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Abstract 25 

Nitroaromatic compounds are widely used in industry, but their production is associated 26 

with issues such as the hazardousness of the process and low regioselectivity. Here, we 27 

successfully demonstrated the production of p-nitrobenzoate (PNBA) from glucose by 28 

constructing p-aminobenzoate N-oxygenase AurF-expressing E. coli. We generated this 29 

strain, which we named PN-1 by disrupting four genes involved in PNBA degradation: 30 

nfsA, nfsB, nemA, and azoR. We then expressed AurF from Streptomyces thioluteus in 31 

this strain, which resulted in the production of 945 mg/L PNBA in the presence of 1 g/L 32 

p-aminobenzoate. Direct production of PNBA from glucose was achieved by co-33 

expressing the pabA, pabB, and pabC, as well as aurF, resulting in the production of 34 

393 mg/L PNBA from 20 g/L glucose. To improve the PNBA titer, we disrupted genes 35 

involved in competing pathways: pheA, tyrA, trpE, pykA, and pykF. The resultant strain 36 

PN-4Ap produced 975 mg/L PNBA after 72 h of cultivation. These results highlight the 37 

potential of using microorganisms to produce other nitroaromatic compounds. 38 

 39 

Keywords: 40 

Nitroaromatic compound; AurF; E. coli; N-oxygenase; Microbial production 41 

 42 

1. Introduction 43 

Most of the chemical products that surround us are manufactured from fossil fuels, 44 

but there is a need to shift away from such production in order to achieve a sustainable 45 

society. One alternative approach is to use microbial production [1-3]. In this approach, 46 

renewable biomass is used as a raw material and engineered microbes are employed to 47 

produce the desired chemical compounds. To date, microbial production has been 48 
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employed to synthesize a wide variety of chemical compounds, such as alcohols [4-6], 49 

carboxylates [7-10], organic acids [11-13], and amino compounds [14-19], with the 50 

number of such compounds produced by microbes increasing annually. 51 

Nitro compounds are widely used in industry and nitro groups are key components 52 

of numerous biologically active substances such as therapeutics and antibiotics. For 53 

example, the antibiotic azomycin and nitroglycerin, which is known as a therapeutic for 54 

angina pectoris, both contain nitro groups in their structure [20,21]. Nitroaromatic 55 

compounds are also important in industrial contexts. Perhaps the best known 56 

nitroaromatic compound is 2,4,6-trinitrotoluene, which is used for explosives, while 57 

others such as picric acid, hexanitrostilbene, and hexanitrobenzene are also employed as 58 

explosives [22]. Besides such use as explosives, nitroaromatic compounds are also used 59 

as starting materials for producing various industrial products, including herbicides and 60 

insecticides (e.g., parathion, bifenox, carbofuran) and pharmaceuticals (e.g., the 61 

antipsychotic drug phenothiazine synthesized from halonitrobenzene [23]). However, to 62 

produce nitroaromatic compounds industrially, direct nitration of aromatic rings is still 63 

performed using a mixture of acids (a combination of nitric and sulfuric acids), which is 64 

highly hazardous and suffers from difficulties in controlling regioselectivity [24]. 65 

An alternative method for producing nitroaromatic compounds that has been 66 

attracting attention is enzymatic nitration. This approach proceeds under mild 67 

conditions and exhibits high regiospecificity. Enzymes that catalyze the synthesis of 68 

nitro compounds are relatively rare, but they can be found in a small number of species, 69 

including Streptomyces sp [24]. A subset of cytochrome P450s have been found to 70 

catalyze the direct nitration of aromatic rings for synthesizing nitroaromatic compounds. 71 

For instance, TxtE induces nitration at the C4-position of the indole ring of tryptophan 72 
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in the biosynthesis of the phytotoxin thaxtomin [25], and RufO introduces a nitro group 73 

at the C3-position of the aromatic ring of tyrosine to produce rufomycin [26]. These 74 

enzymes synthesize a nitronium ion from a nitric oxide and molecular oxygen to induce 75 

nitration of an aromatic ring. Regarding TxtE, several studies have aimed to produce 76 

nitrotryptophan using it. For example, Zuo and Ding successfully produced 77 

nitrotryptophan in vivo by introducing TxtE into Escherichia coli [27]. However, it was 78 

necessary to introduce not only TxtE but also nitric oxide synthetase. This made the 79 

reaction system slightly complicated, so the development of a more convenient system 80 

for synthesizing nitroaromatic compounds is anticipated. 81 

As an alternative method of using microbes to synthesize nitro compounds, 82 

nitration by oxidation of amino groups using N-oxygenase has been identified [24]. For 83 

example, CmlI from Streptomyces venezuelae, which is involved in the biosynthesis of 84 

the well-known antibiotic chloramphenicol [28], and PrnD from Pseudomonas 85 

fluorescens, which is involved in the biosynthesis of pyrrolnitrin [29], can oxidize an 86 

amino group of their substrates. Since N-oxygenases utilize molecular oxygens directly 87 

to synthesize nitro compounds, it is considered that simpler reaction systems can be 88 

applied for synthesizing nitroaromatic compounds using them. In this study, we featured 89 

AurF from Streptomyces thioluteus, which is involved in the biosynthesis of the 90 

antibiotic aureothin [30]. AurF can oxidize an amino group of 4-aminobenzoate (p-91 

aminobenzoate: PABA), which is an intermediate of the folate biosynthesis pathway, to 92 

synthesize 4-nitrobenzoate (p-nitrobenzoate: PNBA). Owing to the broad substrate 93 

specificity of AurF [31], AurF has a potential to be applied for synthesizing other 94 

natural and/or non-natural nitroaromatic compounds. Studies of AurF conducted to date 95 
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have mainly focused on its structure, mechanism of oxidation, and reaction parameters 96 

[31-33]. 97 

In this study, we attempted to produce PNBA by introducing AurF into E. coli. 98 

First, during the evaluation of E. coli resistance to PNBA, we found that E. coli can also 99 

degrade it. To identify the genes involved in this degradation, we constructed an E. coli 100 

strain, which we named PN-1, featuring the disruption of four genes: nfsA, nfsB, nemA, 101 

and azoR. Our findings confirmed that this strain did not degrade PNBA. We then 102 

introduced the aurF gene into PN-1, which enabled it to efficiently convert PABA to 103 

PNBA. We also found that the overexpression of pabA, pabB, and pabC, which are 104 

involved in PABA synthesis, enabled the production of PNBA from glucose. To further 105 

improve PNBA production, we disrupted pheA, tyrA, and trpE (PN-2 strain), 106 

additionally introduced pabA, pabB, and pabC (PN-3 strain), and disrupted pykA and 107 

pykF (PN-4 strain). Our findings showed that the PN-4 strain could produce 975 mg/L 108 

PNBA after 72 h of cultivation. These results should contribute to the microbial 109 

production of nitroaromatic compounds. 110 

 111 

2. Materials and methods 112 

2.1. Strains and plasmid construction 113 

The strains, plasmids, and primers used in this study are listed in Supplementary 114 

Tables S1, S2, and S3, respectively. ATCC31882 and its derivative strain were used for 115 

producing PNBA. For gene cloning, NovaBlue competent cells (Novagen, Cambridge, 116 

MA, USA) were used. KOD FX Neo (TOYOBO, Osaka, Japan) was used for 117 

polymerase chain reaction (PCR). DNA primers were synthesized from Invitrogen 118 

Custom DNA Oligos service (Thermo Fisher Scientific, Tokyo, Japan) or DNA Custom 119 



6 
 

Synthesis service (FASMAC, Atsugi, Japan). A codon-optimized foreign gene fragment 120 

of aurF from Streptomyces thioluteus (DDBJ accession number: LC773266) was 121 

purchased by Invitrogen GeneArt Gene Synthesis service (Thermo Fisher Scientific). 122 

Codon-optimized foreign gene fragments of pabC (OapabC, AvpabC, SdpabC, AppabC, 123 

XbpabC) (Genbank accession number: WP_040128554, WP_127051998, 124 

WP_011468114, WP_013602677 and WP_038203276, respectively)  were synthesized 125 

by an Artificial Gene Synthesis service (Twist Bioscience, San Francisco, CA, USA). 126 

Plasmids named pZE12-aurF and pSAK-aurF were prepared as follows. A gene 127 

fragment encoding aurF was amplified by PCR using the primer pair pZ-aurF_Fw and 128 

pZ-aurF_Rv. The amplified fragments were cloned between the KpnⅠ/HindⅢ site of 129 

pZE12MCS or pSAK [34] and the resulting plasmids were designated pZE12-aurF and 130 

pSAK-aurF, respectively. 131 

pSAK-pabABC was prepared as follows. A pabA-pabB-pabC gene fragment was 132 

amplified by PCR using pZE12-pabABC [35] as a template and the primer pair pZ-133 

pabABC_Fw and pZ-pabABC_Rv. The amplified fragments were cloned into the KpnⅠ134 

/HindⅢ site of pSAK and the resulting plasmids were designated pSAK-pabABC. 135 

pZE12-pabAB was prepared as follows. A pabA-pabB gene fragment was 136 

amplified by PCR using pZE12-pabABC [35] as a template and the primer pair pZ-137 

pabAB_Fw and pZ-pabAB_Rv. The amplified fragments were cloned into the KpnⅠ138 

/HindⅢ site of pZE12MCS and the resulting plasmids were designated pZE12-pabAB. 139 

A plasmid named pZE12-pabAB-OapabC was prepared as follows. The OapabC 140 

gene fragment was amplified by PCR using the primer pair pZ-OapabC_Fw and pZ-141 

OapabC_Rv. The amplified fragments were cloned into the HindⅢ site of pZE12-142 
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pabAB and the resulting plasmid was designated pZE12-pabAB-OapabC. pZE12-143 

pabAB-AvpabC, pZE12-pabAB-SdpabC, pZE12-pabAB-AppabC, and pZE12-pabAB-144 

XbpabC were constructed by the same procedure. 145 

A plasmid named pTΔnfsA for gene disruption was prepared as follows. A plasmid 146 

pTargetF [36] was amplified by PCR with the primer pair del-nfsA_Inv_Fw and del-147 

nfsA_Inv_Rv. The amplified fragment was self-ligated. The upstream and downstream 148 

DNA sequences of nfsA were amplified using the primer pair del-nfsA_Up_Fw and del-149 

nfsA_Up_Rv, del-nfsA_Down_Fw, and del-nfsA_Down_Rv, with ATCC31882 genomic 150 

DNA as the template. The amplified fragments were fused by overlap extension PCR 151 

with the primer pair del-nfsA_Up_Fw and del-nfsA_Down_ Rv. The fused fragments 152 

were cloned into the EcoRⅠ/HindⅢ sites of the plasmids self-ligated earlier and the 153 

resulting plasmids were designated pTΔnfsA. pTΔnfsB, pTΔnemA, and pTΔazoR were 154 

constructed by the same procedure. 155 

pTΔazoR::PA1lacO-1-pabABC was constructed as follows. pSAK-pabABC was 156 

amplified by PCR with the primer pair azoR_lac_Fw and azoR_lac_Rv. The amplified 157 

fragments were cloned into the SpeI sites of pTΔazoR, and the resulting plasmid was 158 

designated pTΔazoR::PA1lacO-1-pabABC. 159 

Disruption of nfsA, nfsB, nemA, azoR, pheA, tyrA, trpE, pykA, and pykF and 160 

transduction of pabABC were performed using the CRISPR-Cas9-plasmid system [36] 161 

with pTΔnfsA, pTΔnfsB, pTΔnemA, pTΔazoR, pTΔpheA, pTΔtyrA, pTΔtrpE, pTΔpykA, 162 

pTΔpykF, and pTΔazoR::PA1lacO-1-pabABC. A host strain introduced with pCas and 163 

pTarget (e.g.,pTΔnfsA) was cultivated in 2×YT medium with 30 mM L-arabinose 164 

overnight and the solution was spread on the LB plate. After overnight incubation, each 165 
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colony was checked by colony PCR with corresponding check primers (e.g., del-166 

nfsA_Check_Fw, del-nfsA_Check_Rv) if the disruption was succeeded.  167 

pZE12-pabAB-pabCF26ram was constructed as follows. pZE12-pabABC was 168 

amplified by PCR with the primer pair PabC_F26ram_Fw and PabC_F26ram_Rv. The 169 

amplified fragment was self-ligated. Other plasmids for PabC mutation were 170 

constructed by the same procedure. 171 

 172 

2.2. Medium 173 

LB medium was used for pre-culture and culture for genetic manipulation. This 174 

medium consisted of 10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl. M9Y medium 175 

was used for PNBA production. This medium contained 20 g/L glucose, 5 g/L yeast 176 

extract, 17.1 g/L Na2HPO4·12H2O, 3 g/L KH2PO4, 1 g/L NH4Cl, 1 mM MgSO4·7H2O, 177 

0.1 mM CaCl2·2H2O, 0.01 mM FeSO4·7H2O, 10 mg/L thiamine hydrochloride, and 0.1 178 

mM IPTG, and 100 mg/L ampicillin and/or 30 mg/L chloramphenicol were added if 179 

needed. Sodium pyruvate (1 g/L) was added during PN-4 strain cultivation. 2×YT 180 

medium consisted of 16 g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl. 181 

 182 

2.3. Cultivation conditions 183 

Colonies of E. coli from LB plates were inoculated into test tubes with 5 mL of LB 184 

medium and incubated at 37 °C and 220 rpm, overnight. The pre-culture solution was 185 

then inoculated into test tubes containing 5 mL of M9Y medium to initial OD600 = 0.05 186 

and incubated at 37 ℃ and 220 rpm. For analyses of bacterial cell growth and 187 

metabolites, 400 µL of the solution was collected and centrifuged at 10,000 rpm for 10 188 

min. The supernatant was analyzed by high performance liquid chromatography 189 
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(HPLC). To test PNBA toxicity, PNBA (adjusted to pH 7) was added after 8 h of 190 

cultivation. For evaluation of PabC mutants, PNBA (adjusted to pH 7) was added after 8 191 

h of cultivation and sample were collected after 24 h cultivation.  192 

 193 

2.4. Analytical methods 194 

Bacterial cell growth was evaluated by measuring the optical density at 600 nm 195 

with a UVmini-1240 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). For 196 

PABA and PNBA analyses, HPLC (Shimadzu Corporation) equipped with an MSⅡ 197 

column (5 µm, 4.6 mm I.D. ×250 mm L; Nacalai Tesque) was used. HPLC profiles 198 

were obtained using a 254 nm UV-VIS detector. The two-component system was used 199 

and the mobile phase was A 0.2% phosphate buffer and B methanol. The gradient was 200 

started with a 70:30 mixture of A and B, and shifted to a 50:50 mixture gradually from 4 201 

min, with this ratio being retained from 6 to 14 min. It was then returned to a 70:30 202 

mixture at 16 min. The flow rate of the mobile phase was 1.0 mL/min and the column 203 

remained at 40 °C. For glucose analysis, prominence HPLC (Shimadzu Corporation) 204 

equipped with a Shodex SUGAR KS-801 column (6 µm, 8.0 mm I.D. ×300 mm L; 205 

Shodex) was used. The mobile phase was water and HPLC profiles were obtained using 206 

a refractive index detector. The flow rate was 0.8 mL/min and the column was 207 

maintained at 50 °C. 208 

 209 

3. Results 210 

3.1. Evaluation of PNBA toxicity for E. coli 211 

Nitroaromatic compounds are typically toxic to living organisms [37]. First, we 212 

evaluated the toxicity of PNBA to E. coli prior to attempting to produce PNBA using it. 213 
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The CFT1 strain was selected as the host due to its reported suitability for producing 214 

aromatic compounds [35]. To prevent contamination, CFT1 introduced with 215 

pZE12MCS (CFT1e), which is resistant to ampicillin, was used in this experiment. 216 

PNBA was added to M9Y medium at concentrations of 0.5, 1.5, 3, and 7 g/L 8 h after 217 

cultivation. Contrary to expectations, the bacterial cell growth was improved at PNBA 218 

concentrations of 0.5, 1.5, and 3 g/L (Figure 1A). Meanwhile, in the presence of 7 g/L 219 

PNBA, the cell growth was mostly inhibited. Upon analyzing the culture medium, we 220 

found that the PNBA concentration had decreased (Figure 1B), indicating that PNBA 221 

had been degraded. We incubated the medium containing 0.5 g/L PNBA with or without 222 

CFT1e (medium only). After 24 h, no PNBA was detected in the medium with CFT1e, 223 

whereas almost all PNBA remained in the medium without CFT1e fermentation 224 

(Supplementary Figure S1). This provided evidence that E. coli can degrade PNBA. 225 

 226 

Figure 1. Bacterial tolerance of CFT1e resulted from the addition of 0.5, 1.5, 3, and 227 

7 g/L PNBA at 8 h after cultivation. (A) Bacterial cell growth. (B) The PNBA 228 

concentrations in culture supernatants. The time when PNBA was added is indicated by 229 

arrows. The data are shown as means of three independent experiments with standard 230 

deviations. 231 
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 232 

3.2. Identifying genes related to PNBA degradation 233 

To prevent PNBA degradation, we aimed to identify the genes involved in this 234 

process. No reports have been published on the disassembly of PNBA by E. coli, to the 235 

best of our knowledge. However, several genes involved in the reduction of nitro 236 

compounds have been reported. First, we focused on the genes nfsA and nfsB encoding 237 

nitro reductases. NfsA and NfsB are known as a major nitro reductase and a minor nitro 238 

reductase, respectively, and they have been reported to reduce a variety of nitro 239 

compounds, including PNBA [38, 39]. Thus, we disrupted these two genes in CFT1, 240 

which produced strain CFT1ΔAB, and carried out the PNBA degradation experiment. 241 

Then, CFT1ΔABe, a strain harboring an empty vector, degraded only about 40% of the 242 

PNBA added, while CFT1e (a strain harboring empty vector) degraded all PNBA added 243 

at 24 h (Figure 2). This indicated the involvement of other genes in PNBA degradation. 244 

Therefore, we next disrupted nemA, which is known to be involved in degrading 245 

trinitrotoluene (TNT). A previous study showed that E. coli with disruption of all of 246 

nfsA, nfsB, and nemA does not completely degrade TNT [40]. Furthermore, we deleted 247 

azoR, the gene encoding azo reductase, which was found to reduce a nitroaromatic 248 

prodrug [41]. When these two genes, nemA and azoR, of CFT1ΔAB were disrupted, the 249 

resulting strain PN-1e hardly degraded PNBA (Figure 2).  250 
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 251 

Figure 2. The PNBA concentration during the cultivation of CFT1e, CFT1ΔABe, 252 

and PN-1e. The data are shown as means of three independent experiments with 253 

standard deviations. 254 

 255 

3.3. Conversion from PABA to PNBA by AurF 256 

The findings showed that the PN-1 strain does not degrade PNBA, leading us to 257 

attempt PNBA production within this strain. We introduced the aurF gene originating 258 

from Streptomyces thioluteus into PN-1 and CFT1 strains; however, the resultant strains 259 

PN-1a and CFT1a did not produce PNBA (data not shown). Although E. coli can 260 

produce the precursor PABA, it can only do so in limited quantities. Therefore, we 261 

added PABA to the medium to test the function of AurF (Figure 3A). PN-1a could 262 

produce 375 mg/L PNBA in the medium containing 1 g/L PABA at 48 h (Figure 3B), 263 

which is a higher yield than that produced by CFT1a (60 mg/L). 264 

 This suggested that PN-1 is more suitable for producing PNBA than CFT1, but 265 

almost half of the PABA added remained, suggesting that there is room for 266 

improvement of the reaction by AurF. Thus, we changed the aurF expression system 267 

from a high-copy vector (pZE12MCS) to a low-copy one (pSAK). PN-1 carrying 268 
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pSAK-aurF (PN-1A) could produce 945 mg/L PNBA from 1 g/L PABA after 48 h 269 

(Figure 3B). The cell growth of PN-1A was also superior to that of PN-1a (Figure 3C).  270 

 271 

Figure 3. PNBA production from PABA. (A) Schematic illustration of PABA 272 

production. The conversion of PABA to PNBA by AurF-expressing E. coli was 273 

evaluated through the addition of PABA to the growth medium. (B) Time courses of 274 

PABA and PNBA. Here, 1 g/L PABA (1 g/L) was initially added to the medium during 275 

the cultivation of CFT1a, PN-1a, and PN-1A. The concentrations of PABA and PNBA 276 

are shown in blue and orange, respectively. (C) Cell growth of PN-1a and PN-1A. The 277 

data are shown as means of three independent experiments with standard deviations. 278 

 279 
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3.4. PNBA production from glucose by overexpressing pabABC 280 

We successfully engineered a strain capable of converting PABA to PNBA, and 281 

subsequently proceeded to use it to directly produce PNBA from glucose. To achieve 282 

this, the E. coli pabA, pabB, and pabC genes were overexpressed in PN-1A (Figure 4A). 283 

These genes are involved in the PABA synthesis from chorismate, an important 284 

intermediate of the aromatic amino acid biosynthetic pathway. PabA and PabB convert 285 

chorismate to 4-amino-4-deoxychorismate by replacing a hydroxy group with an amino 286 

group, and PabC releases pyruvate, resulting in the formation of PABA [42-44]. These 287 

genes were overexpressed in PN-1A using a high-copy plasmid. The resultant strain PN-288 

1Ap successfully produced 393 mg/L PNBA after 72 h in M9Y medium with 20 g/L 289 

glucose (Figure 4B). Although the titer of PNBA increased over time, no PABA 290 

accumulation was detected (Figure 4B). This implies that AurF worked well, while the 291 

carbon flux to PABA needed to be enhanced to increase PNBA production. 292 

 293 

Figure 4. PNBA production from glucose. (A) Metabolic engineering of PNBA-294 

producing E. coli. G6P, glucose 6-phosphate; E4P, erythrose 4-phosphate; PEP, 295 

phosphoenolpyruvate; DAHP, 3-deoxy-D-arabinoheptulosonic acid 7-phosphate; ADC, 296 

4-amino-4-deoxychorismate; PABA, p-aminobenzoate; PNBA, p-nitrobenzoate; galP, 297 
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D-galactose transporter; glK, glucokinase; ptsH, phosphocarrier protein Hpr; ptsI, 298 

phosphoenolpyruvate-protein phosphotransferase; pykA, pyruvate kinase; pykF, 299 

pyruvate kinase; pheA, chorismate mutase/prephenate dehydratase; tyrA, chorismate 300 

mutase/prephenate dehydrogenase; trpE, anthranilate synthase component; pabA, p-301 

aminobenzoate synthetase component; pabB, p-aminobenzoate synthetase component; 302 

pabC, 4-amino-4-deoxychorismate lyase; aurF, p-aminobenzoate N-oxygenase from 303 

Streptomyces thioluteus. (B) Culture profiles of PN-1Ap in M9Y medium containing 20 304 

g/L glucose. The titers of PABA and PNBA are shown in blue and orange, respectively. 305 

The data are shown as means of three independent experiments with standard 306 

deviations. 307 

 308 

3.5. Metabolic engineering for increasing carbon flux to PABA 309 

The endogenous phosphotransferase system (PTS) of the host strain, PN-1 derived 310 

from CFT1, was replaced with a galactose permease/glucokinase system (GalP/Glk 311 

system) to enhance the availability of phosphoenolpyruvate (PEP), a crucial starting 312 

substrate for the shikimate pathway [35]. CFT1 strain was constructed by 313 

simultaneously disrupting ptsHI of ATCC31882 strain and introducing glK-galP by 314 

using Quick & Easy E.coli Gene Deletion Kit. CFT1 is able to convert glucose to 315 

glucose 6-phosphate with ATP, not PEP, resulting saving PEP for aromatic compounds 316 

production. Strains derived from CFT1 showed great ability of producing some 317 

aromatic compounds (salicylate, 4-hydroxybenzoate, 3-hydroxybenzoate, 2-318 

hydroxybenzoate, 4-aminobenzoate, L-tyrosine, phenol) [35]. To increase the 319 

accumulation of the important precursor chorismate, we generated strain PN-2 by 320 

disrupting pheA, tyrA, and trpE of the PN-1 strain. These genes are involved in 321 
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synthesis of the aromatic amino acids phenylalanine, tyrosine, and tryptophan, 322 

respectively, from chorismate. When PN-2Ap was cultivated, the PNBA concentration 323 

was increased to 680 mg/L after 72 h of cultivation (Figure 5), which is about 1.7-fold 324 

higher than that of PN-1Ap. Moreover, when only pabA, pabB and pabC were 325 

overexpressed in PN-2 (PN-2p), it produced more PABA than PN-1p (Supplementary 326 

Figure S2). This outcome demonstrates that enhancing the PABA production ability 327 

leads to an increase in PNBA production. Subsequently, the PN-3 strain was created by 328 

integrating the pabA, pabB, and pabC genes into the genome to enhance their 329 

expression. PN-3Ap produced more PNBA (850 mg/L after 72 h) than PN-2Ap. Finally, 330 

strain PN-4 was generated by deleting pykA and pykF from the PN-3 strain. PykA and 331 

PykF are involved in the conversion of phosphoenolpyruvate (PEP) to pyruvate. PN-332 

4Ap produced 975 mg/L PNBA, which is 1.2-fold higher than that of PN-3Ap (Figure 333 

5). Notably, almost no PABA accumulated in any strain that we constructed. It was 334 

suggested that the carbon flux to PABA remained insufficient, for which further 335 

improvements were needed. 336 

 337 
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Figure 5. PNBA production after 72 h of cultivation in M9Y medium. The data are 338 

shown as means of three independent experiments with standard deviations. *p < 0.05, 339 

**p < 0.01 compared with PN-1Ap. 340 

 341 

3.6. Inhibition of PABA synthesis by PNBA 342 

PABA synthesis is crucial for PNBA production. Therefore, we evaluated PABA 343 

production with the PN-4p strain, which overexpressed pabA, pabB, and pabC. We 344 

found that PN-4p produced 2.46 g/L PABA, which is approximately 2.5 times higher 345 

than the PNBA production by PN-4Ap (Figure 6A). Given that all PABA is converted to 346 

PNBA, the amount of PNBA produced by PN-4Ap is lower than expected. In addition, 347 

the glucose consumption of PN-4Ap was 10 g/L (Figure 6B), which was less than that 348 

of PN-4p. Moreover, cell growth of PN-4Ap was slightly lower than that of PN-4p 349 

(Figure 6C). From these findings, we hypothesized that the PNBA produced may 350 

negatively impact the synthesis of PABA. 351 

To test this hypothesis, we added PNBA to the culture medium of the PN-1p strain 352 

at 8 h (Figure 6D–F). The results showed that the production of PABA decreased by less 353 

than half in the presence of PNBA (Figure 6D). No significant difference was observed 354 

in glucose consumption (Figure 6E) or cell growth (Figure 6F) after 24 h, suggesting 355 

that the presence of PNBA inhibited PABA synthesis. 356 
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 357 

Figure 6. Inhibition of PABA synthesis by PNBA. Culture profiles of PN-4Ap 358 

(circles; PNBA-producing strain) and PN-4p (triangles; PABA-producing strain) in 359 

M9Y medium containing 20 g/L glucose. (A) Concentrations of PABA and PNBA. (B) 360 

Glucose consumption. (C) Cell growth. Panels. (D–F) show culture profiles of PN-1p in 361 

M9Y medium with/without adding 0.5 g/L PNBA at 8 h after cultivation. (D) 362 

Concentrations of PABA and PNBA. (E) Glucose consumption. (F) Cell growth. The 363 

data are shown as means of three independent experiments with standard deviations. 364 

 365 

4. Discussion 366 

In this study, we achieved the successful production of PNBA from glucose for the 367 

first time by employing E. coli utilizing AurF. Initially, we identified the genes involved 368 

in degrading PNBA in E. coli. After tuning the aurF expression system, we obtained a 369 

strain that efficiently synthesizes PNBA from PABA. Subsequently, via the 370 
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overexpression of pabA, pabB, pabC, and aurF, we achieved the production of PNBA 371 

from glucose. Then, via metabolic engineering to enhance the flux to PABA, we 372 

increased the PNBA titer of PN-4Ap to 975 mg/L in 72 h, which is about 2.5 times 373 

higher than that of the starting strain (PN-1Ap). 374 

The host strain CFT1 exhibited the ability to degrade PNBA, but after disrupting 375 

four genes, namely, nfsA, nfsB, nemA, and azoR, the resulting strain PN-1 lost its ability 376 

to degrade PNBA. Nitroreductases are known to degrade nitroaromatic compounds, 377 

forming hydroxyl amino or nitroso groups, and amino groups [45]. The biodegradation 378 

pathway of PNBA has been previously reported in Burkholderia cepacia and Ralstonia 379 

paucula [46]. It suggests that PNBA is predominantly reduced to 4-380 

hydroxylaminobenzoate, which can then be converted to 3-hydroxy-4-aminobenzoate or 381 

protocatechuate, and that the pathway leading to PABA is minor. Our findings show that 382 

PABA was detected after CFT1e was cultivated in the presence of PNBA; however, the 383 

amount of PABA detected was less than expected based on the amount of PNBA 384 

consumed (Supplementary Figure S3). These results suggest that E. coli appears to 385 

degrade PNBA in a manner similar to that observed in previous studies. 386 

As shown in Figure 3B, CFT1a consumed more PABA than PN-1a, despite 387 

producing less PNBA. This seems to be paradoxical, but it is reasonable considering 388 

that CFT1a degraded PNBA that it produced itself. In the case of PN-1a, the PNBA titer 389 

was supposed to correspond to the PABA consumption. However, PN-1a consumed 565 390 

mg/L (4.13 mM) PABA at 48 h and produced only 375 mg/L (2.44 mM). This is 391 

attributed to the reaction of PABA with the medium. A previous study demonstrated that 392 

PABA reacts with glucose and forms a glycated product [47]. The same reaction is 393 

considered to have occurred in the present study. Interestingly, contrary to the 394 
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expectation that higher expression of AurF would lead to a higher titer, PNBA 395 

production from PABA was improved by using a low-copy vector (Figure 3B). The 396 

copy number of pZE12 (ori: colE1) is about 70-100 and that of pSAK (ori: pSC101) is 397 

10-15 [48]. Therefore, low-level AurF expression is better than high-level expression. 398 

We also observed that, although E. coli was relatively tolerant of PNBA (Figure 1A), 399 

the addition of PNBA to the medium at the beginning of cultivation impeded the cell 400 

growth more severely (Supplementary Figure S4). These findings suggest that excessive 401 

PNBA production in the early stage of cultivation inhibited bacterial cell growth in PN-402 

1a, whereas PN-1A could maintain a balance between cell growth and PNBA 403 

production. In addition, the high enzymatic activity of AurF in vitro, as reported by 404 

Chanco et al. (1.99 ± 0.27 μmol/mg/min), may have contributed to the efficient PNBA 405 

production even when a low-copy vector was used [31]. 406 

The bottleneck of PNBA production from glucose was identified as the step 407 

involving PABA synthesis. The production of PABA using various organisms has been 408 

attempted, with notable examples being Saccharomyces cerevisiae, E. coli, and 409 

Corynebacterium glutamicum. As for S. cerevisiae, Averesch et al. reported the 410 

production of 215 mg/L PABA (yield 2.64%) from glycerol and ethanol as carbon 411 

sources [49]. They disrupted ARO7 and TRP3, which are involved in aromatic amino 412 

acid synthesis, and overexpressed ABZ1 and ABZ2, which have the same functions as 413 

pabAB and pabC, respectively, from wine yeasts. For E. coli, Koma et al. reported the 414 

production of 700 mg/L PABA from 10 g/L glucose (yield 0.09 mol/mol) in a test tube, 415 

by overexpressing the feedback-resistant 3-deoxy-D-arabino-heptulosonate-7-phosphate 416 

(DAHP) synthase aroFfbr and pabAB from Corynebacterium efficiens, resulting in 417 

redirecting the chorismate flow to PABA from phenylalanine and tyrosine [50]. In this 418 
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study, we aimed to increase the carbon flux toward PABA by overexpressing pabA, 419 

pabB, and pabC, disrupting the phenylalanine-, tyrosine-, and tryptophan-producing 420 

pathways, and deleting pykA and pykF. The resulting strain PN-4p produced 2.46 g/L 421 

PABA with a yield of 0.16 mol/mol, which is higher than in these previous studies. In 422 

the case of Corynebacterium glutamicum, Kubota et al. reported the production of 6.2 423 

g/L PABA from glucose in a test tube [47].They screened pabAB and pabC genes from 424 

other microorganisms and found that the combination of pabAB from Corynebacterium 425 

callunae and pabC from Xenorhabdus bovienii was most effective. We also evaluated 426 

these pabC genes, but none of them outperformed pabC from E. coli (Supplementary 427 

Figure S5). 428 

In this study, we focused on AurF, an oxidizing enzyme targeting an amino group 429 

of PABA. AurF is known to have broad substrate specificity [31, 51] compared with 430 

other N-oxygenases such as PrnD [52] and CmlI [24]. AurF can accept compounds with 431 

substitution at the 2’ or 3’ position and compounds with the replacement of carboxylate 432 

by other groups such as methyl carboxylate and nitro groups. In addition, AurF can 433 

induce nitration of the m-substituted substrate, although its activity is significantly 434 

lower than that of PABA. Given its broad substrate specificity, AurF holds potential for 435 

the production of other nitroaromatic compounds. It will represent a novel strategy for 436 

synthesizing non-natural compounds. However, as the product structure closely 437 

resembles the substrate, enzyme inhibition is possible, as evidenced by our results 438 

(Figure 6). Inhibitions due to products have been observed in microbial production. For 439 

example, the genes aroG and aroF encoding DAHP synthases were shown to receive 440 

feedback inhibition by phenylalanine and tyrosine, respectively. However, these 441 

enzymes have been engineered to be insensitive to their own products by certain single 442 
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mutations. We attempted to construct a PabC mutant that would not be inhibited by 443 

PNBA by introducing mutations at various sites of PabC (F26, T27, A29, R30, L53, 444 

R90, G91, I135, I139, K140, H141, N143, R144, L145, G196, V197, N198, G199, 445 

I200, C235), but none of them exhibited improved PNBA titer (data not shown).  446 

In conclusion, we achieved one of the nitroaromatic compounds PNBA production 447 

from glucose by introducing the gene AurF into E.coli and found that the bottleneck of 448 

PNBA production is the step of synthesizing PABA. Our findings should contribute to 449 

the microbial production for nitroaromatic compounds. 450 
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