewater and the role of ipso-substitution” (# 160332), 

founded by the Swiss National Science Foundation and the German Research Foundation. 

Previous attempts to use carbon stable isotope fractionation for the discrimination 

between biological and abiotic degradation processes revealed, that the carbon isotope 

ratio during sunlight irradiation is highly influenced by ambient conditions (155, 197). 

Therefore, a better understanding of underlying processes is needed before carbon stable 

isotope fractionation can applied for the analysis of sulfonamide contaminated sites. 
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5. Conclusion & Outlook 

The biological degradation of sulfonamide antibiotics by Microbacterium sp. strain BR1 

was elucidated with the model molecule SMX. The degradation of SMX is initiated by a 

type I ipso-substitution, resulting fragmentation to BQI, sulphur dioxide and the stable 

metabolite 3A5MI. BQI is most likely abiotically reduced to 4AP and oxidized to THB. It 

has been shown, that Microbacterium sp. strain BR1 is able to degrade different 

sulfonamide molecules, as long as the moiety attached to the amine is a decent leaving 

group. 

The responsible enzymes were identified by partial purification and comparative 

proteomics. The ipso-substitution is catalysed by the two-component flavin 

monooxygenase SMX-MO, while the 4AP-MO is responsible for the hydroxylation of 4AP. 

The genes encoding for the two monooxygenases and the flavin reductase, which provides 

both enzymes with reduced FMN, are located in one gene cluster. The function of the 

enzymes was verified by heterologous expression of the genes in E. coli, followed by whole 

cell or protein assays. 

The sad gene cluster was identified in three other sulfonamide mineralizing bacteria 

namely, Arthrobacter sp. strain D2, Microbacterium sp. strain C448 and Microbacterium 

sp. strain SDZm4. 

To verify the here proposed type I ipso-substitution, 4-Hydroxy-N-(5-methyl-1,2-oxazol-

3-yl)-benzenesulfonamide and the probably not degradable N-(5-Methyl-1,2-oxazol-3-

yl)-4-nitrobenzenesulfonamide might be tested as substrates for the SMX-MO. 

Additionally, larger sulfonamides might be hindered from entering the active site of the 

SMX-MO and might not be metabolised. The development of new sulfonamide molecules 

can be supported by the exact knowledge of the SMX-MO structure, allowing in silico 

binding studies of the antibiotic molecule and its target enzyme (198). 

The study of Min et al. (158) showed the ability of a two component monooxygenase to 

hydroxylate both, the quinone and quinol form. Based on this HQ, BQ and BQI could be 

tested as substrates for the 4AP-MO to get a better understanding of the tandem 

hydroxylation yielding THB.  

 

The here identified sad genes might have also clinical relevance. The growth and 

sulfonamide degradative activity of Microbacterium sp. strain BR1 was demonstrated in 

artificial urine. Even though Microbacterium sp. strain BR1 exhibits already the common 
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sulfonamide resistance gene sul1, the bacterium grew faster in SMX containing medium 

in case it was acclimatized prior to its incubation. This indicates that the mineralization 

of SMX may be a new sulfonamide antibiotic resistance mechanism. 

This is the first report of enzymes involved in the metabolism of antibiotics and the first 

time that the existence of antibiotic subsisting bacteria was proven. 

Despite the low number of nearly identical sad genes in BLAST databases, further research 

is crucial for better risk assessments of bacterial isolates capable of mineralizing 

antibiotics. The mobility of the sad genes is to be investigated, also with respect to their 

spread among different phyla and with respect to the ability of bacteria to metabolize 

sulfonamide antibiotics (see chapter 4.7.3). 

  



116 | Publications & Conference proceedings 

6. Publications & Conference proceedings 

6.1. Publications 

Ricken B, Kolvenbach BA, Bergesch C, Benndorf D, Kroll K, Strnad H, Vlcek C, Adaixo R, 

Hammes F, Shahgaldian P, Schäffer A, Kohler H-PE, Corvini PF-X. (2017) FMNH2-

dependent monooxygenases initiate catabolism of sulfonamides in Microbacterium sp. 

strain BR1 subsisting on sulfonamide antibiotics. Scientific Reports. 7, 15783 

Ricken, B., Kolvenbach, B., & Corvini, P. F. X. (2015). Ipso-substitution – The hidden gate 

to xenobiotic degradation pathways. Current Opinion in Biotechnology. 33, 220-227. 

Ricken, B., Fellmann, O., Kohler, H.-P. E., Schäffer, A., Corvini, P. F.-X. & Kolvenbach, B. A. 

(2015). Degradation of sulfonamide antibiotics by Microbacterium sp. strain BR1 - 

elucidating the downstream pathway. New Biotechnology. 27, 8-14 

Birkigt, J., Gilevska, T., Ricken, B., Richnow, H., Vione, D., Corvini, P., Nijenhuis, I. & 

Cichocka, D. (2015) Carbon stable isotope fractionation of sulfamethoxazole during 

biodegradation by Microbacterium sp. strain BR1 and upon direct photolysis. 

Environmental Science & Technology 

Reis, P. J. M., Reis, A. C., Ricken, B., Kolvenbach, B. A., Manaia, C. M., Corvini, P. F.-X. & 

Nunes, O. C. (2014). Biodegradation of sulfamethoxazole and other sulfonamides by 

Achromobacter denitrificans PR1. Journal of Hazardous Materials. 280, 741-9 

Ricken, B., Corvini, P. F.-X., Cichocka, D., Parisi, M., Lenz, M., Wyss, D., Martinez-Lavanchy, 

P., Müller, J. A., Shahgaldian, P., Tulli, L. G., Kohler, H.-P. E. & Kolvenbach, B. A. (2013). Ipso-

Hydroxylation and subsequent fragmentation - a novel microbial strategy to eliminate 

sulfonamide antibiotics. Applied and Environmental Microbiology, 79(18), 5550–8.  

Bouju, H., Ricken, B., Beffa, T., Corvini, P. F.-X. & Kolvenbach, B. A. (2012). Isolation of 

bacterial strains capable of sulfamethoxazole mineralization from an acclimated 

membrane bioreactor. Applied and Environmental Microbiology, 78(1), 277–9. 

 

Kolvenbach, B.A., Ricken, B., Corvini, P. F.-X. (2017). Evolution in Bakterien – Gift wird 

Nahrung. Book chapter for the anniversary of Natura Obscura 

Ricken, B., Cichocka, D., Corvini, P. F.-X. & Kolvenbach, B. A. (2015). Bacterial degradation 

of sulfonamide antibiotics in wastewater treatment. HLS Research Report 2013/2014 

  



Publications & Conference proceedings | 117 

6.2. Oral presentations 

Ricken, B. (2016). Wenn Antibiotika zu Nährstoffen für Bakterien werden. In 

Baselarea.Swiss Event: Keime, Antibiotikaresistenz und Desinfektion in Wassersystemen. 

Basel, Switzerland. 

Ricken, B. (2016). Monooxygenasen: Ermöglichen Bakterien aus Belebtschlamm die 

Umwandlung von Antibiotika in neue Nährstoffquellen. In i-net / Cleantech Event: Enzyme, 

wahre Alleskönner. Basel, Switzerland. 

Cichocka, D., Birkigt, J., Gilevska, T., Ricken, B., Richnow, H. H., Vione, D., Nijenhuis, I. & 

Corvini, P. F.-X. (2015). Carbon stable isotope analysis (CSIA) of sulfamethoxazole during 

biodegradation by Microbacterium sp. strain BR1 and direct photolysis – a new approach 

to monitor environmental fate of pharmaceuticals. In 15th EuCheMS International 

Conference on Chemistry and the Environment. Leipzig, Germany. 

Ricken, B., Leu, C., Bucher, A., Mariossi, A.., Fellmann, O., Adaixo, R., Kohler, H.-P., Schäffer, 

A., Corvini, P. F.-X. & Kolvenbach, B. A. (2015). Insights into the sulfonamide degrading 

protein complex. In 6th European Bioremediation Conference. Chania, Greece. 

Kolvenbach, B. A., Ricken, B., Reis, P. J.-M., Reis, A. C., Manaia, C. M., Nunes, O. C. & Corvini, 

P. F.-X. (2015) Elucidating the genetic basis for sulfonamide degradation in isolates with 

diverse phylogenetic background. In 6th Congress of European Microbiologists (FEMS). 

Maastricht, The Netherlands.  

Ricken, B., Kolvenbach, B. A., Kohler, H.-P. E. & Corvini, P. F.-X. (2015). Katabolismus von 

Antibiotika – Eine neue Art von Antibiotikaresistenz? In Forum Junger 

Umweltwissenschaftler der Gesellschaft Deutscher Chemiker (GDCh) 2015. Blomberg, 

Germany. 

Kolvenbach, B. A., Ricken, B., Reis, P. J.-M., Reis, A. C., Manaia, C. M., Nunes, O. C. & Corvini, 

P. F.-X. (2015) Evaluating the potential of bacterial biodegradation of sulfonamides to 

improve wastewater processing. SETAC Europe 25th Annual Meeting. Barcelona, Spain.  

Ricken, B., Lenz, M., Cichocka, D., Kohler, H.-P. E., Kolvenbach, B. A., & Corvini, P. F.-X. 

(2014). Is sulfonamide bacteriostatic biodegradation a new bacterial resistance 

mechanism? In 16th European Congress on Biotechnology. Edinburgh, Scotland. 

Ricken, B., Lenz, M., Cichocka, D., Kohler, H.-P. E., Kolvenbach, B. A., & Corvini, P. F.-X. 

(2014). Characterization of the monooxygenase catalyzing ipso-substitution of 

sulfonamides. In OxiZymes. Vienna, Austria. 



118 | Publications & Conference proceedings 

Ricken, B., Lenz, M., Cichocka, D., Kohler, H.-P. E., Kolvenbach, B. A., & Corvini, P. F.-X. 

(2014). Using biodegradation for the removal of sulfonamides. In SETAC Europe 24th 

Annual Meeting. Basel, Switzerland. 

Bigkigt, J., Gilevska, T., Ricken, B., Richnow, H. H., Corvini, P. F.-X., Nijenhuis, I., & Cichocka, 

D. (2014). Carbon stable isotope fractionation of sulfamethoxazole during biodegradation 

and photolysis. In Goldschmidt. Sacramento, United States. 

Cichocka, D., Ricken, B., Kolvenbach, B. A., Kohler, H.-P. E., & Corvini, P. F.-X. (2013). 

Degradation of sulfonamide antibiotics by Microbacterium sp. strain BR1 –potential for a 

novel bioremediation strategy or an environmental threat due to spread of antibiotic 

resistance? In ARAE 2013. Ghent, Belgium. 

Ricken, B., Corvini, P. F.-X., Cichocka, D., Kohler, H.-P. E., Lenz, M., & Kolvenbach, B. A. 

(2013). Degradation of sulfonamide antibiotics by Microbacterium sp. strain BR1, 

initiated by ipso-hydroxylation. In BioMicroWorld 2013. Madrid, Spain. 

Ricken, B., Corvini, P. F.-X., Cichocka, D., Parisi, M., Lenz, M., Wyss, D., Martinez-Lavanchy, 

P., Müller, J. A., Shahgaldian, P., Tulli, L. G., Kohler, H.-P. E., Kolvenbach, B. A. (2013). 

Unraveling how bacteria feed on sulfonamide antibiotics. In 7th International Conference 

on Environmental Engineering and Management. Vienna, Austria. 

Ricken, B., Bouju, H., Corvini, P. F.-X., & Kolvenbach, B. A. (2011). Isolation of bacterial 

strains capable of mineralizing sulfamethoxazole from an acclimated membrane 

bioreactor. In 5th European Bioremediation Conference. Chania, Greece. 

  



Publications & Conference proceedings | 119 

6.3. Poster presentations 

Ricken, B., Kroll, K., Kohler, H.-P. E., Schäffer, A., Kolvenbach, B. A. & Corvini, P. F.-X. (2015) 

Unravelling an unknown sulfonamide antibiotic resistance mechanism. 6th Swiss Microbial 

Ecology Meeting. Ascona, Switzerland. 

Ricken, B., Fellmann, O., Kohler, H.-P. E., Schäffer, A., Corvini, P. F.-X. & Kolvenbach, B. A. 

(2015) New insights into biological sulfonamide degradation. SETAC Europe 25th Annual 

Meeting. Barcelona, Spain. 

Cichocka, D., Bigkigt, J., Gilevska, T., Ricken, B., Richnow, H.-H., Nijenhuis, I., & Corvini, P. 

F.-X. (2015). Application of carbon stable isotope analysis (CSIA) to investigate 

biodegradation and direct photolysis of antibiotic sulfamethoxazole. In 6th Congress of 

European Microbiologists (FEMS) 2015. Maastricht, The Netherlands. 

Ricken, B., Corvini, P. F.-X., Cichocka, D., Kohler, H.-P. E., & Kolvenbach, B. A. (2013). Ipso-

hydroxylation initiates sulfonamide degradation by Microbacterium sp. BR1. In 14th 

EuCheMS International Conference on Chemistry and the Environment. Barcelona, Spain. 

Ricken, B., Corvini, P. F.-X., Cichocka, D., Kohler, H.-P. E., Lenz, M., & Kolvenbach, B. A. 

(2013). Ipso-hydroxylation a novel degradation pathway for a large number of 

sulfonamide antibiotics. In 5th Congress of European Microbiologists (FEMS) 2013. Leipzig, 

Germany. 

Cichocka, D., Parisi, M., Müller, J. A., Martinez, P., Ricken, B., Kolvenbach, B. A., & Corvini, 

P. F.-X. (2013). Microbacterium sp. strain BR1 grows on sulfamethoxazole as a sole carbon 

and energy source. In 5th Congress of European Microbiologists (FEMS) 2013. Leipzig, 

Germany. 

Ricken, B., Corvini, P. F.-X., Wyss, D., Klewar, I., & Kolvenbach, B. A. (2013). Microbial 

mineralization of the antibiotic sulfonamide Sulfamethoxazole. In IWA - Micropol & 

Ecohazard 2013. Zürich, Switzerland. 

 

 



120 | References 

7. References 

1.  Hruska K, Franek M. 2012. Sulfonamides in the environment : A review and a case 

report. Vet. Med. 2012:1–35. 

2.  Baran W, Adamek E, Ziemiańska J, Sobczak A. 2011. Effects Of The Presence Of 

Sulfonamides In The Environment And Their Influence On Human Health. J. Hazard. 

Mater. 196:1–15. 

3.  Koschorreck J, Lehmann S, Naulin A. 2005. Arzneimittel in der Umwelt - Zu 

Risiken und Nebenwirkungen fragen sie das Umweltbundesamt. Dessau. 

4.  Thiele-Bruhn S, Seibicke T, Schulten H-R, Leinweber P. Sorption of sulfonamide 

pharmaceutical antibiotics on whole soils and particle-size fractions. J. Environ. 

Qual. 33:1331–42. 

5.  Andersson DI, Hughes D. 2014. Microbiological effects of sublethal levels of 

antibiotics. Nat. Rev. Microbiol. 12:465–78. 

6.  Bouju H, Ricken B, Beffa T, Corvini PF-X, Kolvenbach BA. 2012. Isolation of 

Bacterial Strains Capable of Sulfamethoxazole Mineralization from an Acclimated 

Membrane Bioreactor. Appl. Environ. Microbiol. 78:277–279. 

7.  Islas-Espinoza M, Reid BJ, Wexler M, Bond PL. 2012. Soil Bacterial Consortia and 

Previous Exposure Enhance the Biodegradation of Sulfonamides from Pig Manure. 

Microb. Ecol. 64:140–151. 

8.  Topp E, Chapman R, Devers-Lamrani M, Hartmann A, Marti R, Martin-Laurent 

F, Sabourin L, Scott A, Sumarah M. 2013. Accelerated Biodegradation of 

Veterinary Antibiotics in Agricultural Soil following Long-Term Exposure, and 

Isolation of a Sulfamethazine-degrading sp. J. Environ. Qual. 42:173. 

9.  Tappe W, Herbst M, Hofmann D, Koeppchen S, Kummer S, Thiele BB, 

Groeneweg J. 2013. Degradation of Sulfadiazine by Microbacterium lacus strain 

SDZm4, Isolated from Lysimeters Previously Manured with Slurry from 

Sulfadiazine-Medicated Pigs. Appl. Environ. Microbiol. 79:2572–2577. 

10.  Reis PJM, Reis AC, Ricken B, Kolvenbach BA, Manaia CM, Corvini PFX, Nunes 

OC. 2014. Biodegradation of sulfamethoxazole and other sulfonamides by 

Achromobacter denitrificans PR1. J. Hazard. Mater. 280:741–749. 

11.  Heuer H, Smalla K. 2007. Manure and sulfadiazine synergistically increased 

bacterial antibiotic resistance in soil over at least two months. Environ. Microbiol. 

9:657–666. 



References | 121 

12.  Jury KL, Khan SJ, Vancov T, Stuetz RM, Ashbolt NJ. 2011. Are Sewage Treatment 

Plants Promoting Antibiotic Resistance? Crit. Rev. Environ. Sci. Technol. 41:243–

270. 

13.  Gao P, Munir M, Xagoraraki I. 2012. Correlation of tetracycline and sulfonamide 

antibiotics with corresponding resistance genes and resistant bacteria in a 

conventional municipal wastewater treatment plant. Sci. Total Environ. 421–

422:173–83. 

14.  Göbel A, Thomsen A, McArdell CS, Joss A, Giger W. 2005. Occurrence and 

Sorption Behavior of Sulfonamides, Macrolides, and Trimethoprim in Activated 

Sludge Treatment. Environ. Sci. Technol. 39:3981–3989. 

15.  Yu T-H, Lin AY-C, Panchangam SC, Hong P-KA, Yang P-Y, Lin C-F. 2011. 

Biodegradation and bio-sorption of antibiotics and non-steroidal anti-

inflammatory drugs using immobilized cell process. Chemosphere 84:1216–22. 

16.  Plósz BG, Leknes H, Liltved H, Thomas K V. 2010. Diurnal variations in the 

occurrence and the fate of hormones and antibiotics in activated sludge wastewater 

treatment in Oslo, Norway. Sci. Total Environ. 408:1915–24. 

17.  Hartig C. 2000. Analytik , Vorkommen und Verhalten aromatischer Sulfonamide in 

der aquatischen Umwelt. 

18.  Gauthier H, Yargeau V, Cooper DG. 2010. Biodegradation of pharmaceuticals by 

Rhodococcus rhodochrous and Aspergillus niger by co-metabolism. Sci. Total 

Environ. 408:1701–6. 

19.  Larcher S, Yargeau V. 2012. Biodegradation of sulfamethoxazole: current 

knowledge and perspectives. Appl. Microbiol. Biotechnol. 

20.  García-Galán MJ, Rodríguez-Rodríguez CE, Vicent T, Caminal G, Díaz-Cruz MS, 

Barceló D. 2011. Biodegradation of sulfamethazine by Trametes versicolor: 

Removal from sewage sludge and identification of intermediate products by UPLC-

QqTOF-MS. Sci. Total Environ. 409:5505–12. 

21.  Corvini PFX, Hollender J, Ji R, Schumacher S, Prell J, Hommes G, Priefer U, 

Vinken R, Schäffer A. 2006. The degradation of α-quaternary nonylphenol isomers 

by Sphingomonas sp. strain TTNP3 involves a type II ipso-substitution mechanism. 

Appl. Microbiol. Biotechnol. 70:114–122. 

22.  Corvini PFX, Vinken R, Hommes G, Mundt M, Hollender J, Meesters R, Schröder 

HF, Schmidt B. 2004. Microbial degradation of a single branched isomer of 

nonylphenol by Sphingomonas  TTNP3. Water Sci. Technol. 50:189–94. 



122 | References 

23.  Gabriel FLP, Cyris M, Giger W, Kohler H-PE. 2007. ipso-Substitution: A General 

Biochemical and Biodegradation Mechanism to Cleave α-Quaternary Alkylphenols 

and Bisphenol A. Chem. Biodivers. 4:2123–2137. 

24.  Gabriel FLP, Cyris M, Jonkers N, Giger W, Guenther K, Kohler HPE. 2007. 

Elucidation of the ipso-substitution mechanism for side-chain cleavage of alpha-

quaternary 4-nonylphenols and 4-t-butoxyphenol in Sphingobium xenophagum 

Bayram. Appl. Environ. Microbiol. 73:3320–3326. 

25.  Gabriel FLP, Heidlberger A, Rentsch D, Giger W, Guenther K, Kohler H-PE. 

2005. A novel metabolic pathway for degradation of 4-nonylphenol environmental 

contaminants by Sphingomonas xenophaga Bayram: ipso-hydroxylation and 

intramolecular rearrangement. J. Biol. Chem. 280:15526–33. 

26.  Guengerich FP. 2001. Common and Uncommon Cytochrome P450 Reactions 

Related to Metabolism and Chemical Toxicity. Chem. Res. Toxicol. 14:611–650. 

27.  Kohler H-PE, Gabriel FLP, Giger W. 2008. ipso-Substitution – A Novel Pathway for 

Microbial Metabolism of Endocrine-Disrupting 4-Nonylphenols, 4-Alkoxyphenols, 

and Bisphenol A. Chim. Int. J. Chem. 62:358–363. 

28.  Kolvenbach B, Schlaich N, Raoui Z, Prell J, Zuhlke S, Schäffer A, Guengerich FP, 

Corvini PFX. 2007. Degradation Pathway of Bisphenol A: Does ipso Substitution 

Apply to Phenols Containing a Quaternary -Carbon Structure in the para Position? 

Appl. Environ. Microbiol. 73:4776–4784. 

29.  Ohe T, Mashino T, Hirobe M. 1997. Substituent elimination from p-substituted 

phenols by cytochrome P450 ipso-Substitution by the oxygen atom of the active 

species. Drug Metab. Dispos. 25:1–5. 

30.  Dai M, Rogers JB, Warner JR, Copley SD. 2003. A previously unrecognized step in 

pentachlorophenol degradation in Sphingobium chlorophenolicum is catalyzed by 

tetrachlorobenzoquinone reductase (PcpD). J. Bacteriol. 185:302–10. 

31.  Ohe T, Mashino T, Hirobe M. 1994. Novel metabolic pathway of arylethers by 

cytochrome P450: cleavage of the oxygen-aromatic ring bond accompanying ipso-

substitution by the oxygen-atom of the active species in cytochrome P450 models 

and cytochrome P450. Arch. Biochem. Biophys. 310:402–409. 

32.  Chivukula M, Renganathan V. 1995. Phenolic azo dye oxidation by laccase from 

Pyricularia oryzae. Appl. Environ. Microbiol. 61:4374–4377. 

33.  Kunamneni A, Ballesteros A. 2007. Fungal laccase—a versatile enzyme for 

biotechnological applications, p. 233–245. In Mendez-Vilas, A (ed.), Communicating 



References | 123 

Current Research and Educational Topics and Trends in Applied Microbiology. 

Formatex Research Center, Badajoz, Spain. 

34.  Leonowicz A, Cho N-SS, Luterek J, Wilkolazka A, Wojtas-Wasilewska M, 

Matuszewska A, Hofrichter M, Wesenberg D, Rogalski J. 2001. Fungal laccase: 

properties and activity on lignin. J. Basic Microbiol. 41:185–227. 

35.  Iimura Y, Hartikainen P, Tatsumi K. 1996. Dechlorination of tetrachloroguaiacol 

by laccase of white-rot basidiomycete Coriolus versicolor. Appl. Microbiol. 

Biotechnol. 45:434–439. 

36.  Ricken B, Kolvenbach B a, Corvini PF-XFX. 2015. Ipso-substitution – The hidden 

gate to xenobiotic degradation pathways. Curr. Opin. Biotechnol. 33:220–227. 

37.  Wong DWS. 2009. Structure and Action Mechanism of Ligninolytic Enzymes. Appl. 

Biochem. Biotechnol. 157:174–209. 

38.  Davila-Vazquez G, Tinoco R, Pickard M a., Vazquez-Duhalt R. 2005. 

Transformation of halogenated pesticides by versatile peroxidase from 

Bjerkandera adusta. Enzyme Microb. Technol. 36:223–231. 

39.  Gibson DT, Parales RE. 2000. Aromatic hydrocarbon dioxygenases in 

environmental biotechnology. Curr. Opin. Biotechnol. 11:236–243. 

40.  Bünz P V, Cook AM. 1993. Dibenzofuran 4,4a-dioxygenase from Sphingomonas sp. 

strain RW1: angular dioxygenation by a three-component enzyme system. J. 

Bacteriol. 175:6467–6475. 

41.  Locher HH, Leisinger T, Cook AM. 1991. 4-Sulphobenzoate 3,4-dioxygenase. 

Purification and properties of a desulphonative two-component enzyme system 

from Comamonas testosteroni  T-2. Biochem. J. 274:833–842. 

42.  Markus A, Krekel D, Lingens F. 1986. Purification and Some Properties of 

Component A of the 4-Chlorophenylacetate 3,4-Dioxygenase from Pseudomonas 

Species Strain CBS. J. Biol. Chem. 261:12883–12888. 

43.  Liu H, Wang S-J, Zhang J-J, Dai H, Tang H, Zhou N-Y. 2011. Patchwork assembly of 

nag-like nitroarene dioxygenase genes and the 3-chlorocatechol degradation 

cluster for evolution of the 2-chloronitrobenzene catabolism pathway in 

Pseudomonas stutzeri ZWLR2-1. Appl. Environ. Microbiol. 77:4547–52. 

44.  Singh D, Kumari A, Ramanathan G. 2014. 3-Nitrotoluene dioxygenase from 

Diaphorobacter sp. strains: cloning, sequencing and evolutionary studies. 

Biodegradation 25:479–492. 

45.  Parales J, Parales R. 1998. Specificity of 2-nitrotoluene 2, 3-dioxygenase from 



124 | References 

Pseudomonas sp. strain JS42 is determined by the C-terminal region of the α subunit 

of the oxygenase component. J. Bacteriol. 180:1194–1199. 

46.  Lessner DJ, Johnson GR, Parales RE, Gibson DT. 2002. Molecular 

Characterization and Substrate Specificity of Nitrobenzene Dioxygenase Molecular 

Characterization and Substrate Specificity of Nitrobenzene Dioxygenase from 

Comamonas sp . Strain JS765. Appl. Environ. Microbiol. 68:634–641. 

47.  Pabis A, Geronimo I, Paneth P. 2014. A DFT study of the cis-dihydroxylation of 

nitroaromatic compounds catalyzed by nitrobenzene dioxygenase. J. Phys. Chem. B 

118:3245–56. 

48.  Locher HH, Leisinger T, Cook AM. 2008. 4-Sulphobenzoate 3,4-dioxygenase 

Purification. Biochem. J. 274:833–842. 

49.  Vatsis KP, Coon MJ. 2002. Ipso-substitution by cytochrome P450 with conversion 

of p-hydroxybenzene derivatives to hydroquinone: evidence for hydroperoxo-iron 

as the active oxygen species. Arch. Biochem. Biophys. 397:119–29. 

50.  Boersma MG, Balvers WG, Boeren S, Vervoort J, Rietjens IM. 1994. NADPH-

cytochrome reductase catalysed redox cycling of 1,4-benzoquinone; hampered at 

physiological conditions, initiated at increased pH values. Biochem. Pharmacol. 

47:1949–55. 

51.  Nakamura S, Tezuka Y, Ushiyama A, Kawashima C, Kitagawara Y, Takahashi K, 

Ohta S, Mashino T. 2011. Ipso substitution of bisphenol A catalyzed by microsomal 

cytochrome P450 and enhancement of estrogenic activity. Toxicol. Lett. 203:92–95. 

52.  Porter AW, Hay AG. 2007. Identification of opdA, a gene involved in 

biodegradation of the endocrine disrupter octylphenol. Appl. Environ. Microbiol. 

73:7373–9. 

53.  Kolvenbach BABA, Corvini PF-XPF-XX. 2012. The degradation of alkylphenols by 

Sphingomonas sp. strain TTNP3 - a review on seven years of research. N. Biotechnol. 

30:88–95. 

54.  Tang H, Yao Y, Zhang D, Meng X, Wang L, Yu H, Ma L, Xu P. 2011. A novel NADH-

dependent and FAD-containing hydroxylase is crucial for nicotine degradation by 

Pseudomonas putida. J. Biol. Chem. 286:39179–87. 

55.  Yadid I, Rudolph J, Hlouchova K, Copley SD. 2013. Sequestration of a highly 

reactive intermediate in an evolving pathway for degradation of 

pentachlorophenol. 

56.  Takizawa N, Yokoyama H, Yanagihara K, Hatta T, Kiyohara H. 1995. A locus of 



References | 125 

Pseudomonas pickettii DTP0602, had, that encodes 2,4,6-trichlorophenol-4-

dechlorinase with hydroxylase activity, and hydroxylation of various chlorophenols 

by the enzyme. J. Ferment. Bioeng. 80:318–326. 

57.  Webb BN, Ballinger JW, Kim E, Belchik SM, Lam K-S, Youn B, Nissen MS, Xun L, 

Kang C. 2010. Characterization of chlorophenol 4-monooxygenase (TftD) and 

NADH:FAD oxidoreductase (TftC) of Burkholderia cepacia AC1100. J. Biol. Chem. 

285:2014–27. 

58.  Louie TMT, Webster CCM, Xun L, Hi T-B, I T-N. 2002. Genetic and biochemical 

characterization of a 2, 4, 6-trichlorophenol degradation pathway in Ralstonia 

eutropha JMP134. J. Bacteriol. 184:3492–3500. 

59.  Xiao Y, Zhang J-J, Liu H, Zhou N-Y. 2007. Molecular Characterization of a Novel 

ortho-Nitrophenol Catabolic Gene Cluster in Alcaligenes sp. Strain NyZ215. J. 

Bacteriol. 189:6587–6593. 

60.  Bosch R, Moore ER, García-Valdés E, Pieper DH. 1999. NahW, a novel, inducible 

salicylate hydroxylase involved in mineralization of naphthalene by Pseudomonas 

stutzeri AN10. J. Bacteriol. 181:2315–22. 

61.  Arora PK, Srivastava A, Singh VP. 2014. Degradation of 4-chloro-3-nitrophenol 

via a novel intermediate, 4-chlororesorcinol by Pseudomonas sp. JHN. Sci. Rep. 

4:4475. 

62.  Wei M, Zhang J-J, Liu H, Zhou N-Y. 2010. para-Nitrophenol 4-monooxygenase and 

hydroxyquinol 1,2-dioxygenase catalyze sequential transformation of 4-

nitrocatechol in Pseudomonas sp. strain WBC-3. Biodegradation 21:915–921. 

63.  Oldfield C, Pogrebinsky O, Simmonds J, Olson ES, Kulpa CF. 1997. Elucidation of 

the metabolic pathway for dibenzothiophene desulphurization by Rhodococcus sp. 

strain IGTS8 (ATCC 53968). Microbiology 143 ( Pt 9:2961–73. 

64.  Ellis HR. 2010. The FMN-dependent two-component monooxygenase systems. 

Arch. Biochem. Biophys. 497:1–12. 

65.  Koerts J, Soffers A. 1998. Occurrence of the NIH shift upon the cytochrome P450-

catalyzed in vivo and in vitro aromatic ring hydroxylation of fluorobenzenes. Chem. 

Res. … 11:503–512. 

66.  Martin G, Dijols S, Capeillere-Blandin C, Artaud I. 1999. Hydroxylation reaction 

catalyzed by the Burkholderia cepacia AC1100 bacterial strain. Eur. J. Biochem. 

261:533–539. 

67.  Moran GR. 2014. 4-Hydroxyphenylpyruvate dioxygenase and hydroxymandelate 



126 | References 

synthase: exemplars of the α-keto acid dependent oxygenases. Arch. Biochem. 

Biophys. 544:58–68. 

68.  Kawai S, Umezawa T, Shimada M, Higuchi T. 1988. Aromatic ring cleavage of 4,6-

di (tert-butyl) guaiacol, a phenolic lignin model compound, by laccase of Coriolus 

versicolor. FEBS Lett. 236:309–311. 

69.  Deponte M. 2013. Glutathione catalysis and the reaction mechanisms of 

glutathione-dependent enzymes. Biochim. Biophys. Acta 1830:3217–66. 

70.  Zhao Z, Koeplinger KA, Peterson T, Conradi R a, Burton PS, Suarato A, 

Heinrikson RL, Tomasselli AG. 1999. Mechanism, structure-activity studies, and 

potential applications of glutathione S-transferase-catalyzed cleavage of 

sulfonamides. Drug Metab. Dispos. 27:992–8. 

71.  Bateman TJ, Debenham JS, Madsen-duggan C, Toupence RB, Walsh TF, Truong 

Q, Bradley SA, Doss GA, Kumar S, Reddy VBG. 2010. Glutathione S-Transferase 

Catalyzed Desulfonylation of a Sulfonylfuropyridine ABSTRACT : 38:108–114. 

72.  Zhang C, Kenny JR, Le H, Deese A, Ford K a, Lightning LK, Fan PW, Driscoll JP, 

Halladay JS, Hop CEC a, Khojasteh SC. 2011. Novel mechanism for dehalogenation 

and glutathione conjugation of dihalogenated anilines in human liver microsomes: 

evidence for ipso glutathione addition. Chem. Res. Toxicol. 24:1668–77. 

73.  Cai M, Xun L. 2002. Organization and regulation of pentachlorophenol-degrading 

genes in Sphingobium chlorophenolicum ATCC 39723. J. Bacteriol. 184:4672–4680. 

74.  Nagata Y, Tabata M, Ohhata S, Tsuda M. 2014. Appearance and evolution of γ-

hexachlorocyclohexane-degrading bacteria, p. 19–41. In Nojiri, H, Tsuda, M, 

Fukuda, M, Kamagata, Y (eds.), Biodegradative Bacteria. Springer Japan, Tokyo. 

75.  Crawford RL, Jung CM, Strap JL. 2007. The recent evolution of pentachlorophenol 

(PCP)-4-monooxygenase (PcpB) and associated pathways for bacterial degradation 

of PCP. Biodegradation 18:525–39. 

76.  Copley SD. 2000. Evolution of a metabolic pathway for degradation of a toxic 

xenobiotic: the patchwork approach. Trends Biochem. Sci. 25:261–265. 

77.  Ju K-S, Parales RE. 2011. Evolution of a new bacterial pathway for 4-nitrotoluene 

degradation. Mol. Microbiol. 82:355–64. 

78.  Bernath-Levin K, Shainsky J, Sigawi L, Fishman A. 2014. Directed evolution of 

nitrobenzene dioxygenase for the synthesis of the antioxidant hydroxytyrosol. 

Appl. Microbiol. Biotechnol. 98:4975–85. 

79.  Boyd DR, Bugg TDH. 2006. Arene cis-dihydrodiol formation: from biology to 



References | 127 

application. Org. Biomol. Chem. 4:181–92. 

80.  Sun S-Y, Zhang X, Zhou Q, Chen J-C, Chen G-Q. 2008. Microbial production of cis-

1,2-dihydroxy-cyclohexa-3,5-diene-1-carboxylate by genetically modified 

Pseudomonas putida. Appl. Microbiol. Biotechnol. 80:977–84. 

81.  Luo J, Gräslund A. 2011. Ribonucleotide reductase inhibition by p-alkoxyphenols 

studied by molecular docking and molecular dynamics simulations. Arch. Biochem. 

Biophys. 516:29–34. 

82.  Ricken B. 2012. Identification of intermediates in the degradation pathway of 

Sulfamethoxazole by Microbacterium sp. strain BR1. University of Münster. 

83.  Monks TJ, Hanzlik RP, Cohen GM, Ross D, Graham DG. 1992. Quinone chemistry 

and toxicity. Toxicol. Appl. Pharmacol. 112:2–16. 

84.  Bolton JL, Trush MA, Penning TM, Dryhurst G, Monks TJ. 2000. Role of Quinones 

in Toxicology †. Chem. Res. Toxicol. 13:135–160. 

85.  Takenaka S, Okugawa S, Kadowaki M, Murakami S, Aoki K. 2003. The Metabolic 

Pathway of 4-Aminophenol in Burkholderia sp. Strain AK-5 Differs from That of 

Aniline and Aniline with C-4 Substituents. Appl. Environ. Microbiol. 69:5410–5413. 

86.  Sun M, Yao R, You Y, Deng S, Gao W. 2007. Degradation of 4-aminophenol by 

hydrogen peroxide oxidation using enzyme from Serratia marcescens as catalyst. 

Front. Environ. Sci. Eng. China 1:95–98. 

87.  Zhang S, Sun W, Xu L, Zheng X, Chu X, Tian J, Wu N, Fan Y. 2012. Identification of 

the para-nitrophenol catabolic pathway, and characterization of three enzymes 

involved in the hydroquinone pathway, in Peudomonas sp. 1-7. BMC Microbiol. 

12:27. 

88.  Takenaka S, Koshiya J, Okugawa S, Takata A, Murakami S, Aoki K. 2011. Fe-

superoxide dismutase and 2-hydroxy-1,4-benzoquinone reductase preclude the 

auto-oxidation step in 4-aminophenol metabolism by Burkholderia sp. strain AK-5. 

Biodegradation 22:1–11. 

89.  Chauhan A, Samanta SK, Jain RK. 2000. Degradation of 4-nitrocatechol by 

Burkholderia cepacia: a plasmid-encoded novel pathway. J. Appl. Microbiol. 

88:764–772. 

90.  Zhao J-S, Singh A, Huang X-D, Ward OP. 2000. Biotransformation of 

Hydroxylaminobenzene and Aminophenol by Pseudomonas putida 2NP8 Cells 

Grown in the Presence of 3-Nitrophenol. Appl. Environ. Microbiol. 66:2336–2342. 

91.  Ricken B, Fellmann O, Kohler H-PE, Schäffer A, Corvini PF-X, Kolvenbach BA. 



128 | References 

2015. Degradation of sulfonamide antibiotics by Microbacterium sp. strain BR1 – 

elucidating the downstream pathway. N. Biotechnol. 32:710–715. 

92.  Pramer D, Starkey RL. 1951. Decomposition of Streptomycin. Science (80-. ). 

113:127–127. 

93.  ABD-EL-MALEK Y, MONIB M, HAZEM A. 1961. Chloramphenicol, a Simultaneous 

Carbon and Nitrogen Source for a Streptomyes sp. from Egyptian Soil. Nature 

189:775–776. 

94.  KAMEDA Y, KIMURA Y, TOYOURA E, OMORI T. 1961. A Method for isolating 

Bacteria capable of producing 6-Aminopenicillanic Acid from Benzylpenicillin. 

Nature 191:1122–1123. 

95.  Johnsen J. 1977. Utilization of benzylpenicillin as carbon, nitrogen and energy 

source by a Pseudomonas fluorescens strain. Arch. Microbiol. 115:271–5. 

96.  Johnsen J. 1981. Presence of beta-lactamase and penicillin acylase in a 

Pseudomonas sp. utilizing benzylpenicillin as a carbon source. J. Gen. Appl. 

Microbiol. 27:499–503. 

97.  Lingens F, Oltmanns O. 1966. Isolierung und charakterisierung eines 

chloraphenicolabbauenden bakteriums. Biochim. Biophys. Acta - Gen. Subj. 

130:336–344. 

98.  Beckman W, Lessie TG. 1979. Response of Pseudomonas cepacia to beta-Lactam 

antibiotics: utilization of penicillin G as the carbon source. J. Bacteriol. 140:1126–

8. 

99.  Dantas G, Sommer MOA, Oluwasegun RD, Church GM. 2008. Bacteria Subsisting 

on Antibiotics. Science (80-. ). 320:100–103. 

100.  González T de JB, Zuidema T, Bor G, Smidt H, van Passel MWJ. 2016. Study of the 

aminoglycoside subsistence phenotype of bacteria residing in the gut of humans 

and zoo animals. Front. Microbiol. 6:1–7. 

101.  Walsh F, Amyes SGB, Duffy B. 2013. Challenging the concept of bacteria subsisting 

on antibiotics. Int. J. Antimicrob. Agents 41:558–563. 

102.  Marengo JR, Kok RA, O’Brien K, Velagaleti RR, Stamm JM. 1997. Aerobic 

biodegradation of ( 14 C)-sarafloxacin hydrochloride in soil. Environ. Toxicol. 

Chem. 16:462–471. 

103.  Junker T, Alexy R, Knacker T, Kümmerer K. 2006. Biodegradability of 14 C-

Labeled Antibiotics in a Modified Laboratory Scale Sewage Treatment Plant at 

Environmentally Relevant Concentrations. Environ. Sci. Technol. 40:318–324. 



References | 129 

104.  Wehrhan A. 2006. Fate of veterinary pharmaceuticals in soil: An experimental and 

numerical study on the mobility, sorption and transformation of sulfadiazine. Jülich. 

105.  Schmidt B, Ebert J, Lamshöft M, Thiede B, Schumacher-Buffel R, Ji R, Corvini 

PF-X, Schäffer A. 2008. Fate in soil of 14 C-sulfadiazine residues contained in the 

manure of young pigs treated with a veterinary antibiotic. J. Environ. Sci. Heal. Part 

B 43:8–20. 

106.  Deppe Henderson KL. 2008. Impact of veterinary antibiotics in the environment. 

Iowa State University. 

107.  Junge T, Claßen N, Schäffer A, Schmidt B. 2012. Fate of the veterinary antibiotic 

14C-difloxacin in soil including simultaneous amendment of pig manure with the 

focus on non-extractable residues. J. Environ. Sci. Heal. Part B 47:858–868. 

108.  Jessick AM, Moorman TB, Coats JR. 2013. Fate of Erythromycin in Sediment-

Containing Surface Water Microcosms: How Does Aged Erythromycin in Sediment 

Influence Bioavailability? Entomol. Publ. - Iowa State Univ. 161–178. 

109.  Kim YH, Pak K, Pothuluri J V., Cerniglia CE. 2004. Mineralization of erythromycin 

A in aquaculture sediments. FEMS Microbiol. Lett. 234:169–175. 

110.  Topp E, Renaud J, Sumarah M, Sabourin L. 2016. Reduced persistence of the 

macrolide antibiotics erythromycin, clarithromycin and azithromycin in 

agricultural soil following several years of exposure in the field. Sci. Total Environ. 

562:136–144. 

111.  Stanier RY, Palleroni NJ, Doudoroff M. 1966. The aerobic pseudomonads: a 

taxonomic study. J. Gen. Microbiol. 43:159–271. 

112.  Studier FW. 2005. Protein production by auto-induction in high density shaking 

cultures. Protein Expr. Purif. 41:207–234. 

113.  Brooks T, Keevil CW. 1997. A simple artificial urine for the growth of urinary 

pathogens. Lett. Appl. Microbiol. 24:203–206. 

114.  Tsunogai S. 1971. Oxidation rate of sulfite in water and its bearing on the origin of 

sulfate in meteoric precipitation. Geochem. J. 5:175–185. 

115.  Van Bocxlaer JF, Clauwaert KM, Lambert WE, De Leenheer  a P. 1997. 

Quantitative colorimetric determination of urinary p-aminophenol with an 

automated analyzer. Clin. Chem. 43:627–34. 

116.  Unde V, Mutnuri S. 2014. Bio-catalytic production of indigo using biphasic organic 

solvent. Discov. Biotechnol. 5:3–10. 

117.  Wongsaroj L, Sallabhan R, Dubbs JM, Mongkolsuk S, Loprasert S. 2015. Cloning 



130 | References 

of Toluene 4-Monooxygenase Genes and Application of Two-Phase System to the 

Production of the Anticancer Agent, Indirubin. Mol. Biotechnol. 720–726. 

118.  Bergesch C. 2014. Identifizierung von Enzymen zum mikrobiellen Abbau 

persistenter Schadstoffe mit der Proteomanalyse. Otto von Guericke Universität 

Magdeburg. 

119.  Marblestone JG. 2006. Comparison of SUMO fusion technology with traditional 

gene fusion systems: Enhanced expression and solubility with SUMO. Protein Sci. 

15:182–189. 

120.  Van Den Ent F, Löwe J. 2006. RF cloning: A restriction-free method for inserting 

target genes into plasmids. J. Biochem. Biophys. Methods 67:67–74. 

121.  Misko TP, Schilling RJ, Salvemini D, Moore WM, Currie MG. 1993. A fluorometric 

assay for the measurement of nitrite in biological samples. Anal. Biochem. 214:11–

6. 

122.  Griess P. 1879. Bemerkungen zu der Abhandlung der HH. Weselsky und Benedikt 

„Ueber einige Azoverbindungen”. Berichte der Dtsch. Chem. Gesellschaft 12:426–

428. 

123.  Kolvenbach BA, Lenz M, Benndorf D, Rapp E, Fousek J, Vlcek C, Schäffer A, 

Gabriel FL, Kohler H-PE, Corvini PF. 2011. Purification and characterization of 

hydroquinone dioxygenase from Sphingomonas sp. strain TTNP3. AMB Express 1:8. 

124.  Wenig P. 2011. Post-optimization of Py-GC/MS data: A case study using a new 

digital chemical noise reduction filter (NOISERA) to enhance the data quality 

utilizing OpenChrom mass spectrometric software. J. Anal. Appl. Pyrolysis 92:202–

208. 

125.  Murphy KR, Wenig P, Parcsi G, Skov T, Stuetz RM. 2012. Characterizing odorous 

emissions using new software for identifying peaks in chemometric models of gas 

chromatography–mass spectrometry datasets. Chemom. Intell. Lab. Syst. 118:41–

50. 

126.  Alfassi ZB, Odermatt J, Weimann B, Loh S, Hussong R, Lange E, Pfeifer N, Schulz-

Trieglaff O, Zerck A, Reinert K, Kohlbacher O, Costello C, Hermjakob H, Huang 

S, Julian R, Kapp E, McComb M, Oliver S, Omenn G, Paton N, Simpson R, Smith 

R, Taylor C, Zhu W, Aebersold R. 2005. Vector analysis of multi-measurements 

identification. J. Radioanal. Nucl. Chem. 266:245–250. 

127.  Meyer A, Würsten M, Schmid A, Kohler HPE, Witholt B. 2002. Hydroxylation of 

indole by laboratory-evolved 2-hydroxybiphenyl 3-monooxygenase. J. Biol. Chem. 



References | 131 

277:34161–34167. 

128.  Laemmli UK. 1970. Cleavage of structural proteins during the assembly of the head 

of bacteriophage T4. Nature 227:680–5. 

129.  Candiano G, Bruschi M, Musante L, Santucci L, Ghiggeri GM, Carnemolla B, 

Orecchia P, Zardi L, Righetti PG. 2004. Blue silver: a very sensitive colloidal 

Coomassie G-250 staining for proteome analysis. Electrophoresis 25:1327–33. 

130.  McComb RB, Bond LW, Burnett RW, Keech RC, Bowers GN. 1976. Determination 

of the molar absorptivity of NADH. Clin. Chem. 22:141–50. 

131.  Ritz C, Baty F, Streibig JC, Gerhard D, Baun A, Nyholm N. 2015. Dose-Response 

Analysis Using R. PLoS One 10:e0146021. 

132.  Noble RW, Gibson QH. 1970. The reaction of ferrous horseradish peroxidase with 

hydrogen peroxide. J. Biol. Chem. 245:2409–13. 

133.  Okonechnikov K, Golosova O, Fursov M. 2012. Unipro UGENE: a unified 

bioinformatics toolkit. Bioinformatics 28:1166–1167. 

134.  Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: a novel method for rapid 

multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 

30:3059–66. 

135.  Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010. 

New algorithms and methods to estimate maximum-likelihood phylogenies: 

assessing the performance of PhyML 3.0. Syst. Biol. 59:307–21. 

136.  Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA, Dave 

BM, Pereira S, Sharma AN, Doshi S, Courtot M, Lo R, Williams LE, Frye JG, 

Elsayegh T, Sardar D, Westman EL, Pawlowski AC, Johnson TA, Brinkman FSL, 

Wright GD, McArthur AG. 2017. CARD 2017: expansion and model-centric 

curation of the comprehensive antibiotic resistance database. Nucleic Acids Res. 

45:D566–D573. 

137.  Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer F, 

Cassarino TG, Bertoni M, Bordoli L, Schwede T. 2014. SWISS-MODEL: modelling 

protein tertiary and quaternary structure using evolutionary information. Nucleic 

Acids Res. 42:W252–W258. 

138.  Benkert P, Biasini M, Schwede T. 2011. Toward the estimation of the absolute 

quality of individual protein structure models. Bioinformatics 27:343–50. 

139.  Arnold K, Bordoli L, Kopp J, Schwede T. 2006. The SWISS-MODEL workspace: a 

web-based environment for protein structure homology modelling. Bioinformatics 



132 | References 

22:195–201. 

140.  Källberg M, Wang H, Wang S, Peng J, Wang Z, Lu H, Xu J. 2012. Template-based 

protein structure modeling using the RaptorX web server. Nat. Protoc. 7:1511–

1522. 

141.  Deng Y, Mao Y, Li B, Yang C, Zhang T. 2016. Aerobic Degradation of Sulfadiazine 

by Arthrobacter spp.: Kinetics, Pathways, and Genomic Characterization. Environ. 

Sci. Technol. 50:9566–9575. 

142.  Herzog B, Lemmer H, Horn H, Müller E. 2013. Characterization of pure cultures 

isolated from sulfamethoxazole-acclimated activated sludge with respect to 

taxonomic identification and sulfamethoxazole biodegradation potential. BMC 

Microbiol. 13:276. 

143.  Jiang B, Cui D, Li A, Gai Z, Ma F, Yang J, Ren N. 2012. Genome Sequence of a Cold-

Adaptable Sulfamethoxazole-Degrading Bacterium, Pseudomonas psychrophila HA-

4. J. Bacteriol. 194:5721. 

144.  Mulla SI, Sun Q, Hu A, Wang Y, Ashfaq M, Eqani SAMAS, Yu C-P. 2016. Evaluation 

of Sulfadiazine Degradation in Three Newly Isolated Pure Bacterial Cultures. PLoS 

One 11:e0165013. 

145.  Zhang W-W, Wen Y-Y, Niu Z-L, Yin K, Xu D-X, Chen L-X. 2011. Isolation and 

characterization of sulfonamide-degrading bacteria Escherichia sp. HS21 and 

Acinetobacter  sp. HS51. World J. Microbiol. Biotechnol. 28:447–452. 

146.  Zhang Y-B, Zhou J, Xu Q-M, Cheng J-S, Luo Y-L, Yuan Y-J. 2016. Exogenous 

cofactors for the improvement of bioremoval and biotransformation of 

sulfamethoxazole by Alcaligenes faecalis. Sci. Total Environ. 565:547–556. 

147.  Ricken B, Kolvenbach BA, Bergesch C, Benndorf D, Kroll K, Strnad H, Vlček Č, 

Adaixo R, Hammes F, Shahgaldian P, Schäffer A, Kohler H-PE, Corvini PF-X. 

2017. FMNH2-dependent monooxygenases initiate catabolism of sulfonamides in 

Microbacterium sp. strain BR1 subsisting on sulfonamide antibiotics. Sci. Rep. 

7:15783. 

148.  Ricken B, Corvini PFX, Cichocka D, Parisi M, Lenz M, Wyss D, Martinez-

Lavanchy PM, Muller JA, Shahgaldian P, Tulli LG, Kohler H-PE, Kolvenbach BA. 

2013. Ipso-Hydroxylation and Subsequent Fragmentation: a Novel Microbial 

Strategy To Eliminate Sulfonamide Antibiotics. Appl. Environ. Microbiol. 79:5550–

5558. 

149.  Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA, Gerdes 



References | 133 

S, Parrello B, Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R. 2014. The SEED 

and the Rapid Annotation of microbial genomes using Subsystems Technology 

(RAST). Nucleic Acids Res. 42:D206–D214. 

150.  Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, 

Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL, 

Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD, Reich 

C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. 2008. The RAST 

Server: Rapid Annotations using Subsystems Technology. BMC Genomics 9:75. 

151.  Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov 

IN, Bourne PE. 2000. The Protein Data Bank. Nucleic Acids Res. 28:235–42. 

152.  Martin-Laurent F, Marti R, Waglechner N, Wright GD, Topp E. 2014. Draft 

Genome Sequence of the Sulfonamide Antibiotic-Degrading Microbacterium sp. 

Strain C448. Genome Announc. 2:e01113-13. 

153.  Mirochnitchenko O, Weisbrot-Lefkowitz M, Reuhl K, Chen L, Yang C, Inouye M. 

1999. Acetaminophen toxicity. J. Biol. Chem. 274:10349–10355. 

154.  Gneiding K, Frodl R, Funke G. 2008. Identities of Microbacterium spp. encountered 

in human clinical specimens. J. Clin. Microbiol. 46:3646–3652. 

155.  Birkigt J, Gilevska T, Ricken B, Richnow H-H, Vione D, Corvini PF-X, Nijenhuis 

I, Cichocka D. 2015. Carbon Stable Isotope Fractionation of Sulfamethoxazole 

during Biodegradation by Microbacterium sp. Strain BR1 and upon Direct 

Photolysis. Environ. Sci. Technol. 49:6029–6036. 

156.  Corbett JJF. 1969. Benzoquinone imines. Part II. Hydrolysis of p-benzoquinone 

monoimine and p-benzoquinone di-imine. J. Chem. Soc. B Phys. Org. 0:213. 

157.  Zhang J-J, Liu H, Xiao Y, Zhang X-E, Zhou N-Y. 2009. Identification and 

Characterization of Catabolic para-Nitrophenol 4-Monooxygenase and para-

Benzoquinone Reductase from Pseudomonas sp. Strain WBC-3. J. Bacteriol. 

191:2703–2710. 

158.  Min J, Zhang J-J, Zhou N-Y. 2016. A Two-Component para -Nitrophenol 

Monooxygenase Initiates a Novel 2-Chloro-4-Nitrophenol Catabolism Pathway in 

Rhodococcus imtechensis RKJ300. Appl. Environ. Microbiol. 82:714–723. 

159.  Xun L, Webster CM. 2003. A Monooxygenase Catalyzes Sequential Dechlorinations 

of 2,4,6-Trichlorophenol by Oxidative and Hydrolytic Reactions. J. Biol. Chem. 

279:6696–6700. 

160.  Huber MM, Canonica S, Park G-Y, von Gunten U. 2003. Oxidation of 



134 | References 

pharmaceuticals during ozonation and advanced oxidation processes. Environ. Sci. 

Technol. 37:1016–24. 

161.  Wimpenny JW, Firth A. 1972. Levels of nicotinamide adenine dinucleotide and 

reduced nicotinamide adenine dinucleotide in facultative bacteria and the effect of 

oxygen. J. Bacteriol. 111:24–32. 

162.  Kabashima Y, Sone N, Kusumoto T, Sakamoto J. 2013. Purification and 

characterization of malate:quinone oxidoreductase from thermophilic Bacillus sp. 

PS3. J. Bioenerg. Biomembr. 45:131–136. 

163.  Kolvenbach BA, Dobrowinski H, Fousek J, Vlcek C, Schäffer A, Gabriel FLP, 

Kohler H-PE, Corvini PFX. 2012. An unexpected gene cluster for downstream 

degradation of alkylphenols in Sphingomonas sp. strain TTNP3. Appl. Microbiol. 

Biotechnol. 93:1315–1324. 

164.  Kwon D-Y, Suma Y, Tiwari M, Choi J, Kang L-W, Lee J-K, Kim HS. 2014. 

Decomposition of aromatic hydrocarbon intermediates by recombinant 

hydroxyquinol 1,2-dioxygenase from Arthrobacter chlorophenolicus A6 and its 

structure characterization. Int. Biodeterior. Biodegradation 95:67–75. 

165.  Guzik U, Hupert-Kocurek K, Wojcieszyńska D. 2013. Intradiol Dioxygenases — 

The Key Enzymes in Xenobiotics Degradation, p. 129–153. In Chamy, R, Rosenkranz, 

F (eds.), Biodegradation of Hazardous and Special Products. InTech. 

166.  Gimmler H. 1976. Different Uptake and Binding of Benzoquinone and 

Hydroquinone in Unicellular Algae and Type A Chloroplasts. Zeitschrift für 

Pflanzenphysiologie 78:76–81. 

167.  van Berkel WJH, Kamerbeek NM, Fraaije MW. 2006. Flavoprotein 

monooxygenases, a diverse class of oxidative biocatalysts. J. Biotechnol. 124:670–

89. 

168.  Sucharitakul J, Tinikul R, Chaiyen P. 2014. Mechanisms of reduced flavin transfer 

in the two-component flavin-dependent monooxygenases. Arch. Biochem. Biophys. 

169.  Huijbers MME, Montersino S, Westphal AH, Tischler D, van Berkel WJH. 2014. 

Flavin dependent monooxygenases. Arch. Biochem. Biophys. 544:2–17. 

170.  Hirth N, Topp E, Dörfler U, Stupperich E, Munch JC, Schroll R. 2016. An effective 

bioremediation approach for enhanced microbial degradation of the veterinary 

antibiotic sulfamethazine in an agricultural soil. Chem. Biol. Technol. Agric. 3:29. 

171.  Fenu A, Donckels BMR, Beffa T, Bemfohr C, Weemaes M. 2015. Evaluating the 

application of Microbacterium sp. strain BR1 for the removal of sulfamethoxazole 



References | 135 

in full-scale membrane bioreactors. Water Sci. Technol. 72:1754–1761. 

172.  Furuya T, Takahashi S, Ishii Y, Kino K, Kirimura K. 2004. Cloning of a gene 

encoding flavin reductase coupling with dibenzothiophene monooxygenase 

through coexpression screening using indigo production as selective indication. 

Biochem. Biophys. Res. Commun. 313:570–575. 

173.  Tischler D, Eulberg D, Lakner S, Kaschabek SR, van Berkel WJH, Schlomann M. 

2009. Identification of a Novel Self-Sufficient Styrene Monooxygenase from 

Rhodococcus opacus 1CP. J. Bacteriol. 191:4996–5009. 

174.  van Hellemond EW, Janssen DB, Fraaije MW. 2007. Discovery of a novel styrene 

monooxygenase originating from the metagenome. Appl. Environ. Microbiol. 

73:5832–9. 

175.  Arora PK. 2015. Bacterial degradation of monocyclic aromatic amine. Front. 

Microbiol. 6:1–14. 

176.  Kafilzadeh F, Khezri A. 2014. Comparison of frequency aniline degrading bacteria 

in the soil around Shiraz refinery in summer and autumn. Indian J. Fundam. Appl. 

Life Sci. 4:213–218. 

177.  Balba MT, Khan MR, Evans WC. 1978. The Microbial Degradation of a 

Sulphanilamide-Based Herbicide (Asulam) 7:405–407. 

178.  van der Ploeg J, Eichhorn E, Leisinger T. 2001. Sulfonate-sulfur metabolism and 

its regulation in Escherichia coli. Arch. Microbiol. 176:1–8. 

179.  Koch DJ, Ruckert C, Rey DA, Mix A, Puhler A, Kalinowski J. 2005. Role of the ssu 

and seu Genes of Corynebacterium glutamicum ATCC 13032 in Utilization of 

Sulfonates and Sulfonate Esters as Sulfur Sources. Appl. Environ. Microbiol. 

71:6104–6114. 

180.  Weir KM, Sutherland TD, Horne I, Russell RJ, Oakeshott JG. 2006. A single 

monooxygenase, Ese, is involved in the metabolism of the organ chlorides 

endosulfan and endo sulphate in an Arthrobacter sp. Appl Env. Microbiol 72:3524–

3530. 

181.  Gröning JAD, Kaschabek SR, Schlömann M, Tischler D. 2014. A mechanistic 

study on SMOB-ADP1: an NADH:flavin oxidoreductase of the two-component 

styrene monooxygenase of Acinetobacter baylyi ADP1. Arch. Microbiol. 196:829–

845. 

182.  Grayson ML, Crowe SM, McCarthy JS, Mills J, Mouton JW, Norrby SR, Paterson 

DL, Pfaller MA. 2010. Kucers’ The Use of Antibiotics Sixth Edition: A Clinical Review 



136 | References 

of Antibacterial, Antifungal and Antiviral Drugs. CRC Press. 

183.  Funke G, Hutson RA, Bernard KA, Pfyffer GE, Wauters G, Collins MD. 1996. 

Isolation of Arthrobacter spp. from clinical specimens and description of 

Arthrobacter cumminsii sp. nov. and Arthrobacter woluwensis sp. nov. J. Clin. 

Microbiol. 34:2356–2363. 

184.  Funke G, von Graevenitz A, Clarridge JE, Bernard KA. 1997. Clinical microbiology 

of coryneform bacteria. Clin. Microbiol. Rev. 10:125–59. 

185.  Osman S, Peeters Z, La Duc MT, Mancinelli R, Ehrenfreund P, Venkateswaran 

K. 2008. Effect of shadowing on survival of bacteria under conditions simulating the 

Martian atmosphere and UV radiation. Appl. Environ. Microbiol. 74:959–970. 

186.  Wu G, Liu X. 2007. Characterization of predominant bacteria isolates from clean 

rooms in a pharmaceutical production unit. J. Zhejiang Univ. Sci. B 8:666–72. 

187.  Mazel D. 2006. Integrons: agents of bacterial evolution. Nat. Rev. Microbiol. 4:608–

20. 

188.  Justice SS, Hunstad DA, Cegelski L, Hultgren SJ. 2008. Morphological plasticity as 

a bacterial survival strategy. Nat. Rev. Microbiol. 6:162–168. 

189.  Blair JMA, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJ V. 2014. Molecular 

mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13:42–51. 

190.  Eliopoulos GM, Huovinen P. 2001. Resistance to trimethoprim-sulfamethoxazole. 

Clin. Infect. Dis. 32:1608–1614. 

191.  Sköld O. 2000. Sulfonamide resistance: mechanisms and trends. Drug Resist. 

Updat. 3:155–160. 

192.  Sánchez MB, Martínez JL. 2015. The Efflux Pump SmeDEF Contributes to 

Trimethoprim-Sulfamethoxazole Resistance in Stenotrophomonas maltophilia. 

Antimicrob. Agents Chemother. 59:4347–8. 

193.  Janssen PH. 2006. Identifying the Dominant Soil Bacterial Taxa in Libraries of 16S 

rRNA and 16S rRNA. Appl. Environ. Microbiol. 72:1719–1728. 

194.  Wagner M, Loy A. 2002. Bacterial community composition and function in sewage 

treatment systems. Curr. Opin. Biotechnol. 13:218–227. 
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8. Appendix 

8.1. Declaration of chapters taken from or modified from preprinted 

publications 

The following chapters contain original or modified parts from preprinted publications: 

Publication Chapters 
Ricken et al. 2013 (148) 1.1, 2.1.2, 2.1.6, 2.2.1, 2.2.4, 2.2.5, 2.2.6, 

2.2.9, 2.4.1, 0, 2.4.4, 2.4.5, 2.5.6, 3.2.1, 3.2.2, 
3.2.3, 3.2.4, 3.2.5, 3.2.7, 4.1, 4.4 

Ricken et al. 2015 a (91) 1.1, 1.3, 2.2.3, 2.2.9, 2.3.7.1, 2.4.1, 2.4.8, 
3.2.6, 4.2 

Ricken et al. 2015 b (36) 1.2 
Birkigt et al. 2015 (155) 0, 3.13, 4.7.3 
Ricken et al. (147) 1.4, 2.1.3, 2.1.5, 2.2.7, 2.2.10, 2.2.11, 2.2.12, 
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8.2. Declaration of experimental work conducted and ideas contributed from 

other persons 

Apart from the PhD supervisors Prof. Dr. Andreas Schäffer (RWTH Aachen) Prof. Dr. 
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Ricardo Adaixo 
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(FHNW student) 
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Frederik Hammes 
(Eawag, group leader) 

Introduction into the flow 
cytometry device and 
sample preparation 

2.4.9, 3.1  

Cedric Leu 
(Fulfilling his 
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purification and pH 
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(PhD student) 
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system 
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8.3. Supplementary information 

Table A 1: Substrate test with a Biolog plate for Microbacterium sp. strain BR1 

Degradable substrates are ordered by doubling time. Non-degradable substrates are ordered alphabetically. 

Growth observed  No growth observed 
Doubling 
time [h] 

Carbon source  Carbon source 

11.51 Sucrose  1,2-Propanediol Fumaric Acid 
12.13 D-Cellobiose  2-Aminoethanol Glucoronamide 
12.21 D-Mannitol  Acetic Acid Glycolic Acid 
13.68 D-Trehalose  Acetoacetic Acid Glycyl-L-Aspartic Acid 
14.29 alpha-D-Glucose  Adonitol Glycyl-L-Glutamic Acid 
18.49 D-Mannose  alpha-D-Lactose Glycyl-L-Proline 
25.63 Maltotriose  alpha-Hydroxy 

Glutaric Acid-
gamma-Lactone 

Glyoxylic Acid 

26.61 Glycerol  alpha-Keto-
Glutaric Acid 

Lactulose 

27.04 D-Gluconic Acid  alpha-Methyl-D-
Galactoside 

L-Alanine 

28.54 L-Glutamic Acid  beta-Methyl-D-
Glucoside 

L-Alanyl-Glycine 

29.23 D-Fructose  Bromo Succinic 
Acid 

L-Asparagine 

35.51 Tween 80  Citric Acid L-Fucose 
45.70 Tween 40  D,L-alpha-Glycerol-

Phosphate 
L-Galactonic Acid-
gamma-Lactone 

51.32 alpha-Hydroxy 
Butyric Acid 

 D,L-Malic Acid L-Glutamine 

52.11 Maltose  D-Alanine L-Lyxose 
55.78 L-Aspartic Acid  D-Aspartic Acid L-Malic Acid 
57.59 Inosine  D-Fructose-6-

Phosphate 
L-Proline 

63.21 Pyruvic Acid  D-Galactonic-Acid-
gamma-Lactone 

L-Rhamnose 

66.85 Tween 20  D-Galactose L-Serine 
68.15 Thymidine  D-Galacturonic 

Acid 
L-Threonine 

73.71 Adenosine  D-Glucoronic Acid m-Hydroxy Phenyl 
Acetic Acid 

81.25 Methyl Pyruvate  D-Glucose-1-
Phosphate 

m-Inositol 

83.18 2-Deoxy 
Adenosine 

 D-Glucose-6-
Phosphate 

Mono Methyl 
Succinate 

87.12 alpha-Keto-Butyric 
Acid 

 D-Glucosminic 
Acid 

m-Tartaric Acid 

89.26 D-Xylose  D-Malic Acid Mucic Acid 
95.00 Tyramine  D-Melibiose N-Acetetyl-D-

Glucosamine 
104.92 L-Arabinose  D-Paicose N-Acetyl-beta-D-

Mannosamine 
203.45 L-Lactic Acid  D-Ribose Negative Control 
   D-Saccharic Acid Phenylethylamine 
   D-Serine p-Hydroxy Phenyl 

Acetic Acid 
   D-Sorbitol Propionic Acid 
   D-Threonine Succinic Acid 
   Dulcitol Tricarballylic Acid 
   Formic Acid Uridine 
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Table A 2: SMX-MO specific activity after ammonium sulphate and HIC fractionation with and without crude 

Microbacteriumsp. Strain BR1 cell extract 

Crude Microbacterium sp. strain BR1 cell extract was fractionized by ammonium sulphate precipitation followed by HIC. 

All fractions of the HIC were tested by the NADH assay, containing FMN and FRE additionally to the standard NADH 

  Control Fraction 12 Fraction 13 Fraction 14 
with CE µMNADH min-1 2.84 15.97 21.72 19.09 
 Stdev 0.94 3.90 1.91 1.20 
without CE µMNADH min-1 0.80 -1.64 0.31 -3.74 
 Stdev 1.81 0.48 1.60 4.43 

 

Table A 3: SMX-MO specific activity after ammonium sulphate and HIC fractionation with the addition of different salts 

Crude Microbacterium sp. strain BR1 cell extract was fractionized by ammonium sulphate precipitation followed by HIC. 

All fractions of the HIC were tested by the NADH assay, containing FMN and FRE additionally to the standard NADH 

assay (2.5.3). The active fractions after HIC were detected with the addition of crude Microbacterium sp. strain BR1 cell 

extract and pooled. The activity of the pool was tested again with the addition of crude cell extract (CE) as positive 

control and different metal salts. 

 % Stdev % 
Pool+CE 100.00 4.48 
CuSO4 3.61 5.76 
MgSO4 0.49 3.34 
CaCl2 1.39 3.21 
MnCl2 24.39 4.69 
ZnCl2 -1.52 0.37 
FeSO4 7.06 8.20 
Na2SO4 3.88 2.95 
NaCl 7.90 3.40 
Control -8.60 6.72 

 

Table A 4: SMX-MO specific activity after ammonium sulphate and HIC fractionation with the addition of different MnSO4 

concentrations. 

Crude Microbacterium sp. strain BR1 cell extract was fractionized by ammonium sulphate precipitation followed by HIC. 

All fractions of the HIC were tested by the NADH assay, containing FMN and FRE additionally to the standard NADH 

assay (2.5.3). The active HIC fractions were detected with the addition of crude Microbacterium sp. strain BR1 cell 

extract and pooled. The activity of the pool was tested with the addition of crude cell extract (CE) as positive control 

and different MnSO4 concentrations. 

 HIC + CE Hic 
pure 

Mn 
3 µM 

Mn 
1.5 µM 

Mn 
0.75 µM 

Mn 
0.38 µM 

Mn 
0.19 µM 

Control 

% 100.00 0.18 9.66 16.37 15.96 17.72 14.05 -10.85 
Stdev 2.15 7.53 6.21 3.94 13.63 8.94 3.63 7.16 

 

Table A 5: SMX-MO specific activity after ammonium sulphate and HIC fractionation with the addition of filtrated crude 

cell extract. 

Crude Microbacterium sp. strain BR1 cell extract was fractionized by ammonium sulphate precipitation followed by HIC. 

All fractions of the HIC were tested by the NADH assay, containing FMN and FRE additionally to the standard NADH 
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assay (2.5.3). The active HIC fractions were detected with the addition of crude Microbacterium sp. strain BR1 cell 

extract and pooled. The activity of the HIC pool was tested with the addition of CE (Pool +CE) as positive control and 

the permeate and retentate of crude cell extract filtered with a cut off of 300 kDa (Pool +Permeate and Pool 

+Retentate). The abiotic control (AB) only contains NADH, FMN, FRE and SDZ. The control CE is identical to AB but 

contains additional crude cell extract. The HIC pool without the addition of cell extract was run as biotic negative control 

(Pool -CE). 

 AB Control 
CE 

Pool 
-CE 

Pool 
+CE 

Pool  
+ Permeate 

Pool  
+ Retentate 

µMNADH min-1 0.81 19.78 41.95 100.00 43.15 103.25 
Stdev 4.73 4.45 3.75 12.09 7.34 1.03 

 

Table A 6: SMX-MO specific activity after ammonium sulphate and HIC fractionation with the addition of Proteinase K 

treated cell extract 

Crude Microbacterium sp. strain BR1 cell extract was fractionized by ammonium sulphate precipitation followed by HIC. 

All fractions of the HIC were tested by the NADH assay, containing FMN and FRE additionally to the standard NADH 

assay (2.5.3). The active HIC fractions were detected with the addition of crude Microbacterium sp. strain BR1 cell 

extract and pooled. The abiotic control (1) contained only FMN and FRE additionally to the standard NADH assay (2.5.3). 

(2) measures the background activity of the additional CE. (3) is the positive control to the degraded CE in (4). (5) 

determines the maximum activity of the HIC pool. (6) measures the activity of the HIC pool with proteinase K degraded 

CE. (7-9) are controls for (6). (10) is the biotic negative control, measuring the minimum activity of the HIC pool without 

additional CE. 

 Sample [30 µl] crude CE [15 µl] U [%] Stdev 
1 PBS PBS 10.47 1.93 
2 PBS crude CE 14.52 8.40 
3 crude CE PBS 58.23 4.16 
4 crude CE + Proteinase K + 

PMSF 
PBS 11.93 13.89 

5 Pool HIC crude CE 100.00 5.15 
6 Pool HIC crude CE + Proteinase K + 

PMSF 
36.89 6.11 

7 Pool HIC PBS + Proteinase K + PMSF 29.92 6.89 
8 Pool HIC crude CE @ 37 °C 88.01 5.90 
9 Pool HIC PBS + PMSF 30.17 1.69 
10 Pool HIC PBS 20.27 2.40 
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Figure A 1: GC-MS mass spectrum of THB detected in the supernatant of E. coli AE 4AP-MO during 4AP degradation. 

(Preprinted in Ricken et al. submitted (147)) 

 

 

Figure A 2: GC-MS extracted ion chromatograms of THB in supernatants of E. coli AE 4AP-MO resting cells, incubated 

with 200 uM 4AP. 

Extracted ion chromatogram m/z 110 of E. coli AE 4AP-MO resting cell supernatants after 0 (black line), 2.17 h (red 

line) and 4.17 h (blue line). (Preprinted in Ricken et al. submitted (147)) 
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Figure A 3: Linear regression for ln (TCC) values of active and inactive Microbacterium sp. strain BR1 growth  

Active and inactive Microbacterium sp. strain BR1 were grown in medium without antibiotics, (without AB) with 

sulphanilamide, which cannot be degraded by Microbacterium sp. strain BR1, and the biologically degradable SMX. The 

growth was measured by flow cytometry after SGPI staining. Growthrates were compared by the slopes of linear 

regression models for the natural logarithm of the TCC values (blue and red triangles). The values used for the 

calculation are marked by a solid line. (Preprinted in Ricken et al. submitted (147)) 
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