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ABSTRACT 18 

Antibiotics are micropollutants accumulating in our rivers and wastewaters, potentially leading 19 

to bacterial antibiotic resistance, a worldwide problem to which there is no current solution. 20 

Here, we have developed an environmentally friendly two-step process to transform the 21 

antibiotic rifampicin (RIF) into non-antimicrobial compounds. The process involves an 22 

enzymatic oxidation step by the bacterial CotA-laccase and a hydrogen peroxide bleaching 23 

step. NMR identified rifampicin quinone as the main product of the enzymatic oxidation. 24 

Growth of Escherichia coli strains in the presence of final degradation products (FP) and 25 

minimum inhibitory concentration (MIC) measurements confirmed that FP are non-anti-26 

microbial compounds, and bioassays suggest that FP is not toxic to eukaryotic organisms. 27 

Moreover, competitive fitness assays between susceptible and RIF-resistant bacteria show that 28 

susceptible bacteria is strongly favoured in the presence of FP. Our results show that we have 29 

developed a robust and environmentally friendly process to effectively remediate rifampicin 30 

from antibiotic contaminated environments. 31 

 32 

33 
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INTRODUCTION 34 

Antibiotics are key in the clinical treatment of infections and growth promotion of animal 35 

livestock. However, their continuous discharge into the environment, together with the low 36 

rates of degradation of some of them, is making antibiotics accumulate and become a new 37 

micro-pollutant, which are currently poorly legislated [1,2]. Moreover, the accumulation of 38 

antibiotics has the potential to generate reservoirs of antibiotic-resistant bacterial strains since 39 

the presence of these drugs in the environment strongly promotes the evolution of these strains 40 

[3,4], even at very low concentrations [5,6]. Antibiotic resistance is a growing, widespread 41 

problem, with antibiotic-resistant infections causing in 2019 almost 1.3 million deaths 42 

worldwide and a huge economic burden [7]. Nevertheless, there are fewer and fewer antibiotics 43 

with novel modes of action available in the market and it is currently non-attractive for 44 

companies to spend resources in research to develop new antibiotics [8]. Moreover, the use of 45 

novel antibiotics will likely result in an increased level of antibiotics in the environment and 46 

maintain the selection pressure favouring resistance. 47 

Current antibiotic bioremediation relies on technologies such as photocatalysis, membrane 48 

filtration, activated carbon adsorption, chlorination and advanced oxidation processes [9]. Most 49 

biological strategies involve the use of activated sludge whereas an unspecific community of 50 

microbes metabolizes the antibiotics. Although this solution is cheap, its performance is highly 51 

variable, poorly understood and the determinants of the reaction are often determined 52 

empirically in a labour-intensive process [10,11]. By comparison, enzymatic biodegradation is 53 

still a mildly explored alternative to detoxify some antibiotics such as tetracyclines, β-lactams, 54 

rifampicin, and others [12–14] but may allow for a greater level of reproducibility, increasing its 55 

applicability. 56 

Rifampicin (also known as (3-(4-methylpiperazinyliminomethyl) rifamycin SV), RIF 57 

throughout the manuscript) is a semisynthetic aromatic antibiotic important to treat 58 
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tuberculosis, since it is one of the very few antibiotics capable of killing slow-growing 59 

microorganisms as Mycobacterium tuberculosis [15]. RIF binds and inhibits  bacterial RNA 60 

polymerase [16] and its intensive use has led to the wide spread of resistance which is mainly 61 

associated to chromosomal mutations in the RNA polymerase gene(s) [17]. RIF has a 62 

heterocyclic structure containing a naphthyl core, giving its characteristic red/orange colour 63 

and it is mostly recalcitrant to degradation. RIF display pigment properties and often non-64 

metabolized RIF is excreted, making patients under treatment display secondary effects as red 65 

or orange urine, saliva and tears. Due to its properties, RIF accumulating in the environment 66 

has the potential to negatively impact the microbial soil ecosystems while selecting for resistant 67 

bacteria. 68 

Laccases are multicopper proteins interesting for the biodegradation of antibiotics because they 69 

are known to catalyse the mono-electronic oxidation of a wide range of phenolic and aromatic 70 

substrates, with their only by-product being water [18,19]. The catalytic mechanism of laccases 71 

involves (1) reduction of the T1 Cu site by the oxidized substrate, (2) electron transfer from 72 

the T1 Cu site to the trinuclear centre and (3) O2 reduction by the trinuclear cluster [18,19]. 73 

Whereas fungal laccases have been shown to degrade some antibiotics [20] this was not 74 

demonstrated to bacterial counterparts that furthermore has advantages such as an improved 75 

thermostability and activity in a wider range of pHs [21,22].  CotA-laccase has a known three-76 

dimensional structure and has been used as a model protein for structure-function, protein 77 

engineering and application studies [18,19,23]. 78 

In here, we have firstly characterized the ability of purified CotA-laccase to transform the 79 

antibiotic rifampicin into a single product that was identified by NMR to be rifampicin quinone 80 

(RFQ). RFQ still held antimicrobial properties and strong purple colouration but adding 81 

hydrogen peroxide subsequently bleached it into colourless final degradation non-82 

antimicrobial products (FP), as assessed by measuring the minimum inhibitory concentrations 83 
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(MICs) for an Escherichia coli strain susceptible to rifampicin. Moreover, growth curves and 84 

competitive fitness assays supplemented with FP show that rifampicin resistant strains do not 85 

benefit from the presence of FP. Finally, toxicity assays with the model organism C. elegans 86 

suggest that FP are also not toxic to eukaryotic organisms. 87 

 88 

MATERIAL AND METHODS 89 

Chemicals, strains and growth conditions 90 

Rifampicin was obtained from Sigma Aldrich (CAS# 13292-46-1) with a 95% purity, 91 

according to the manufacturer. A 10 mg/ml rifampicin stock solution was prepared in 96% 92 

methanol and thereafter further dilutions were all made in 100 mM phosphate buffer. Hydrogen 93 

peroxide was obtained from Sigma. E. coli Tuner(DE3)pLacI (Novagen) strain AH3517, 94 

carrying the cotA gene under the control of an inducible IPTG plasmid, was used to overexpress 95 

CotA [22]. AH3517 was first grown aerobically in Luria–Bertani (LB) medium supplemented 96 

with ampicillin (100 µg mL-1) with 120 rpm shaking (Innova1 44, New Brunswick Scientific). 97 

The cells were grown at 30ºC until an optical density at 600nm (OD600nm) of 0.6 was reached, 98 

after which 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and 0.25 mM CuCl2 were 99 

added to the culture medium and the temperature was reduced to 25ºC. Incubation continued 100 

for a further 4 h and then a change to microaerobic conditions was achieved by switching off 101 

the shaking function, as described previously [21]. Cells were harvested after a further 20 h of 102 

growth by centrifugation. Cell disruption and a two-step protein purification chromatographic 103 

procedure were conducted as previously described [22]. Protein concentration was measured 104 

either by using the absorption band at 280 nm (ɛ280nm =84,739 M-1cm-1) or by the Bradford 105 

method. The amount of copper bound to CotA was determined through the trichloroacetic 106 

acid/bicinchoninic acid method of Brenner and Harris [24], yielding a ≈ 4:1 ratio of copper per 107 

protein. 108 
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 109 

Enzyme assays 110 

The laccase-catalysed oxidation reactions of rifampicin were photometrically monitored with 111 

either a Shimadzu UV-1603 spectrophotometer or a Biotek Epoch 2 microplate reader with a 112 

96-well plate. The molar extinction coefficients of rifampicin (in the concentration range of 0.2 113 

–0.02 µg/mL) were determined at the maximal wavelength of 470 nm at pHs ranging from 4 114 

to 8 and, therefore, all oxidation reactions of rifampicin were followed at 470 nm (ɛ = 12676 115 

M-1 cm-1). The effect of pH on the enzyme activity was determined at 37ºC using Britton–116 

Robinson (BR) buffer (100 mM phosphoric acid, 100 mM boric acid and 100 mM acetic acid 117 

mixture with 0.5 M NaOH to the desired pH) ranging from pH 3-10. The apparent kinetic 118 

parameters (kcat and KM) towards rifampicin oxidation were determined at 470 nm (ɛ470nm = 119 

12676 M-1 cm-1) in a discontinuous assay due to the high extinction coefficient at this 120 

wavelength, at 37ºC in phosphate buffer pH 6. The kinetic parameters were determined by 121 

directly fitting a Michaelis-Menten equation using the function MM.2 in the “drc” package (R 122 

software). All enzymatic assays were performed at least in triplicate. 123 

 124 

Hydrogen peroxide bleaching 125 

The concentration of the hydrogen peroxide stock solution was calculated from its absorption 126 

at 240 nm using a ɛ = 43.6 M-1.cm-1 [25]. Bleaching reactions were set up by diluting a 30% 127 

stock solution (Sigma) and 0.2 mg/ml of RFQ bleaching was followed spectrophotometrically 128 

at λ ≈ 535 nm (ɛ535nm = 2995 M-1.cm-1) at 37ºC for 1h. Epsilon at λ = 535 nm was determined 129 

beforehand by scanning the spectra of several concentrations of RFQ (Figure S1). 130 

 131 

Characterization of the reaction products by TLC and NMR 132 
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All reactions were monitored on TLC plates (Silicagel 60, F254). The spots of compounds were 133 

detected with UV lamp (λ max = 254 nm or 366 nm). To obtain pure CotA oxidation product 134 

for NMR characterization, a standard preparative scale reaction was set up. RIF (82.3 mg, 0.1 135 

mmol) was dissolved in methanol (8.2 mL) and then diluted with phosphate buffer (100 mM, 136 

pH 6, 73.8 mL) and CotA (0.1 mg/mL) was added. The reaction mixture was incubated at 37 137 

ºC with 600 rpm agitation for 30 minutes until TLC samples (dichloromethane/methanol = 12:1 138 

(v/v)) showed complete conversion of RIF to RFQ. Afterwards, the reaction mixture was 139 

diluted with water (50 mL) and extracted with dichloromethane (4x 100 mL). Afterwards, the 140 

reaction mixture was diluted with water and extracted with dichloromethane (4x). The organic 141 

fraction was dried over anhydrous magnesium sulphate and evaporated to dryness. The 142 

resulting purple amorphous crude product was purified on silica using 143 

dichloromethane/methanol = 12:1 (v/v) to obtain pure RFQ as a burgundy coloured amorphous 144 

solid (70 mg, 85%). 145 

Column chromatography was performed on Silica gel 60A (40–63 µm). Spectra were acquired 146 

at 25°C on a Bruker Avance III 800 spectrometer (Bruker, Rheinstetten, Germany) working at 147 

a proton operating frequency of 800.33 MHz, equipped with a 5 mm, three channel, inverse 148 

detection cryoprobe TCI-z H&F/C/N with pulse-field gradients. Shifts are referenced to 149 

internal solvents or Me4Si as internal standard, respectively. 13C NMR spectra were recorded 150 

at 201.26 MHz and shifts are referenced to internal solvents. Chemical shifts are expressed in 151 

parts per million (d scale) downfield from tetramethylsilane and are referenced to the residual 152 

proton in the NMR solvent (CDCl3: δ 7.26 ppm, δ 77.23 ppm). For correct complete 153 

assignment of signals a two-dimensional homonuclear correlation technique (H-H COSY), 154 

heteronuclear correlation techniques (H-C HSQC, HMBC and H2BC) were performed. High 155 

resolution mass spectrometry data was obtained by the Mass Spectrometry Unit (UniMS), 156 

ITQB/iBET, Oeiras, Portugal. 157 
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 158 

Measurement of the minimum inhibitory concentrations (MICs) 159 

Strains used to determine the MICs are derivatives of an E. coli K12 MG1655, which 160 

constitutively express yellow (YFP) fluorescent proteins inserted in the galK locus and had the 161 

entire lac operon deleted (∆lacIZYA galK::cat::PLlacO-1-YFP). Resistant mutants also 162 

harbour chromosomal resistance mutations to rifampicin (RpoBH526Y, RpoBS512F, RpoBS531F 163 

and RpoBI572F alleles). To determine the MICs of rifampicin and the degradation compounds, 164 

the compounds were diluted in Mueller-Hinton media ranging from 1000 µg/mL to 3 µg/mL 165 

[1000, 500, 250, 100, 50, 20, 10, 5, 3, 0 µg/mL]. Since H2O2 is a powerful disinfectant, FP was 166 

beforehand supplemented with catalase (30 μg/mL) for 24h to remove H2O2 in excess. Pure 167 

cultures of the strains were grown in Mueller-Hinton broth and the culture was standardized by 168 

OD600nm to have a concentration of ≈106 cells/ml in the final well. The 96-well plates with the 169 

inoculated wells were incubated at 37 ºC for around 18 h. After incubation, the series of 170 

dilutions were observed for microbial growth (turbidity). The last tube in the dilution series 171 

that does not demonstrate growth corresponds to the MIC of tested compound. 172 

 173 

Growth curves 174 

E. coli growth was assessed in 96-well plates using a 200 μl growth assay in a Bioscreen C 175 

Microbiology Reader (Growth Curves Ltd, Finland). Growths were performed in LB media 176 

supplemented with catalase (30 μg/mL) to remove traces of H2O2 from FP (previously treated 177 

with catalase for 24 h) and started with ≈106 cells/mL. The OD600nm of cultures in the 178 

Bioscreen was measured every 30 min for 24 h with continuous shaking (aeration) at 37 ºC. 179 

Maximum growth rates were calculated using R package “growthrates” using the 180 

“all_easylinear“ function which determines maximum growth rates from the log-linear part of 181 

the growth curve. A minimum of four independent assays were done for each resistant clone. 182 
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 183 

Competitive fitness in the presence of degradation products 184 

The relative fitness between E. coli susceptible to antibiotics (E. coli K12 MG1655) and the 185 

rifampicin resistant strains was measured by mixing 50% of YFP or CFP resistant strain with 186 

50% of the CFP or YFP reference strain and each mixed population was allowed to compete 187 

for 24 h. The initial and final frequency of the strains was obtained by counting their cell 188 

numbers in LB plates without antibiotic (total colonies) and by counting the resistant cell 189 

numbers by plating in LB supplemented with rifampicin (100 µg/mL). Relative fitness, 190 

representing the selection coefficient (S), of each mutant strain was estimated as the per 191 

generation difference in Malthusian parameters: S = ln(Rf/Ri)/t, where t is the number of 192 

generations after 24h growth for the susceptible strain and Rf and Ri are the final and initial 193 

ratios between resistant and reference strain, respectively. Generation time was estimated from 194 

the doubling time of the reference strain (approximately eight generations/24 h). Values 195 

represent the average of at least three independent replicates for each competition.  196 

 197 

Toxicity assays with eukaryotic organism C. elegans 198 

Biological toxicity of the final degradation compounds was tested with C. elegans, following 199 

Bischof’s and colleagues L1 growth assay [26]. In this assay, the development of first-larval 200 

staged C. elegans individuals (L1s) into pre-adult larvae (fourth-staged larvae, L4s) is analysed 201 

under different test conditions. Groups of 60 to 80 L1s were initially placed in single wells of 202 

24 well-plates and, 60 hours later, the number of individuals surviving past L1 stage, and their 203 

body sizes (body area) were recorded as measures of successful development. These were 204 

obtained by direct (visual) inspection and counting, for the number of surviving individuals, or 205 

by acquisition of worm images with a stereoscope and digital camera, and analysis with 206 

ImageJ. The assay was done at 20º C, in liquid media (M9 buffer), E. coli OP50 and tetracycline 207 
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at 25 µg/ml defining the positive control conditions. The absence of food was used as the 208 

negative control. Test conditions included H2O2 [1 mM], the antibiotic rifampicin at 100 µg/ml, 209 

and FP also at 100 µg/ml. The effect of catalase was also tested at a final concentration of 25 210 

µg/ml. Each estimate was done based on three replicates and statistical analysis was conducted 211 

in R. Significance testing against the positive control and confidence intervals were obtained 212 

in a model where each treatment was used as a predictor. For the analysis of body size, log 213 

transformation was used to normalize the error at different predictor scales. Tukey’s HSD 214 

correction was used with the emmeans and contrast functions, in R for multiple test correction. 215 

 216 

RESULTS AND DISCUSSION 217 

CotA laccase oxidizes rifampicin 218 

CotA-laccase was overexpressed by an E. coli Tuner strain and then purified as previously 219 

described [22]. Oxidation of rifampicin was observed by the change of colour of the reaction 220 

mixture from orange to purple (Figure 1A). The UV-spectra of the final reaction shows a 221 

decrease at ≈ 460-470 nm and an increase of absorbance at 395 and 535 nm, corresponding to 222 

the decrease of substrate rifampicin and an increase of oxidized purple product, respectively. 223 

Since the naphthyl core is usually associated with the colour of this compound with peaks in 224 

UV-visible region, our data suggests that the product was oxidized in the vicinities of the 225 

aromatic ring of the naphthyl core, thus indicating that the final product may be rifampicin 226 

quinone (RFQ). Indeed, in the oxidation of rifampicin by horseradish peroxidase, RFQ was 227 

proposed as the final product [27] but confirmatory structural data was missing. 228 
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 229 

Figure 1 – CotA laccase oxidation of rifampicin. A) Absorbance spectra of 0.2 mg/mL of 230 

rifampicin (RIF; full line) and the product of the enzymatic oxidation of RIF by CotA-laccase 231 

at pH 6, 37ºC for 5 min (dashed line). The aromatic ring of RIF gives a bright orange colour at 232 

this concentration (peak at λ ≈ 460 – 470 nm), while the product has a purple colour (λ ≈ 535 233 

nm), suggesting a change in the vicinity of the naphthyl core. B) pH profile of the CotA-laccase 234 

oxidation of RIF in 100 mM Britton-Robinson buffer. CotA displays a bell-shaped pH profile 235 

with an optimum at pH 6. C) CotA-laccase activity [pH 6, 37ºC] was determined for several 236 

concentrations of RIF and the efficiency (kcat/KM) was determined to be (9.02 ± 1.88) * 105 M-237 
1.s-1 by a Michaelis-Menten fit corresponding to a kcat

app = 45 ± 1 s-1 and a KM
app = 50 ± 5 µM. 238 

 239 

To follow spectrophotometrically the enzymatic reaction by substrate consumption, we have 240 

determined the extinction coefficient of rifampicin at the maximal absorption band ≈ 470nm 241 

(ɛ470nm) in the UV-visible spectrum (Figure S1). The same ɛ470nm ≈ 12,676 M-1cm-1 was 242 

obtained from pH 4 to pH 8 but linearity is restricted to a limited range of concentrations of 243 

RIF (between 16.5 µM and 165 µM corresponding to 0.02 and 0.2 µg/mL, respectively). The 244 

pH profile for the CotA-laccase oxidation of RIF (Figure 1B) is bell-shaped with an optimal at 245 

pH 6, displaying a plateau of maximal activity between pH 5 and 7; at pH 4 the enzyme still 246 
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holds 80% activity. Thus, CotA-laccase performs this reaction optimally at neutral to slightly 247 

acidic pHs which is interesting for future wastewater treatment plants (WWTP) applications 248 

since the current microbial bioremediation techniques are most effective at pH close to neutral. 249 

We have then determined the apparent kcat/KM of the enzyme reaction to be 9.02 * 105 M-1.s-1 250 

by a Michaelis-Menten fit (Figure 1C) corresponding to a kcat
app of ≈ 45 ± 1 s-1 and a KM

app of 251 

50 ± 5 µM. CotA laccase presents a ≈ 9-fold faster turnover and a ≈ 2-fold higher affinity 252 

towards RIF when in comparison with HRP (kcat
app = 5.1 ± 0.6 s-1, and KM

app = 101 ± 23 µM), 253 

indicating that CotA laccase has a ≈ 20-fold better efficiency towards rifampicin oxidation than 254 

HRP [27].  255 

 256 

Hydrogen peroxide bleaches RFQ 257 

Hydrogen peroxide (H2O2) is a known disinfectant often used in WWTPs [28]. It is also a known 258 

powerful bleaching agent commonly used in dentistry or the textile industry [29,30]. Importantly, 259 

hydrogen peroxide at low concentrations is considered safe to drink and is eco-friendly since 260 

it breaks down to water and oxygen. Thus, we have tested the ability of hydrogen peroxide to 261 

damage the chromogenic group of RFQ. The addition of 100 mM H2O2 to 0.2 mg/mL solution 262 

of RFQ quickly resulted in final products with loss of colouration (denominated FP from now 263 

on, Figure 2A) after 10 min reaction at 37ºC, pH 6. Contrary to RIF and RFQ, which display 264 

clear peaks in the UV-visible region (peaks at λ ≈ 470 and 535 nm to RIF and RFQ, 265 

respectively), FP displays no clear peak in the visible region between 400 and 750 nm 266 

suggesting a change or loss of the naphthyl core (Figure 2A). 267 

Next, to be able to follow spectrophotometrically the RFQ consumption during the reaction, 268 

we have determined the extinction coefficient at the maximal band in the UV-visible region (λ 269 

= 535 nm) to be 2995 M-1.cm-1. We then studied the effect of pH and temperature in the 270 

bleaching process of RFQ [31] (Figure 2B-C). The optimal pH for RFQ degradation was ≈ pH 271 
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9 (Figure 2B). The reaction was similarly fast at higher pHs, but the UV-visible spectra of RFQ 272 

were distinct in this range of pHs and did not allow a proper spectrophotometric quantification 273 

at 535nm (data not shown). The increase of bleaching between pH 4 to 9 is almost linear (linear 274 

regression fit given by y = 20.257x – 81.592, r2 = 0.9412; Figure 2B, inset), suggesting a 20% 275 

linear increase of activity for each increase of pH unit in this pH range. On the other hand, 276 

adding 100 mM H2O2 to a solution of 0.2 mg/mL of RIF in a pH range between 3 to 10 did not 277 

change the UV-visible spectra neither showed any decrease at 470 nm (37ºC, 10 min reactions). 278 

The optimal reaction temperature at pH 9 was around 55ºC (100 ± 12 % activity, Figure 2C). 279 

The linear increase of bleaching activity at basic pHs and higher temperatures suggests that 280 

H2O2 bleaching occurs through the generation of reactive oxygen species (ROS) during the 281 

decomposition hydrogen peroxide into water (equations 1-3, [32]). 282 

 283 

H2O2 → H+ + HO2
-   (1) 284 

HO2
- + H2O2 → (HO●

2) + HO● + OH- (2) 285 

HO● + H2O2 → HO●
2 + H2O  (3) 286 

 287 

Bleaching reactions at increasing concentrations of RFQ in the presence of H2O2 reveal a linear 288 

increase of RFQ bleached at 37 ºC and pH 9 (Figure 2D). Thus, the rate of the reaction can be 289 

calculated for any concentration of reactant by the formula rate = 4*10-6 x [RFQ]x[H2O2], 290 

consistent with a second order reaction. The bleaching in these conditions is the rate-limiting 291 

step of the degradation pathway of RIF into non-antimicrobial compounds since it is 292 

significantly slower than the enzymatic RIF oxidation. 293 

 294 
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 295 

Figure 2 – Rifampicin quinone is bleached by hydrogen peroxide. A) Absorbance spectra 296 

of the 0.2 mg/mL of CotA-laccase oxidation products (RFQ; dashed line) and the final product 297 

after reacting with 100 mM of H2O2 at pH 9, 37ºC for 10 min (FP; dotted line, RFQ). FP is 298 

pale yellow with no clear peak in the UV-visible suggesting either further changes or even the 299 

loss of the aromatic ring. B) pH profile of the H2O2 conversion rate of RFQ in 100 mM Britton-300 

Robinson buffer. The reaction displays an optimum pH of 9. There is a linear correlation 301 

between pH 4 to 9 and the bleaching activity of H2O2. C) Optimal temperature of the H2O2 302 

mediated conversion rate of RFQ is around 55ºC. D) Linear co-dependence of the bleaching 303 

conversion rate on the amount of the RFQ and H2O2 substrates suggests a second order 304 

reaction. Bleaching rate of RFQ is directly dependent of the concentration of both reactants 305 

and the rate of the reaction can be calculated for any concentration of reactant by the formula 306 

rate = 4*10-6 x [RFQ]x[H2O2], whereas the slope stands for the μmol of RFQ bleached per mM 307 

of H2O2 per minute. 308 

 309 

Characterization of the degradation products 310 

NMR identification of the CotA laccase oxidation product 311 

We have characterized the products of the CotA-laccase RIF oxidation by thin layer 312 

chromatography (TLC) and NMR. TLC of RIF shows a main orange band corresponding to 313 

the antibiotic itself but also a purplish impurity consistent with the 95% purity of the purchased 314 

compound (Figure S2). After enzymatic RIF oxidation there was no traces of RIF in the TLC 315 
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and only one single product band with the same retention time and purplish colour as the 316 

impurity present in RIF is present, suggesting that it is the same compound (Figure S2). For 317 

NMR characterization, pure RIF oxidation product was further purified (see Material Methods 318 

section). By combining a range of 1H- and 13C-NMR techniques (APT, COSY, HSQC, HMBC 319 

and H2BC) in CDCl3 at 800 MHz and 201 MHz, respectively, we were able to identify CotA-320 

laccase oxidized product as being RFQ (Figure 3, Table I and Supplemental Material). 321 

Accordingly, high-resolution mass spectrometry has yield an observed [M+H]+ strongly in 322 

agreement with the calculated for RFQ (821.3973 versus 821.3971 for calculated and measured 323 

values, respectively; Figure S3). To our knowledge, this is the first time that the complete 324 

spectrum of RFQ is published in the literature [33,34]. 325 

326 
Figure 3 - Reagents and conditions for CotA-laccase catalysed oxidation of RIF to RFQ. 327 
 328 

In the 1H-NMR analysis of CotA-laccase oxidation product, the key protons H-17, H-18, H-329 

19, H-28, and H-29 were assigned (for details please see Supplemental Information, Table I 330 

and Supplemental Figure S4). Notably, H-17 showed significant allyl coupling to methyl H-30 331 

and proton H-29 exhibited allyl coupling with H-27 and simultaneous coupling to H-28. 332 

Incomplete resolution of multiplets complicated assignment of protons H-20 to H-27. The 333 

COSY spectrum revealed correlations between H-26 and methyl H-34. The ansa-ring's H-26 334 

proton correlated with H-25, which correlated with H-24. Assigning H-32 and H-33 methyl 335 

groups proved challenging due to signal overlap. Chemical shifts for carbons C-17, C-18, C-336 
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19, C-21, C-23, C-25, C-26, C-27, C-28, C-29, and C-31 were determined using the HSQC 337 

spectrum. H-33 methyl group was identified via the HMBC spectrum, and H-24 assignment 338 

relied on H2BC and HSQC spectra. Proton H-17 had a strong correlation with C-15. H-25 339 

correlated with C-35 in the HMBC spectrum, aiding identification of methyl carbon C-37. 340 

HMBC correlations between H-29, H-28, and C-12, along with interactions with methyl H-13 341 

and carbonyl carbon C-11, were observed. The assignment process extended to H-20, revealing 342 

C-20 in the HSQC spectrum. Correlations in HMBC facilitated identification of C-22, H-32, 343 

H-14, C-14, and signals in the N-methylpiperazine ring. Assigning quaternary carbon signals 344 

in the naphthoquinone part involved HMBC interactions with H-1', H-14, and H-30. H-1' 345 

correlations indicated C-2, C-3, C-1, and C-4. H-14 correlated with C-8, C-6, and C-7. 346 

Comparison with rifamycin derivatives' NMR spectra[35] aided C-9 and C-10 assignment. A 347 

signal at 130.28 ppm without H-1' correlation was identified as C-5. 348 

For longer oxidation periods (≥ 3 h), it was occasionally visible on the TLCs a second band 349 

with an almost identical retardation factor of RFQ (Rf = 0.61 vs Rf
RFQ = 0.57, respectively) 350 

(Figure S5). Purification of such a reaction mixture on preparative TLC 351 

(dichloromethane/methanol = 15:1 (v/v), developed three times) afforded a new purple product 352 

which we called RFQII. Comparison of the 1H-NMR spectra of RFQ and RFQII (Table I and 353 

Table SI, respectively) showed only small changes in the chemical shifts of most signals (0.2-354 

0.3 ppm). More pronounced changes in the chemical shifts of the signals were observed only 355 

in the case of H-18 (0.48 ppm), H-24 (0.52 ppm) and H-26 (0.72 ppm) (Table I and Table SI).  356 

Overall, the NMR spectra indicates that the isolated compound is chemically identical to RFQ, 357 

except to a different conformation of the ansa-ring. This is the first report of RFQ to exist in 358 

two different conformations either in aqueous buffer or in CDCl3 
[33]. The relatively large 359 

change in the chemical shift of the H-18 proton is apparently a consequence of the anisotropic 360 

effect of the amide carbonyl, which is manifested after the rotation of the amide bond around 361 
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the C-2 – N1 and C-15 – C-16 bonds [33]. Moreover, we have observed by TLC that both RFQ 362 

and RFQII afford a reaction mixture with the same final composition (same FP composition) 363 

after bleaching with hydrogen peroxide. TLC (butanol/ethanol/water = 10:8:5) of FP contains 364 

at least four products with retardation factors of 0.59, 0.63, 0.70 and 0.84, which yield a strong 365 

fluorescent signal at λ= 366 nm (Figure S6). The likely unspecific nature of the reaction of 366 

ROS with RFQ (or RFQII), is consistent with the presence of several final products and made 367 

NMR characterization unviable. However, based on the loss of colour and antimicrobial 368 

properties of FP, we reason that the bleaching reaction could result in the loss of the 369 

naphthoquinone ring. Moreover, the mobility of the final products on the TLC using such a 370 

strong polar developing phase (butanol/ethanol/water = 10:8:5) also suggest the formation of 371 

polyhydroxylated substances and very likely N-oxides. 372 

 373 

Table I – Chemical shift assignment for 1H- and 13C-NMR of CotA-laccase oxidation product 374 
which was identified as being rifampicin quinone (RFQ). See supplemental material for more 375 
details. 376 

Position δC δH H-H COSY HMBC H2BC 

1 181.40   H-1'  

1' 128.55 7.78 H-3', H-5' C-1, C-2, C-3, C-4  

2 137.16   H-1',   

2', 6' 50.09 2.61 H-3', H-5' C-2', C-6', C-3', C-5' H-3', H-5', C-3', C-5' 

3 124.15   H-1'  

3', 5' 53.69 3.30 H-2', H-6'  H-2', H-6', C-2', C-6' 

4 183.86   H-1'  

4' 45.76 2.37    

5 130.28   H-14  

6 166.61   H-14  

7 115.44   H-14  

8 172.63   H-14  

9 112.20   H-14  

10 110.16   H-14  

11 192.83   H-13  

12 107.25   H-13, H-28, H-29  

13 21.10 1.76  C-11, C-12  

14 7.67 2.28  C-5, C-6, C-7, C-8, C-

9, C-10 

 

15 167.64   H-17, H-30  

16 128.99     

17 137.46 6.37 H-18, H-30 H-19, H-30, C- 15, C-

18, C-19, C-30 

H-18, H-30, C-18, C-

30 

18 124.81 6.80 H-17, H-19, H-20 H-17, H-19, H-30, C-

16, C-17 

H-17, H-19, C-17, C-

19 
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19 143.02 5.93 H-18, H-20, H-30 H-17, H-20, H-21, H-

30, H-31, C-17, C-18, 

C-20, C-21, C-31 

H-18, H-20, C-18, C-

20 

20 38.56 2.45 – 

2.40 

H-18, H-19, H-21, H-

31 

H-19, H-21, H-31, C-

18, C-19, C-21, C-31 

H-19, H-21, H-31, C-

19, C-21, C-31 

21 71.35 3.86 H-20, H-22 H-19, H-20, H-22, H-

22, H-23, H-31, H-32, 

C-19, C-20, C-23, C-

32 

H-20, C-20 

22 33.12 1.77 – 

1.70 

H-21, H-23, H-32 H-23, H-32, H-24, C-

21, C-23, C-25, C-32, 

C-33 

H-32, C-23, C-32 

23 77.64 3.00 H-22, H-24 H-22, H-25, H-32, H-

33, C-21, C-22, C-25, 

C-32, C-33 or C-34 

H-22, C-24 

24 37.19 1.77 – 

1.70 

H-23, H-25, H-33 H-25, H-33, C-22, C-

33 or C-34 

H-23, H-33 

25 74.26 5.13 H-24, H-26 H-23, H-26, H-33, H-

34, H-36, C-23, C-24, 

C-26, C-27, C-33 or C-

34, C-35 

H-26, C-26 

26 39.11 1.46 – 

1.38 

H-25, H-27, H-34 H-25, H-27, H-28, H-

29, H-34, C-25, C-33 

or C-34 

H-25, H-34, C-25, C-

34 

27 77.12 3.43 H-26, H-28, H-29 H-25, H-28, H-29, H-

34, H-37, C-25, C-26, 

C-28, C-29, C-34, C-

37 

H-28, C-28 

28 118.19 5.06 H-27, H-29 H-27, H-29, C-12, C-

26, C-27, C-29 

H-27, H-29, C-27, C-

29 

29 141.42 6.08 H-27, H-28 H-13, H-27, H-28, C-

12, C-26, C-27, C-28 

H-28, C-28 

30 20.78 2.09 H-17, H-19 H-17, C-15, C-16, C-

17, C-18, C-19 

H-17, C-17 

31 17.22 0.86 H-20 H-19, H-20, C-19, C-

20, C-21 

H-20, C-20 

32 11.70 1.03 H-22 H-21, H-22, H-23, C-

21, C-22, C-23 

H-22, C-22 

33 8.88 0.54 H-24 H-22, H-23, H-25, H-

26, H-27, C-23, C-24, 

C-25 

H-24, C-24 

34 8.83 0.13 H-26 H-22, H-23, H-25, H-

26, H-27, C-25, C-26, 

C-27 

H-26, C-26 

35 172.42   H-25, H-36  

36 20.82 2.06  H-25, C-35  

37 57.48 3.08  H-27, C-27  

21-OH      

23-OH      

8-OH      

NH  10.48    

 377 

Assessment of the antimicrobial and toxicity properties of the final degradation products 378 

To assess the antimicrobial properties of the RIF, RFQ and FP, we have determined the 379 

minimal inhibition concentrations (MICs) by the broth dilution method using an E. coli K12 380 
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MG1655 susceptible to RIF and four isogenic strains RIF resistant due to a single mutation in 381 

RpoB, a subunit of RNA polymerase - RpoBH526Y, RpoBS512F, RpoBS531F and RpoBI572F (Figure 382 

4A). The susceptible strain has a MIC between 25 to ≥ 50 times more sensitive to RIF than the 383 

resistant RIF strains, confirming the antimicrobial properties of this antibiotic. RFQ still has 384 

antimicrobial properties since the MIC of the susceptible strain is between 12.5 to ≥ 25 times 385 

more sensitive to RFQ than the RIF-resistant strains. We noticed that RIF-resistant strains were 386 

also highly resistant to the RFQ suggesting a similar mode of action as RIF. Since the cytosol 387 

of E. coli is a very strong reducing environment, we hypothesize that a significant fraction of 388 

RFQ is likely to be reduced back to RIF inside the bacterial cells. Ascorbic acid and sodium 389 

dithionite are known to be strong reducers and, indeed, they reduce RFQ back to RIF, as 390 

observed by the purple colour of RFQ readily changing back to orange (typical of RIF) in the 391 

presence of either of these reducing agents. On the other hand, FP does not display 392 

antimicrobial properties since the MIC of the susceptible strain is very high and comparable to 393 

the RIF resistant strains (MIC > 500 µg/mL to all the strains). We have further corroborated 394 

that FP did not display antimicrobial properties by performing growth curves for the same 395 

strains in the presence of 100 µg/ml of RIF, RFQ and the final degradation FP (Figure 4B). 396 

While the susceptible strain is not able to grow in the presence of RIF and RFQ at these 397 

concentrations, it presents a comparable growth rate (r) to the RIF-resistant strains in the 398 

presence of FP (rSusceptible = 0.80 ± 0.09, rH526Y = 0.96 ± 0.03, rS512F = 0.65 ± 0.01, rS531F = 0.84 399 

± 0.03, rI572F = 0.80 ± 0.07; p = 0.293, one-way ANOVA). 400 

To assess the effect of FP on the competitive fitness of each the RIF-resistant strains against 401 

the susceptible strain in the presence or absence of FP, we have mixed in a 1:1 ratio each of the 402 

resistance strain with the susceptible strain and grown for 24h at 37ºC in LB media or in LB 403 

supplemented with 100 µg/ml of FP (Figure 4C). The performance of the strains was assessed 404 

by plating both the initial mix and after 24h of growth simultaneously in LB plates (total 405 
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number of clones) and in LB supplemented with 100µg/mL rifampicin plates (resistance 406 

clones). The number of susceptible clones was calculated by subtracting the resistant clones 407 

from the total number. The susceptible strain outcompeted all the RIF-resistant strains both in 408 

presence and absence of FP (p < 0.01 to all of them, one-sample t-test), meaning that the 409 

numbers of resistant strains are expected to maintained low in the presence of FP. The relative 410 

fitness of the resistant strains in LB when competing against the susceptible strain was not 411 

influenced by the presence of FP when in competition with RpoBH526Y and RpoBS512F (p = 0.15 412 

and 0.67, respectively; paired t-test). However, the fitness cost of the RIF resistant RpoBS531F 413 

and RpoBI572F mutants was slightly attenuated by the presence of FP in the LB (p = 0.002 and 414 

0.003, respectively). 415 

To assess the toxicity of the RIF and FP to eukaryotic cells, we conducted a bioassay with the 416 

model nematode organism Caenorhabditis elegans [26], previously demonstrated to be a 417 

trustworthy toxicity model [36]. We subjected C. elegans individuals to a concentration of 100 418 

µg/mL of these compounds for 24 h and assessed their growth, by measuring the body area of 419 

the worms after that period (Figure 4D). The results show that the different treatments had no 420 

significant effect, apart from the negative control effect of lack of food (p-value < 0.001, 421 

multiple test correction), which indicates that neither RIF nor FP is toxic, at these 422 

concentrations, against C. elegans individuals. Thus, our results suggest that the proposed 423 

degradation pathway for rifampicin has potential for further industrial applications. 424 

 425 
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426 
Figure 4 – Assessment of the antimicrobial and toxicity properties of the degradation 427 

products. A) Minimal inhibition concentrations (MICs) were determined for RIF, RFQ and 428 

the final degradation products by the broth dilution method using a E. coli K12 MG1655 429 

susceptible to RIF and four isogenic strains RIF resistant due to a single mutation in RpoB, a 430 

subunit of RNA polymerase (RpoBH526Y, RpoBS512F, RpoBS531F and RpoBI572F). B) Growth 431 

curves for the same strains as in A) in the presence of 100 µg/ml of RIF (left panel), RFQ 432 

(middle panel) and the final degradation products (right panel). C) Competition fitness assays 433 

in the presence or absence of FP between each of the RIF resistant strains against the 434 

susceptible strain in LB media (blank boxplot) or in LB supplemented with 100 µg/ml of FP 435 

(yellow boxplot). D) Toxicity of rifampicin and final product FP was assessed towards the 436 

growth of the model eukaryotic organism C. elegans. 437 

 438 

CONCLUSIONS 439 

Pharmaceuticals such as recalcitrant antibiotics are accumulating in rivers and wastewater. This 440 

problem contributes to the rise of antibiotic resistance, a worldwide problem to which no 441 

current solution exists. The two-step process we present in this work is an environmentally 442 

friendly procedure to transform the clinically relevant antibiotic rifampicin into non-443 

antimicrobial compounds. Importantly, the final products of the degradation (FP) do not seem 444 

to favour the selection of RIF-resistant strains and are not toxic to the model organism C. 445 

elegans, which suggests that it would be safe to release FP into the environment. Despite the 446 

promising result, the applicability of this process for WWTPs could be improved by several 447 
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factors. Firstly, assessing of cost-effective application studies such as reusability and 448 

immobilization of CotA-laccase in different matrices must be considered. Indeed, laccases have 449 

been successfully immobilized in different matrices functionally and stably [13,37–40]. Secondly, 450 

an assessment of the ability of this process to remove an increased scope of antibiotics would 451 

be desirable. This scenario is probably possible, since several antibiotics present phenolic 452 

and/or aromatic functional groups. Thirdly, further characterization of the main degradation 453 

products is still required to ensure no toxicity to humans or animals. For instance, toxicity tests 454 

of FP in mammals would be extremely desirable. Common antibiotic concentrations in the 455 

water are usually low, on the order of the ng/L-µg/L, enough to select resistance against several 456 

antibiotics [5,6]. On the other hand, this range of concentrations will result in extremely minimal 457 

amounts of degradation products, significantly decreasing the risk of toxic effects on human 458 

and animal health. Overall, our results suggest that we have developed a robust and 459 

environmentally friendly process to effectively remediate rifampicin from antibiotic-460 

contaminated environments. 461 
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