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ABSTRACT

The non-natural amino acid 4-nitrophenylalanine is a crucial pharmaceutical ingredient and has extensive utility
in protein engineering. Here, we demonstrated the production of 4-nitrophenylalanine by Escherichia coli with
AurF, 4-aminobenzoate N-oxygenase from Streptomyces thioluteus. Firstly, eight distinct gene combinations,
encompassing four variants of papA and two of papBC, were evaluated to optimize the production of 4-amino-
phenylalanine, a precursor of 4-nitrophenylalanine. The strain co-expressing both pabAB from E. coli and
papBC from Streptomyces venezuelae attained the highest 4-aminophenylalanine production. In a fed-batch
fermenter cultivation, 4-aminophenylalanine production of 22.5 g/L was achieved. To produce 4-nitrophenyla-
lanine from glucose, we constructed strains co-expressing AurF alongside the genes responsible for 4-aminophe-
nylalanine synthesis. The subsequent optimization of the plasmid copy numbers carrying each gene set resulted
in an increase in the 4-nitrophenylalanine production titer. Transcription analysis revealed that the expression
level of the 4-aminophenylalanine biosynthetic genes markedly contributed to 4-nitrophenylalanine production.
After optimizing batch fermentation conditions, the titer of 4-nitrophenylalanine increased to 2.22 g/L. Overall,
these results provide the basis for industrial microbial production of 4-nitrophenylalanine, contributing to the
advancement of biotechnological methodologies for generating non-natural amino acids with specific

functionalities.

1. Introduction

Nitroaromatic compounds constitute an important and extensively
synthesized category within the industrial sector, serving multifaceted
purposes. They find applications as explosives (e.g., picric acid, trini-
trotoluene; TNT), pharmaceuticals (e.g., antibiotic chloramphenicol),
dyes (e.g., 1-[(E)-(4-Nitrophenyl)diazinyl] naphthalen-2-ol; para red),
and pesticides (e.g., o, o-Diethyl o-(4-nitrophenyl) phosphorothioate;
parathion). Leveraging the potent electronegativity of the nitro group,
these compounds induce rn-electron delocalization within the aromatic
ring. This property enhances their reactivity with nucleophiles, broad-
ening the scope of compound transformations and accentuating their
value as materials. Nitroaromatic compounds are commonly synthesized
through aromatic ring nitration using nitronium ions derived from

sulfuric and nitric acids (Siddharth et al., 2021). However, this method
demands rigorous conditions, necessitating precise control to avert
explosive outcomes. Furthermore, excessive acid usage and its subse-
quent disposal pose environmental problems. Enzymatic and microbial
production methods have emerged as promising alternatives to con-
ventional synthesis, as they operate under milder conditions, show-
casing heightened specificity and environmental compatibility.

To date, two classes of enzymes that facilitate nitrocompound syn-
thesis have been identified in nature (Nobile et al., 2021). First,
N-oxygenases catalyze nitrogroup synthesis by oxidizing the amino
groups. Examples include AurF from Streptomyces thioluteus, which is
associated with antibiotic aureothin biosynthesis (He and Hertweck,
2004), CmlI from Streptomyces venezuelae, which contributes to chlor-
amphenicol biosynthesis (Lu et al., 2012), and PrnD from Pseudomonas
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fluorescens, which participates in pyrrolnitrin biosynthesis (J. K. Lee
et al., 2006). Second, a subset of cytochrome P450 enzymes facilitates
the direct nitration of benzene rings. Notable examples include TxtE
from Streptomyces scabies, which is involved in phytotoxin thaxtomin
biosynthesis (Barry et al., 2012), and RufO from Streptomyces atratus,
which participates in rufomycin biosynthesis (Tomita et al., 2017).
However, enzymes dedicated to nitrocompound synthesis remain rela-
tively scarce compared with those involved in the synthesis of other
compound classes (e.g., amino, carboxy, and hydroxy compounds), with
only approximately 200 nitrocompounds identified in nature to date
(Butler et al., 2023). This scarcity partly accounts for the limited
advancement in enzymatic nitration synthesis despite its advantages
over traditional synthetic methodologies.

Among the identified nitrocompounds, 4-nitrophenylalanine (NPhe),
a non-natural amino acid and an analog of the essential amino acid
phenylalanine. NPhe holds particular significance due to its nitrogroup-
induced electron-withdrawing potential. NPhe markedly contributes to
the synthesis of biochemical reagents and medicinal intermediates and
serves as an intermediate in the production of zolmitriptan (X. Liu et al.,
2020), a compound employed in migraine treatments. NPhe finds ap-
plications in protein engineering through genetic code expansion,
conferring functionality to proteins, such as enhanced immunogenicity
(Gauba et al., 2011), and functioning as a distance probe (Tsao et al.,
2006).

Butler et al. (2023) first investigated the microbial production of
NPhe by utilizing 4-aminophenylalanine (APhe) as a precursor for NPhe
production in Escherichia coli. By introducing S. venezuelae-derived
papABC genes associated with APhe production and Pseudomonas
sp.-derived nonheme diiron N-monooxygenase NO16, they successfully
produced 820 pM of NPhe. This pioneering work exemplifies the po-
tential of microbial synthesis for the sustainable production of valuable
chemical compounds, with considerable room for improvement in the
NPhe titer.

APhe, a precursor of NPhe, is used for a variety of applications as
well as NPhe. APhe is a crucial material for synthesizing high-
performance polymers (Hirayama et al., 2020) and a precursor for
polyamide building blocks, such as p-aminohydroxycinnamic acid
(Kawasaki et al., 2018; Tateyama et al., 2016). In pharmaceutical ap-
plications, APhe serves as a starting material for synthesizing the anti-
cancer drug melphalan (Jobdevairakkam and Velladurai, 2009). In
addition, an attempt has been made to integrate APhe into the structure
of the jadomycin antibiotic to add other functionalities (Martinez-Farina
et al., 2015). In nature, APhe occurs as an intermediate of chloram-
phenicol and pristinamycin by S. venezuelae and S. pristinaespiralis,
respectively (Blanc et al., 1997; He et al., 2001). Furthermore, a gene
cluster for APhe synthesis was discovered in P. fluorescence (Masuo et al.,
2016). Three genes, papA, papB, and papC, play a central role in APhe
synthesis. The process begins with PapA, 4-amino-4-deoxychorismate
synthase, replacing the hydroxy group with an amino group of cho-
rismate, which is an intermediate of the shikimate pathway. PapB
(4-amino-4-deoxychorismate mutase) and PapC (4-amino-4--
deoxyprehenate dehydrogenase) then convert 4-amino-4-deoxychoris-
mate to 4-aminophenylpyruvate, which is a substrate for
aminotransferases, and is converted to APhe. Aminotransferases TyrB
and AspC from E. coli are known to catalyze this conversion (Hayashi
et al., 1993; Onuffer et al., 1995). Masuo et al. demonstrated 4.4 g/L
APhe production from glucose in fed-batch cultivation using recombi-
nant E. coli with papABC from P. fluorescence (Masuo et al., 2016). An
E. coli strain introduced with pabAB from Corynebacterium glutamicum
and papB and papC from S. venezuelae produced 16.7 g/L APhe from
glycerol in fed-batch fermenter cultivation (Mohammadi Nargesi et al.,
2018).

In this study, we initially sought to identify an N-oxygenase capable
of catalyzing NPhe biosynthesis, leading to the selection of AurF from
S. thioluteus as a viable candidate. Subsequently, we systematically
evaluated eight gene combinations for APhe synthesis. Notably, the
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strain incorporating pabAB from E. coli and papBC from S. venezuelae
exhibited the highest APhe titer in the test tube culture (2.52 g/L). The
integration of the full pathway context and optimization of plasmid copy
numbers enabled E. coli to synthesize 843 mg/L of NPhe from 20 g/L
glucose. Furthermore, cultivations using jar fermenters increased the
production titers of NPhe and APhe up to 2.22 and 22.5 g/L,
respectively.

2. Materials and Methods
2.1. Strain and plasmid construction

E. coli NovaBlue competent cells (Novagen, Cambridge, MA, USA)
were used for gene cloning. PCR was performed using KOD-Multi and
Epi-DNA polymerase (Toyobo, Osaka, Japan) or KOD FX Neo (Toyobo,
Osaka, Japan). E. coli BL21 Star™ (DE3) competent cells (Thermo Fisher
Scientific, Massachusetts, USA) were used for protein expression for
enzyme purification. Tables S1 and S2 contain the strains and primer
pairs used. Each gene was assembled with its respective plasmids using
the NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs,
Ipswich, MA, USA).

PNE12-Ptrc was constructed as follows: The trc promoter region was
amplified via PCR using pTrcHisB as the template and trc_to_pze_fw and
trc_to_pze_rv as the primer pair. The plasmid gene fragment was also
amplified via PCR using pZE12-MCS as the template and inv_pze_fw and
inv_pze_rv as the primer pair. The amplified fragments were conjugated
together, and the plasmid obtained was named pNE12-Ptrc. pNA23-Ptrc
and pNCD-Ptrc were constructed similarly.

PSAK-PabAB was constructed as follows. The PabABC gene fragment
was amplified via PCR using pZE12PabABC as the template and lac_-
pababc_fw and lac_pababc_rv as the primer pair. The amplified fragment
was introduced into the Kpnl site of pSAK, and the plasmid obtained was
named pSAK-PabABC. The pSAK-PabAB fragment was amplified via
PCR using pSAK-PabABC as the template and inv_psak-ab_fw and
inv_psak-ab_rv as the primer pair. The amplified fragment was self-
ligated, and the plasmid obtained was named pSAK-PabAB.

PNE-Ptrc-EcpabAB-PfpapBC was constructed as follows. The pNE-
Ptrc gene fragment was amplified via PCR using pNE12-Ptrc as the
template and inv_12_trc_fw and inv_12_trc_rv as the primer pair. The
EcpabAB gene fragment was amplified via PCR using pSAK-PabAB as the
template and ecpabab_to_trc_fw and ecpabab_rv as the primer pair.
PfpapBC gene fragment was amplified via PCR using the PfpapBC syn-
thetic gene as template and rbs_pfpapbc_ecpabab_fw and pfpapbc._-
to_trc_rv as the primer pair. The amplified fragments were conjugated
together, and the plasmids obtained were named pNE-Ptrc-EcpabAB-
PfpapBC. The following plasmids were constructed similarly: pNE-
Ptrc-EcpabAB-SvpapBC, pNE-Ptrc-PfpapA-PfpapBC, pNE-Ptrc-PfpapA-
SvpapBC, pNE-Ptrc-SvpapA-PfpapBC, pNE-Ptrc-SvpapA-SvpapBC, pNE-
Ptrc-CgpabAB-PfpapBC and pNE-Ptrc-CgpabAB-SvpapBC.

PSAK-Ptrc-EcpabAB-PfpapBC was constructed as follows. The pSAK-
Ptrc gene fragment was amplified via PCR using pSAK-Ptrc as the tem-
plate and inv_trc_fw and inv_trc_rv as the primer pair. The EcpabAB-
PfpapBC gene fragment was also amplified via PCR using pNE-Ptrc-
EcpabAB-PfpapBC as the template and ecpabab_to_trc_fw and
pfpapbc_trc_rv as the primer pair. The amplified fragments were con-
jugated together, and the plasmids obtained were named pSAK-Ptrc-
EcpabAB-PfpapBC. pNA23-Ptrc-EcpabAB-PfpapBC, pNCD-Ptre-
EcpabAB-PfpapBC, PSAK-Ptrc-EcpabAB-SvpapBC, pNA23-Ptrc-
EcpabAB-SvpapBC, and pNCD-Ptrc-EcpabAB-SvpapBC were con-
structed similarly.

PZE12-obiL. was constructed as follows. A codon-optimized foreign
gene fragment of obil from Pseudomonas fluorescens strain ATCC39502
was synthesized by an Artificial Gene Synthesis service (Twist Biosci-
ence, San Francisco, CA, USA). The gene fragment encoding obil
amplified by PCR using the primer pair pZ-obiL._fw and pZ-obiL _rv. The
amplified fragments were cloned between the Kpnl/HindIIl site of
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PZE12MCS. pSAK-obil. was constructed similarly. pZE12-NO16 and
PSAK-NO16 was constructed similarly with a codon-optimized foreign
gene fragment encoding NO16 from Pseudomonas sp. EMN2 synthesized
by an Artificial Gene Synthesis service (Twist Bioscience, San Francisco,
CA, USA).

pETDuet-aurF was constructed as follows. The gene encoding AurF
was amplified by PCR using the primer pair pET-aurF_Fw and pET-
aurF_Rv. The amplified fragments were cloned between the EcoRI/Hin-
dIll site of pETDuet-1. pRSFDuet-obiL. and pRSFDuet-NO16 were con-
structed similarly with pRSFDuet-1.

The disruption of pykA and pykF was performed using the CRISPR-
Cas9-plasmid system (Jiang et al., 2015) with pTApykA and pTApykF.

2.2. Medium

LB medium was used for preculture and culture for genetic manip-
ulation. The LB medium comprised 10 g/L tryptone, 5 g/L yeast extract,
and 5 g/L NaCl. The M9Y medium was used for APhe and NPhe pro-
duction. The M9Y medium contained 20 g/L glucose, 5 g/L yeast extract,
6 g/L NaHPO4, 3 g/L KHyPO4, 2 g/L NH4CL, 0.5 g/L NaCl, 1 mM
MgS04-7H20, 0.1 mM CaCly-2H20, 0.1 mM FeSO4-7H20, 10 mg/L
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thiamine hydrochloride, and 0.1 mM IPTG. 100 mg/L ampicillin, 100
mg/L spectinomycin, 50 mg/L kanamycin, and 30 mg/L chloramphen-
icol were added, if needed. L-phenylalanine (100 mg/L), L-tyrosine (40
mg/L), L-tryptophan (40 mg/L), and sodium pyruvate (1.1 g/L) were
added during CFT5 and PN-5 strain cultivation.

2.3. Cultivation conditions

E. coli colonies from the LB plates were inoculated into test tubes
containing 5 mL of LB medium and incubated overnight at 37 °C and
220 rpm. The preculture solution was then inoculated into test tubes
containing 5 mL of M9Y medium to initial ODgpo = 0.05 and incubated
at 37 °C and 220 rpm for 48 h (Fig. 1B, Fig. S1) or 72 h (Figs. 1C and 6,
Fig. S3) or 96 h (Figs. 2, 4 and 5). For analyses of bacterial cell growth
and metabolites, 400 pL of the solution was collected and centrifuged at
10,000 rpm for 10 min. The supernatant was analyzed by high-
performance liquid chromatography (HPLC).

2.4. Fermentation in a bioreactor

DO-stat fed-batch and batch fermentations were performed in a 1-L

Escherichia coli (PN-1 strain)

Degradation
nfsA
nfsB
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Fig. 1. (A) Schematic illustration of NPhe production from APhe. APhe, 4-aminophenylalanine; NPhe, 4-nitrophenylalanine; APP, 4-aminophenylpyruvate; NPP, 4-
nitrophenylpyruvate; AurF; p-aminobenzoate N-oxygenase. (B) Evaluation of NPhe degradation. The NPhe concentrations during the cultivation of CFT1 (yellow)
and PN-1 (green) are shown. (C) Time courses of NPhe production from APhe as a precursor. APhe (795 mg/L) was initially added to the medium during the
cultivation of PN-1a (circles and solid lines) and PN-1A (triangles and dashed lines). APhe and NPhe concentrations are shown in blue and orange, respectively. The
data are shown as the means of three independent experiments with standard deviations. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. APhe production from glucose. (A) Metabolic pathway for APhe production from glucose. ADC, 4-amino-4-deoxychorismate; APP, 4-aminophenylpyruvate;
APhe, 4-aminophenylalanine; PapA, 4-amino-4-deoxychorismate synthase; PapB, 4-amino-4-deoxychorismate mutase; PapC, 4-amino-4-deoxyprehenate dehydro-
genase. (B) Evaluation of gene combinations on APhe production after 96 h cultivation. The data are shown as the means of three independent experiments with

standard deviations. Asterisks indicate significant difference: *p < 0.05.

bioreactor (ABLE & Biott, Tokyo, Japan) with a working volume of 600
mL. The medium comprised 20 g/L glucose, 5 g/L yeast extract, 6 g/L
NayHPOy, 3 g/L KHyPO,, 2 g/L (NH4)2SO4, 0.5 g/L NaCl, 1.1 g/L (for
APhe) or 5.5 g/L (for NPhe) pyruvate sodium, 100 mg/L L-phenylala-
nine, 100 mg/L L-tyrosine, 100 mg/L L-tryptophan, 1 mM MgS0O4-7H50,
0.1 mM CaCly-2H50, 0.01 mM FeSO4-7H50, 10 mg/L thiamine hydro-
chloride, and 0.1 mM IPTG. In addition, 200 mg/L ampicillin and 30
mg/L chloramphenicol were added if needed. The strains were inocu-
lated into 200-mL shake flasks containing 50 mL of the medium and
cultivated overnight at 37 °C and 220 rpm. The preculture solution was
added to a jar fermenter containing the medium with an initial ODggg of
0.05 (for APhe) or 0.3 (for NPhe). Next, 110 g/L pyruvate sodium was
added at a rate of 10 mL/day until DO-stat feeding started, and the pH
was maintained at 7.0 with aqueous ammonia and sulfuric acid. The
flow rate of air for fermentation was maintained at 1.2 L/min (for APhe)
or 0.4 L/min (for NPhe). The dissolved oxygen (DO) level was main-
tained at 30 % by automatically controlling the agitation speed. The feed
solution for APhe production contained 480 g/L glucose, 6.4 g/L
MgS04-7H20, 0.08 mM CaCly-2H50, 0.008 mM FeSO4-7H50, 8 mg/L
thiamine hydrochloride, 0.8 mM IPTG, 80 mg/L L-phenylalanine, 80
mg/L L-tyrosine, 80 mg/L L-tryptophan, and 200 mg/L ampicillin.

2.5. Analytical methods

Bacterial cell growth was evaluated by measuring the optical density
at 600 nm using a UVmini-1240 spectrophotometer (Shimadzu Corpo-
ration, Kyoto, Japan). For APhe and 4-aminophenylpyruvate (APP)
analysis, HPLC (Shimadzu Corporation) equipped with a PBr column (5
pm, 4.6 mm L.D. x 250 mm L; Nacalai Tesque, Kyoto, Japan) was used.
HPLC profiles were obtained using a 254-nm UV-VIS detector. A two-
component system was used, and the mobile phase was (A) 20 mM
potassium phosphate buffer (pH7) and (B) methanol. The gradient
started with a 98:2 mixture of A and B and shifted to a 50:50 mixture
gradually from 7 min, with this ratio retained from 10 to 12 min. The
mixture was then returned to a 98:2 ratio at 15 min. The mobile phase
flow rate was 1.0 mL/min, and the column remained at 40 °C. For 4-
nitrophenylpyruvate (NPP) analysis, HPLC (Shimadzu Corporation)
equipped with a PBr column (5 pm, 4.6 mm I.D. x 250 mm L; Nacalai

174

Tesque, Kyoto, Japan) was used. HPLC profiles were obtained using a
254-nm UV-VIS detector. The mobile phase was a 1:1 mixture of 20 mM
potassium phosphate buffer (pH7) and methanol. For NPhe analysis,
HPLC (Shimadzu Corporation) equipped with an MSII column (5 pm,
4.6 mm L.D. x 250 mm L; Nacalai Tesque) was used. HPLC profiles were
obtained using a 254-nm UV-VIS detector. A two-component system
was used, and the mobile phase was (A) 0.2 % phosphate buffer and (B)
methanol. The gradient started with a 70:30 mixture of A and B and
shifted to a 50:50 mixture gradually from 4 min, with this ratio retained
from 6 to 14 min. The mixture was then returned to a 70:30 ratio at 16
min. The mobile phase flow rate was 1.0 mL/min, and the column
remained at 40 °C. For glucose analysis, prominence HPLC (Shimadzu
Corporation) equipped with a Shodex SUGAR KS-801 column (6 pm, 8.0
mm L.D. x 300 mm L; Shodex) was used. The mobile phase was water,
and HPLC profiles were obtained using a refractive index detector. The
flow rate was 0.8 mL/min, and the column was maintained at 50 °C.

2.6. Quantification of mRNA transcription levels using real-time PCR

The transcriptional expression of pabB and aurF in each strain was
quantified using real-time PCR. Total RNA was isolated from individual
cultures using a NucleoSpin RNA column (Takara Bio, Shiga, Japan)
following the manufacturer’s protocol. Reverse transcription reactions
and quantitative real-time PCR were performed using a LightCycler 96
system (Roche Diagnostics) and an RNA-direct SYBR Green real-time
PCR master mix (TOYOBO, Osaka, Japan). Table S2 contains the
primer pairs used. The normalized transcriptional level of each mRNA
was calculated using the relative quantification method, with the 16 S
rRNA gene serving as the housekeeping gene.

2.7. Expression, purification and activity assay of AurF, ObiL and NO16

AurF, ObiL and NO16 were expressed by E. coli BL21 star (DE3)
strain harboring pETDuet-aurF, pRSFDuet-obil. and pRSFDuet-NO16,
respectively. Protein purification was carried out using TALON®
Metal Affinity Resin (Takara Bio, Shiga, Japan) according to manufac-
tures’ procedure. Enzymatic reactions were performed in a total volume
of 30 pL, containing 10 pM enzyme, 2.5 mM NADH, 0.25 mM PMS, 10
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pM FeSOg4, 25 mM NaCl and 25 mM NayHPO4 (pH 7). Substrate con-
centrations ranged from 0.03 to 2 mM APhe or APP. The reaction mix-
tures were incubated at 37 °C for 10 min (APhe) or 5min (APP) and
subsequently quenched by adding 1 M HCI. The resulting products were
analyzed using HPLC as described above.

3. Results and discussion

3.1. 4-Nitrophenylalanine production from 4-aminophenylalanine using
AurF

In our previous study, we observed the proclivity of E. coli to degrade
p-nitrobenzoate (Mori et al., 2023). Although the pathway for degrading
nitrocompounds remains partially elucidated, we constructed a PN-1
strain featuring the disruption of four genes: nitroreductases encoded
by nfsA and nfsB, N-ethylmaleimide reductase encoded by nemA, and
azoreductase encoded by azoR (Mori et al., 2023) (Fig. 1A). To evaluate
NPhe degradation, strain PN-1 and its parental strain CFT1 were used.
The CFT1 strain exhibited 150 mg/L degradation of NPhe within 48 h
(Fig. 1B). In contrast, PN-1 demonstrated a more subdued degradation,
reaching only 70 mg/L degradation of NPhe (Fig. 1B). Furthermore, an
NPhe degradation experiment was conducted using CFT1A nfsA,
CFT1AnfsAAnfsB and CFT1AnfsAAnfsBAnemA, to identify the predom-
inant genes involved in NPhe degradation (Fig. S1). The results showed
statistically significant differences between CFT1 and the strains CFT1A
nfsA, CFT1AnfsAAnfsBAnemA and PN-1. Conversely, no significant dif-
ferences were observed among CFT1AnfsA, CFT1AnfsAAnfsB and
CFT1AnfsAAnfsBAnemA, suggesting that nfsA and azoR are the primay
genes involved in NPhe degradation. Consequently, the PN-1 strain is
suitable for NPhe production.

In the present study, we focused on the N-oxygenase AurF derived
from Streptomyces thioluteus. Notably, AurF is classified as a nonheme
diiron monooxygenase in the same group as ObiL and NO16, which are
used for NPhe production (Butler et al., 2023). AurF can oxidize an
amino group of p-aminobenzoate, an intermediate of the folate biosyn-
thesis pathway, to synthesize p-nitrobenzoate (He and Hertweck, 2004).
AurF can be used to synthesize other natural and/or non-natural nitro-
aromatic compounds due to its broad substrate specificity (Chanco et al.,
2014). The analysis of AurF substrate specificity in vitro indicated that it
does not recognize APhe as its substrate or produce NPhe (Chanco et al.,
2014). However, we hypothesized that AurF might possess the capacity
to oxidize 4-aminophenylpyruvate (APP), a metabolic intermediate that
undergoes reversible conversion from APhe via endogenous amino-
transferases (Fig. 1A).

To evaluate AurF’s potential for NPhe biosynthesis, PN-1a and PN-
1A strains carrying the aurF gene on high-copy vectors or low-copy
vectors, respectively (Mori et al., 2023), were used. These strains were
cultivated in M9Y medium supplemented with 0.8 g/L of APhe. Notably,
both strains successfully converted APhe into NPhe (Fig. 1C), demon-
strating AurF’s catalytic competence in this pathway (Fig. 1A). After 48
h of cultivation, PN-1a produced 717 mg/L NPhe from 795 mg/L of
APhe, corresponding to a molar conversion efficiency of 0.85 mol/mol
(Fig. 1C). In contrast, PN-1A demonstrated an exhibited a lower NPhe
titer of 499 mg/L, with a conversion efficiency of 0.59 mol/mol. These
results suggest that AurF is a viable candidate for NPhe biosynthesis and
that a high-copy vector enhances its catalytic efficiency.

3.2. Evaluation of gene combinations and fed-batch fermentation for 4-
aminophenylalanine synthesis

We systematically assessed various combinations of PapA, PapB, and
PapC for APhe synthesis. We selected PapABCs from the native APhe
producing strains, P. fluorescence and S. venezuelae. Additionally, given
that PapA shares functional similarity with PabAB in folate biosynthesis,
we chose PabAB from E. coli and C. glutamicum as potential candidates.
Thus, four distinct PapA variants and two PapBC types were examined.
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Each set of papABC genes was inserted into the pNE12-Ptrc vector, and
the plasmids were introduced into the CFT5 strain, which was previ-
ously constructed for its proficiency in aromatic compound production
(Noda et al., 2016) (Fig. 2A). Strains expressing Ec_PabAB and Pf PapBC
or Ec_PabAB and Sv_PapBC yielded APhe titers of 2.32 g/L and 2.52 g/L,
respectively, after 96 h of cultivation, which was the highest titer
(Fig. 2B). In contrast, the original combination, Pf Pf (PapABC from
P. fluorescens) and Sv_Sv (PapABC from S. venezuelae), produced only
0.64 g/L and 0.42 g/L, respectively. Interestingly, the strain expressing
Pf Sv (PapA from P. fluorescens and PapBC from S. venezuelae) exhibited
a superior APhe yield of 2.10 g/L, surpassing that of the original gene
combinations (Masuo et al., 2016; Mehl et al., 2003). Most previous
studies on the microbial production of APhe have used a combination of
Pf PapA and Pf PapBC or Sv_PapA and Sv_PapBC (Masuo et al., 2016;
Mehl et al., 2003). In addition, a study using PabAB from C. glutamicum
as PapA exists (Mohammadi Nargesi et al., 2018), but no previous
studies have produced APhe using PabAB from E. coli. In this study,
PabAB from E. coli proved more effective than PapA from other organ-
isms, with no statistically significant difference observed between Ec_Pf
and Ec_Sv (Fig. 2B). This suggests that PabAB from E. coli plays a crucial
role in a high production titer of APhe. These findings demonstrate the
significance of the combined action of papABC genes in optimizing APhe
production.

DO-stat fed-batch fermentation was performed with the CFT5 strain
harboring pNE12-Ptrc-EcpabAB-SvpapBC to increase APhe production
(Fig. 3). The initial glucose concentration was 20 g/L. The pH was
maintained at 7.0, and the DO level was maintained at 30 % by adjusting
the agitation rate. The feeding solution containing 480 g/L glucose was
automatically fed according to an increase in DO levels, indicating the
complete consumption of glucose. After cultivation for 140 h, 22.5 g/L
APhe was produced, achieving the highest APhe titer reported to date
(Table 1). The yield of APhe in the bioreactor was approximately 0.37 g/
g and that in the test tube culture was 0.13 g/g (Fig. 2B). In addition, the
yield of APhe in the feeding phase exceeded that in the batch phase (0.39
vs. 0.30 g/g). These results suggest that DO-stat fed-batch fermentation
is effective in improving APhe production. Although the cultivation time
in this study was longer than that in other previous studies (Table 1), the
APhe yield obtained in this study exceeded previously reported yields
(0.17 g/g-glucose (Masuo et al., 2016), 0.13 g/g-glycerol (Mohammadi
Nargesi et al., 2018)).
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Fig. 3. DO-stat fed-batch fermentation in APhe production in a 1-L bioreactor.
APhe production, glucose concentration, and ODggo values are shown in blue,
green, and yellow, respectively. The data represents the means of three inde-
pendent experiments with standard deviations. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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means of three independent experiments with standard deviations. (D) Correlation between relative transcription levels of Ec_pabB and APhe production.

3.3. Engineering of 4-aminophenylalanine biosynthesis module for NPhe
production by tuning plasmid copy number

Modular metabolic engineering is a widely used approach for opti-
mizing metabolic pathways to enhance the productivity of target com-
pounds. Expression levels of pathway modules are finely tuned using
various regulatory tools, such as promoters, ribosome binding sites and
codon usage. Plasmid copy number is one of the valuable tools for
modular metabolic engineering. Lee and Trinh successfully engineered
strains producing butyryl-CoA-derived designer esters by varying copy
numbers of plasmids of each module (Jong-Won and Cong, 2022).
Similarly, Yang et al. also achieved high tyrosol production through
optimizing plasmid copy numbers (Haiquan et al., 2019). NPhe
biosynthesis from glucose requires the introduction of both aurF and
papABC into E. coli (Fig. 5A-D). Therefore, we opted modular metabolic
engineering for NPhe production.

In the NPhe converting module, the high-copy vector pZE12-aurF
significantly facilitated the conversion of APhe to NPhe (Fig. 1C).
Similarly, in the APhe producing module, high APhe production from
glucose was also attained using a high-copy vector. This emphasizes the
importance of fine-tuning the expression levels of each module to opti-
mize NPhe yield from glucose. Therefore, we engineered APhe produc-
ing module by tuning plasmid copy number and evaluated its effect on
APhe production titers (Fig. 4A). Using a suite of plasmids with distinct
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origins of replication, we employed a high-copy number plasmid
designated pNE12-Ptrc (ColE 1 origin), an intermediate copy number
plasmid pNCD-Ptrc (CDF origin), pNA23-Ptrc (p15 A origin) for mod-
erate expression levels, and a low-copy plasmid pSAK-Ptrc (SC101
origin) for the expression of two distinct PapABC enzyme pairs: Ec_Pa-
bAB/Pf PapBC and Ec_PabAB/Sv_PapBC. As expected, we observed a
pronounced decrease in APhe production concomitant with a reduction
in the plasmid copy number (Fig. 4B). Intriguingly, despite the low-copy
number of plasmid pSAK-Ptrc, the resultant APhe production (pS_Ec_Pf,
1.70 g/L; pS_Ec_Sv, 2.20 g/L) markedly exceeded that produced by
medium-copy number plasmids (pA_Ec_Pf, 1.48 g/L; pA_Ec_Sv, 2.01 g/L,
pCD_EcSv, 1.81 g/L). To elucidate the underlying mechanisms
contributing to this anomalous observation, we quantified the mRNA
transcription levels of the Ec_pabB gene across the various strains by
employing qRT-PCR (see Fig. 4C). We focused on the Ec_PabB tran-
scription level because Ec_PabB can convert ammonia and chorismate to
4-amino-4-deoxychorismate on its own, whereas Ec_PabA cannot extract
ammonia from glutamine without forming a complex with Ec_PabB. The
correlation coefficient between the transcription levels of Ec_pabB and
APhe production was 0.73 (Fig. 4D), indicating that high transcription
levels of Ec_pabB lead to efficient APhe production. Notably, the tran-
scriptional activity of the Ec_pabB gene in strains harboring the pSAK-
Ptrc plasmid markedly exceeded that observed in strains with the
pNCD-Ptrc and pNA23-Ptrc plasmids (Fig. 4C). This improved
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the Web version of this article.)

transcriptional activity is believed to contribute to the enhanced APhe
biosynthesis observed in low-copy number plasmid expression systems.

3.4. 4-Nitrophenylalanine production from glucose

In section 3.3, we optimized APhe producing module by adjusting
the plasmid copy number. Based on this, we combined the APhe pro-
ducing module with the NPhe converting module to produce NPhe from
glucose (Fig. 5A-D). PN-5 strain (CFT5AtrpEAnfsAAnfsBAnemAAazoR)
was used as a parental strain. This strategic approach to vector combi-
nation and gene set expression aims to dissect the subtle interrelation

between gene expression levels and metabolic pathway efficiency,
thereby illuminating a pathway toward maximizing NPhe production
from glucose through genetic and metabolic engineering in E. coli.

Fig. 5E shows the titers of NPhe and APhe when pSAK-aurF was used
for NPhe converting module. After 96 h cultivation, pN_Ec_Pf yielded
843 mg/L of NPhe titer, followed by pN_Ec_Sv (758 mg/L) (Fig. 5E).
When pZE12-aurF was used for NPhe converting module, pS_Ec_Pf and
pS_Ec_Sv produced NPhe titers of 598 mg/L and 621 mg/L, respectively
(Fig. 5B). Strains harboring pSAK-aurF were expected to have a lower
conversion rate of APhe to NPhe and accumulate more APhe than those
harboring pZE12-aurF (Fig. 1C), but the aurF expression vector had little
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Table 1
APhe production by engineered E. coli strains.
Titer Yield [g/g- Substrate  Condition = Time Overexpressed Strains Reference
[g/L] substrate] [h] genes
225 0.37 glucose Fed- 144 Ec_pabAB ATCC31882AptsHI::Pa1jaco-1-8lK- This study
batch & Sv_papBC galPApykFApykA ApheA AtyrA AtrpEAnfsA AnfsBAnemAAazoR
16.78 0.13 glycerol Fed- 77 Cg_pabAB W3110ApheAAtyrAAaroFAlac::Piyc-aroFBLATDs::Pa-glpXAgal::Pisc- Mohammadi
batch & Sv_papBC tktAAtyrR::FRT Nargesi et al., 2018
& aroFBL
4.4 0.17 glucose Fed- 36 Pf papABC NST37 (DE3)ApheLA Masuo et al. (2016)
batch & aroG™

effect on NPhe production (Fig. 5B-E). In support of this finding, no
significant difference was observed in the aurF expression levels be-
tween strains harboring pZE12-aurF and pSAK-aurF (Fig. 5C-F). Alter-
natively focusing on the expression levels of Ec_pabB, strains with pSAK-
Ptrc and pNE12-Ptrc showed high expression levels of Ec_pabB, which is
consistent with the result of NPhe production (Fig. 5B-E). Indeed, the
correlation between the transcription levels of Ec_pabB and NPhe was
0.73 (Fig. 5G), which is similar to the value shown in Fig. 4D. In contrast,
the correlation between the transcription levels of aurF and NPhe was
negligible (Fig. 5H). Furthermore, the ratio of Ec_pabB to aurF tran-
scription levels in each strain almost corresponds to that of APhe to
NPhe production: strains with low APhe accumulation tend to have
lower Ec_pabB transcription levels than aurF ones (e.g., Fig. 5C
pA_Ec_Pf, Fig. 5F pCD_Ec_Pf). In contrast, strains with high APhe accu-
mulation showed opposite results (e.g., Fig. 5C pCD_Ec_Pf). These results
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indicate that the expression levels of APhe synthetic genes are more
important than the aurF expression level for NPhe production from
glucose.

3.5. Evaluation of alternative N-oxygenases: ObiL and NO16

As shown in Fig. 5E, pN_Ec_Pf produced 843 mg/L of NPhe, however,
276 mg/L of APhe remained accumulated. A previous study reported
that ObiL and NO16 recognize both APhe and APP as substrates (Butler
et al., 2023). Therefore, we assessed NPhe production by replacing AurF
with ObiL. or NO16. However, this substitution did not lead to an
improvement in NPhe production titers (Fig. 6A and B). After 72 h of
cultivation, PN-5 strain co-expressing EcpabAB-PfpapBC and ObilL pro-
duced 640 mg/L of NPhe, while the strain co-expressing Ecpa-
bAB-PfpapBC and NO16 produced 676 mg/L of NPhe. These titers were
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comparable to those observed in the AurF expressing strain.

To further elucidate these findings, we determined the kinetic pa-
rameters of AurF, ObiL, and NO16 using purified enzymes (Tables 2 and
3, Fig. S2). The Ky, value of ObiL for APP (0.10 mM) was approximately
half that for APhe (0.19 mM), while the k., value for APP (3.2 x 1072
s’l) was six-fold higher than that for APhe (0.51 x 1072 s’l). A similar
trend was observed for NO16, suggesting that both enzymes exhibit a
preference for APP over APhe as a substrate. The catalytic efficiency
(kcat/Km) for APP was determined to be 0.14 s~ ! for AurF, 0.32 s7! for
ObiL, and 0.42 s~! for NO16 (Table 3). Although ObiL. and NO16
exhibited superior kinetic parameters compared to AurF, the NPhe titers
obtained from glucose fermentation were comparable across all strains
(Fig. 6A and B).

To further investigate APhe conversion efficiency, we evaluated
NPhe production in strains expressing only ObiL or NO16 (i.e. without
papABC expression) under conditions supplemented with about 1 g/L of
APhe in M9Y medium (Fig. S3). Both strains successfully converted
APhe into NPhe at levels superior to those observed with aurF-
expressing strains (Fig. 1C), with molar conversion efficiencies of 0.83
+ 0.21 mol/mol (pZE12-aurF), 0.90 + 0.01 mol/mol (pZE12-obiL), and
0.99 £+ 0.07 mol/mol (pZE12-NO16). These findings suggest that the
metabolic flux from APP to APhe, mediated by endogenous amino-
transferases, is higher than both the conversion of APP to NPP by N-
oxygenases and the reverse reaction (i.e. from APhe to APP), as sum-
marized in Fig. 6C. It is supported by the fact that neither APP nor NPP
detected during cultivation (Fig. 6A). In addition, a previous study re-
ported that endogenous aminotransferases exhibit catalytic activities to
oxo acids (e.g. phenylpyruvate) that are 10- to 100-fold higher than
those toward their corresponding amino acids (e.g. phenylalanine)
(Hayashi et al., 1993). Based on these results, a promising strategy for
enhancing NPhe production from glucose would involve fine-tuning the
metabolic fluxes governing the interconversion of APP and APhe, as well
as the enhancing the flux from APP to NPP.

3.6. Batch fermentation in 4-nitrophenylalanine production

To enhance NPhe production, batch fermentation was performed in a
1-L bioreactor with the PN-5 strain harboring pNE12-Ptrc-EcpabAB-
PfpapBC and pSAK-aurF. The culture conditions were similar to those
described for APhe production, with some modifications, such as change
in initial ODggg (see Materials and Methods for details). After 74 h of
incubation, 2.22 g/L NPhe was produced, which was 2.6-fold higher
than the titer obtained in the test tube culture (Fig. 7). The optimal pH
for AurF activity is 5.5 (Chanco et al., 2014), suggesting that lower pH
levels provide a more favorable environment for AurF-mediated re-
actions than the pH of 7 maintained in the bioreactor. However,
adjusting the bioreactor cultivation pH to 6 did not result in improved
NPhe production (data not shown). In the later stages of cultivation, the
E. coli strain exhibited a marked decline in respiratory activity and
glucose uptake capacity (data not shown). This finding is partially due to
the toxicity of nitro compounds (Kovacic and Somanathan, 2014).

4. Conclusion

Here, we engineered E. coli strains capable of the biosynthesis of
APhe and NPhe from glucose. Firstly, we demonstrated that the N-
oxygenase AurF can be used for NPhe production. An optimal genetic
configuration for APhe synthesis (pabAB from E. coli and papBC from
S. venezuelae) was identified, and the engineered strain produced 2.52 g/
L APhe in test tube cultivation and 22.5 g/L APhe in fed-batch cultiva-
tion. The co-expression of the N-oxygenase AurF along with the genes
responsible for APhe production and the fine-tuning of the plasmid copy
number allowed the production of 843 mg/L NPhe from glucose. After
optimizing condition in batch cultivation, the NPhe titer reached 2.22 g/
L.

Phenylalanine’s role as a precursor for numerous compounds can
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Table 2
Kinetic parameters of AurF, ObiL and NO16 to APhe.

Enzyme K [mM] keat [ x 1072571] keat/Km [MM 1 s71]

AurF - - -

ObiL 0.19 + 0.13 0.51 + 0.09 0.027 + 0.019

NO16 0.53 + 0.19 1.3+ 0.17 0.024 + 0.0092
Table 3

Kinetic parameters of AurF, ObiL and NO16 to APP.

Enzyme K [mM] keat [ x 1072571 Keat/Km [mM ! s71]
AurF 0.15 + 0.060 2.0 +0.23 0.14 + 0.058
ObiL. 0.10 + 0.031 3.2 4+ 0.32 0.32 + 0.10
NO16 0.14 +0.13 58+ 1.5 0.42 + 0.41
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Fig. 7. Batch fermentation in NPhe production in a 1-L bioreactor. APhe
production, NPhe production, glucose concentration, and ODggo values are
shown in blue, orange, green, and yellow, respectively. The data represent the
means of three independent experiments with standard deviations. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

enable the generation of nitrated phenylalanine derivatives via micro-
bial fermentation. For example, phenylalanine is converted to cinnamic
acid by phenylalanine ammonia lyase (Vargas-Tah and Gosset, 2015).
Furthermore, styrene can be produced using cinnamic acid as a substrate
(K. Lee et al., 2019; Liang et al., 2020.). 4-Nitrostyrene, wherein the
4-position of styrene is nitrated, has been utilized as a raw material for
polymers (Gabr, 2007; Philippides et al., 1994). Phenylalanine is also a
precursor of phenylacetaldehyde, phenylethanol, and flavonoids (S. P.
Liu et al., 2015). Thus, our findings will aid in broadening the scope of
nitrated compounds achievable through microbial production, extend-
ing beyond just the industrial synthesis of NPhe.
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