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A platform for distributed production of 
synthetic nitrated proteins in live bacteria

Neil D. Butler1, Sabyasachi Sen1, Lucas B. Brown    2, Minwei Lin1 & 
Aditya M. Kunjapur    1 

The incorporation of the nonstandard amino acid para-nitro-l- 
phenylalanine (pN-Phe) within proteins has been used for diverse 
applications, including the termination of immune self-tolerance. However, 
the requirement for the provision of chemically synthesized pN-Phe to cells 
limits the contexts where this technology can be harnessed. Here we report 
the construction of a live bacterial producer of synthetic nitrated proteins by 
coupling metabolic engineering and genetic code expansion. We achieved 
the biosynthesis of pN-Phe in Escherichia coli by creating a pathway that 
features a previously uncharacterized nonheme diiron N-monooxygenase, 
which resulted in pN-Phe titers of 820 ± 130 µM after optimization. After we 
identified an orthogonal translation system that exhibited selectivity toward 
pN-Phe rather than a precursor metabolite, we constructed a single strain 
that incorporated biosynthesized pN-Phe within a specific site of a reporter 
protein. Overall, our study has created a foundational technology platform 
for distributed and autonomous production of nitrated proteins.

The modification of proteins to contain nitroaromatic functionali-
ties can facilitate unique interactions due to the electron delocalizing 
properties of nitro groups in aromatic systems. However, none of the  
20 standard amino acids contain nitroaromatic functionality nor 
ring substituents that exhibit similar levels of electron-withdrawing 
potential. One approach to overcome this limitation is to incorporate 
nitroaromatic nonstandard amino acids, also referred to as noncanoni-
cal amino acids or unnatural amino acids, at specified protein residues 
in live cells using genetic code expansion technology1–3. Using this 
approach, the nitroaromatic nonstandard amino acid para-nitro-l- 
phenylalanine (pN-Phe) has been of heightened interest given its diver-
sity of applications (Fig. 1a), including as a peptide distance marker3, 
an enhancer of activity for nitroreductase enzymes4 and a means to 
break immune self-tolerance5–7. However, these demonstrations relied 
on the supplementation of chemically synthesized pN-Phe to bacterial 
cultures for the production of nitrated proteins, which can limit the 
contexts where these proteins or cells are used.

One example of where proteins that contain pN-Phe have been 
used is for immunomodulation to aid in the treatment of autoimmune 
disorders or cancer. By substituting a single surface residue of an 

autologous protein with pN-Phe and administering it to mouse models, 
Schultz and colleagues demonstrated the termination of tolerance 
toward the wild-type autologous protein, enabling robust IgG antibody 
production against the protein. This immunogenic enhancement is 
believed to occur due to the π electron delocalizing properties of the 
nitroaryl group within aromatic systems8 and the recognition of these 
neoepitopes by CD4+ T cells during binding to the peptide and major 
histocompatibility complex class II (MHC-II) complex7. The T cells sub-
sequently activate B cells that produce antibodies capable of binding 
to the wild-type protein. A broad range of proteins has been targeted 
using this strategy, including tumor necrosis factor α (TNFα), com-
plement component 5a (C5a), receptor activator of nuclear factor-κB 
ligand (RANKL), human epidermal growth factor receptor 2 (HER2) and 
programmed death-ligand 1 (PD-L1) (refs. 5–7,9–11). Compared to other 
nonstandard amino acids, pN-Phe proved the most effective at elicit-
ing an immune response and has been reported in the largest number 
of investigations7. However, one major drawback of the approach of 
administering nitrated proteins was the need for aggressive immuni-
zation schedules ranging from four injections over 28 days7 to eight 
injections over 17 days5.
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To construct a metabolic pathway that achieves biosynthesis of 
pN-Phe, we anticipated that nitro group formation could proceed 
from aromatic amines via oxidation of the amine, which we saw as 
a promising route for pN-Phe synthesis for two reasons. First, the 
metabolic synthesis of the amine precursor, pA-Phe, has been dem-
onstrated from multiple natural gene clusters (commonly referred 
to as papABC)17,24,25. Second, a promising amine-oxidizing enzyme, 
or nonheme diiron N-monooxygenase (ObiL, otherwise referred to 
in the literature as ObaC), was recently discovered in Pseudomonas 
fluorescens strain ATCC 39502 in the biosynthetic gene cluster for the 
antibiotic obafluorin. Prior work suggests that this N-oxygenase has 
native activity on para-aminophenylpyruvate (pA-Pyr), the immediate 
precursor to pA-Phe in metabolic synthesis26,27. Multiple N-oxygenases 
have demonstrated activity when expressed in E. coli, including AurF28 
(with a native substrate of para-aminobenzoic acid) and CmlI29 (with a 
native substrate of the amine precursor to chloramphenicol). However, 
there are no reported examples of engineered biosynthetic pathways 
that feature N-oxygenases to our knowledge.

Here we constructed and tested a de novo biosynthetic pathway 
for pN-Phe in E. coli that used four heterologous enzymes, including 
an N-oxygenase enzyme for nitro group formation and the papABC 
operon from Streptomyces venezuelae. Through chassis engineering 
and N-oxygenase bioprospecting, we were able to improve pN-Phe 
titers to near millimolar levels and decrease the accumulation of the 
nonstandard amino acid intermediate pA-Phe. We then identified an 

Microbial biosynthesis of nonstandard amino acids offers a poten-
tial solution to many limitations of biomanufacturing proteins that 
contain an expanded genetic code by forming the nonstandard amino 
acids intracellularly and on-demand before incorporation within pro-
teins12,13. The generation of a bacterial strain that can autonomously 
access an expanded genetic code could also offer a new strategy to 
solve the problem of aggressive immunization associated with the use 
of pN-Phe for immunomodulatory applications by producing nitrated 
proteins within a patient. Additionally, a live bacterial vector could 
offer benefits of tropism for regions of disease14, high antigen-loading 
potential (potentially 100,000 copies displayed/cell in Escherichia 
coli)15 and adjuvanticity arising from the bacterial cell16.

Toward the on-demand production of proteins with nonstandard 
functionalities more generally, a handful of nonstandard amino acids 
have been metabolically biosynthesized and incorporated in distinct 
engineering efforts, including para-amino-l-phenylalanine (pA-Phe)17, 
l-sulfotyrosine18, l-dihydroxyphenylalanine19, 4-nitro-l-tryptophan20, 
5-hydroxy-l-tryptophan21 and l-propargylglycine22. While substantial 
advancements, most of these nonstandard amino acids are found in 
nature and were produced in model microbes by transplanting natu-
rally occurring pathways. However, to our knowledge, pN-Phe has not 
been found in nature. Indeed, natural production of nitro compounds 
is relatively rare, with only approximately 200 naturally produced 
nitro compounds previously identified23. As such, pN-Phe biosynthesis 
would require a de novo pathway design.
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Fig. 1 | De novo biosynthesis and site-specific incorporation of pN-Phe.  
a, Within the field of genetic code expansion, the site-specific incorporation of 
para-nitro-l-phenylalanine (pN-Phe) has been used in several applications. Those 
depicted are as follows: (i) incorporation into self-proteins for immunochemical 
termination of tolerance toward an antigen and polyclonal antibody production 
(antigen-presenting cell delivering modified antigen to a T-cell is shown);  
(ii) use of pN-Phe as a fluorescent quencher to measure relative distance toward 
tryptophan and (iii) substitution within the binding pocket of enzymes for 
improved enzyme kinetics. b, Schematic representation of our de novo synthesis 

pathway for pN-Phe in E. coli that can subsequently be used for site-specific 
protein incorporation. The de novo biosynthesis pathway makes use of (i) 
three heterologous enzymes from the chloramphenicol biosynthesis pathway 
in Streptomyces venezuelae that generate pA-Phe from chorismate known as 
papABC (shown in blue to indicate prior use in engineered pathways); (ii) an 
N-oxygenase with activity on pA-Phe or pA-Pyr (shown in red to indicate a lack 
of prior use in engineered pathways) and (iii) an endogenous, promiscuous 
aminotransferase capable of converting aromatic keto acids to amino acids 
(shown in gray to indicate that it is an endogenous enzyme).
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engineered variant of the tyrosyl-tRNA synthetase and associated tRNA 
from Methanocaldococcus jannaschii (MjTyrRS and MjtRNATyr

CUA) that 
was capable of selectively charging tRNA with pN-Phe rather than Tyr or 
the metabolic pathway intermediate pA-Phe. By coupling this system 
with our synthesis pathway, in addition to further genomic edits and 
gene expression improvements within the strain, we established an 
engineered E. coli capable of de novo synthesis and incorporation of 
pN-Phe within proteins.

Results
Establishing a pathway for pN-Phe synthesis in E. coli
To devise possible routes for pN-Phe biosynthesis, we initially 
attempted to use established computational pathway identification 
tools. State-of-the-art programs that we tested— RetroBioCat30 and 
ATLAS of Biochemistry31—were unable to predict biosynthetic routes 
to pN-Phe, which is consistent with the limited documentation of 
nitroaromatic biosynthesis. Thus, we proposed our own retrobiosyn-
thesis with the following enzymatic elements (Fig. 1b): (1) three heter-
ologous enzymes from the chloramphenicol biosynthesis pathway in  
S. venezuelae that generate pA-Phe from chorismate; (2) the putative 
N-oxygenase ObiL and (3) a promiscuous aminotransferase capable of 
converting aromatic keto acids to amino acids. Before investigating 
this pathway, we first assessed whether E. coli would be a compatible 
host for pN-Phe synthesis given prior confirmation of nitroreductase 
activity32 and known toxicity from nitroaromatic degradation. Thus, we 
performed toxicity and stability testing in E. coli MG1655 with primary 
pathway intermediates pA-Pyr, para-nitrophenylpyruvate (pN-Pyr), 
pA-Phe and pN-Phe (Supplementary Fig. 1). Here only pN-Pyr exhib-
ited toxicity at relevant (1 mM) concentrations, and these compounds 
were fairly stable as well, again with the exception of pN-Pyr. When we 
added 0.25 mM pN-Pyr to metabolically active cultures, we observed 
approximately 75% conversion to pN-Phe over 24 h (Fig. 2a). This was 
consistent with the reported polyspecificity of native aromatic ami-
notransferases measured in vitro33.

Next, we sought to identify an N-oxygenase that could fully oxi-
dize pA-Phe or pA-Pyr. Recent work has identified the putative diiron 
monooxygenase ObiL in the synthesis of obafluorin26. In that study, 

the characterization of ObiL featured a colorimetric assay to measure 
the oxidation of pA-Pyr rather than direct chromatographic or spec-
trometric confirmation. To directly assay ObiL activity on pA-Pyr using 
high-performance liquid chromatography (HPLC) and to evaluate 
pA-Phe as a potential substrate, we purified ObiL with a C-terminal hexa-
histidine tag and an N-terminal β-galactosidase fusion (Supplementary 
Fig. 2). We then performed in vitro characterization on ObiL using H2O2 
as a reductant to recycle the diiron core of the enzyme28. Here we dem-
onstrated that ObiL was active on both pA-Pyr and pA-Phe, although 
only 10% conversion of 1 mM substrate was achieved in vitro after 3 h 
(Fig. 2b, Supplementary Fig. 3). We next investigated the heterologous 
activity of ObiL in MG1655 using metabolite supplementation to fer-
mentations. In this case as well, we observed the formation of nitroaro-
matic products when supplementing pA-Pyr and pA-Phe (Fig. 2c).  
This result indicated that native reductant systems in E. coli can reduce 
the diiron cluster ObiL from its fully oxidized state. The reduced form 
of diiron monooxygenases is required for reaction with oxygen to 
form the peroxo intermediate directly implicated in amine oxidation.

De novo synthesis of pN-Phe from glucose in E. coli
To establish de novo biosynthesis of pN-Phe in E. coli, we initially 
sought to confirm the synthesis of pA-Phe using the previously 
established papABC operon from S. venezuelae. We placed the native 
operon on a plasmid under the control of a single isopropyl β-D-
1-thioglactopyranoside (IPTG)-inducible T7-promoter system. Given 
the lack of modifications to the host metabolism, this system alone 
served as a negative control and generated less than 10 µM pA-Phe 
titer following 24 h growth in M9-glucose minimal media (Fig. 3a, strain 
NB04; strain details found in Supplementary Table 1). To increase flux 
to the shikimate pathway, we further expressed a feedback-resistant 
3-deoxy-d-arabino-heptulosonate-7-phosphate (DAHP) synthase34 
(aroG_D146N or aroG*) on a separate plasmid from papABC genes  
(strain NB06), resulting in a pA-Phe titer of 624 ± 79 µM achieved 24 h 
after induction.

We next integrated the N-oxygenase obiL into the pathway in 
an operon with aroG* to investigate whether coexpression of these 
genes with the papABC operon would achieve pN-Phe biosynthesis. 
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Fig. 2 | Initial characterization for de novo synthesis pathway. a, Evaluation 
of the native aminotransferase activity of E. coli MG1655 for the conversion of 
pN-Pyr to pN-Phe when fermentative cultures in LB media are supplemented with 
250 µM pN-Pyr at midexponential phase. b, In vitro investigation of ObiL activity 

on pA-Phe and pA-Pyr with 1 mM substrate provided. c, Conversion of pA-Phe or 
pA-Pyr to pN-Phe by E. coli strains transformed to express ObiL and cultivated 
in LB media. Samples sizes are n = 3 using biological replicates. Data shown are 
mean ± s.d.
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We were encouraged to observe pN-Phe, albeit with a fairly low 24 h 
titer of 83 ± 13 µM (strain NB07, Supplementary Fig. 4). To reduce the 
metabolic burden and limit the number of plasmids for downstream 
site-specific incorporation steps, we consolidated both the obiL-aroG* 
operon and the papABC operon onto one plasmid (Fig. 3b). This strain 
achieved a twofold increase in pN-Phe titer to 153 ± 22 µM (strain NB08). 
Next, to further enhance titer, we purchased a commercially available 
phenylalanine overproducer strain and performed several modifica-
tions to improve its suitability for pN-Phe biosynthesis. The initial 
strain contained mutations to eliminate the functional synthesis of 
tyrosine and tryptophan (ΔtyrA and ΔtrpE), as well as mutations to 
increase shikimate pathway flux (inactivation of tyrR and mutations 
to create feedback-resistant versions of AroG and AroF proteins). 
We then inactivated the expression of PheA, the initial enzyme that 
directs chorismate flux to phenylalanine. This inactivation rendered 
the strain auxotrophic to all three standard aromatic amino acids and 
should permit the strain to accumulate a greater pool of chorismate, 
increasing potential pN-Phe titer. Additionally, we performed genomic 
integration of the T7 polymerase, lacI and lacZ genes for use with our 
T7-polymerase-based plasmid setup, creating the NST37(DE3)ΔpheA 
strain (Fig. 3c). Using this strain in M9-glucose media with aromatic 
amino acids supplemented (0.04 mg ml−1 L-phenylalanine, 0.04 mg ml−1 

L-tyrosine and 0.04 mg ml−1 L-tryptophan), we achieved our highest 
measured pN-Phe titer of 260 ± 11 µM with the single plasmid system 
(strain NB14), although final cell density for the dual plasmid system 
was lower than that of the single plasmid system (Supplementary 
Table 2). Despite promising pN-Phe titer, a higher titer of pA-Phe 
(454 ± 28 µM) was measured using the engineered strain with the single 
plasmid system. Given that pA-Phe is a structurally related nonstandard 
amino acid that engineered aminoacyl-tRNA synthetases (AARSs) have 
been shown to accept as a substrate, we reasoned that we would need 
to improve the selectivity of pN-Phe biosynthesis to limit eventual 
misacylation of orthogonal tRNA.

Screening an N-oxygenase library for enhanced activity
We hypothesized that we could increase pN-Phe titers by identifying 
a more active N-oxygenase to improve the conversion of pA-Phe to 
pN-Phe. Previously characterized nonheme diiron monooxygenases 
have demonstrated activity on diverse aromatic amines and compat-
ibility with expression in E. coli. Thus, although ObiL was the only 
reported diiron monooxygenase to exhibit full oxidation of pA-Phe to 
pN-Phe, we hypothesized that additional N-oxygenases with activity on 
pA-Phe or pA-Pyr could exist. To assess the broader space of candidate 
enzymes, we generated a protein sequence similarity network (SSN). 
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Fig. 3 | Metabolic engineering for the synthesis of pN-Phe in E. coli. a, De novo 
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biological replicates. Data shown are mean ± s.d. b, Depiction of the different 
arrangement of pathway plasmids for the synthesis of pN-Phe c, Representation 
of the knockouts and modifications from E. coli MG1655 present in the E. coli 
NST37(DE3) ΔpheA strain engineered for enhanced pN-Phe titer through 
chorismate. Inactivated enzymes are shown with a red cross and feedback-

resistant versions of enzymes are shown with an asterisk. GIK, glucokinase; AroG, 
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We observed several clusters, with characterized N-oxygenases found 
in four of them, and we selected 21 distinct sequences from 18 different 
clusters for heterologous expression (Fig. 4a, Supplementary Fig. 5 and 
Table 3). Upon cloning these with a C-terminal hexahistidine tag, all the 
N-oxygenases except four (NO6, NO13, NO18 and NO20) expressed in 
the soluble fraction (Supplementary Fig. 6). We then assessed whether 
the soluble N-oxygenases were active on pA-Phe by supplementing 
it to aerobic cultures of E. coli MG1655 transformed to express each 
N-oxygenase. Under these conditions, only one additional N-oxygenase 
(NO16) resulted in pN-Phe production (Fig. 4b). NO16 was in the same 
cluster as ObiL and was the only protein to reside in a predicted bacterial 
gene cluster with 85% similarity to that of the β-lactam obafluorin (Sup-
plementary Table 4). ObiL and NO16 are structurally similar, sharing 73% 
sequence identity. To obtain further structural insight, we generated 
protein structural predictions using AlphaFold2 via ColabFold35,36 (Sup-
plementary Fig. 7). Alignment of AlphaFold2-generated structures of 
ObiL and NO16 to the crystal structure of the N-oxygenase AurF, when 
bound to its product para-nitrobenzoic acid (Protein Data Bank (PDB): 
3cht (ref. 37)), showed binding pocket differences that could influence 
pA-Phe binding (Supplementary Fig. 8).

We next sought to compare the performance of ObiL and NO16 on 
substrates of interest in vitro and in the full pathway context in vivo. 
We purified NO16 and found that it catalyzed a twofold higher yield 
of pN-Phe from pA-Phe compared to the yield catalyzed by ObiL, con-
verting 1 mM pA-Phe to 196 ± 23 µM pN-Phe over 3 h (Fig. 4c). Conver-
sion of pA-Pyr to pN-Pyr was comparable for ObiL and NO16. We then 
compared ObiL or NO16 in the full pathway context using the single 
plasmid expression system (Fig. 4d), initially using M9-minimal media 
supplemented with 1.5% glucose. We observed an improved pN-Phe 
titer at 24 h when coexpressing NO16 (330 ± 75 µM), as compared to 
ObiL (197 ± 25 µM) (Fig. 4e, Supplementary Table 5). The lower final 
titer of pA-Phe observed using NO16 supports the notion that increased 
N-oxygenase activity improved pathway selectivity. To explore the role 
of culture medium in influencing titer, we also tested a rich defined 
media (MOPS EZ Rich with 1.5% glucose). Using this media, we achieved 
an encouraging pN-Phe titer of 820 ± 130 µM after 24 h using NO16 
compared to a titer of 435 ± 23 µM using ObiL (Fig. 4f ). The use of 
lysogeny broth (LB) media with glucose resulted in no distinguish-
able difference in activity between ObiL and NO16 (Supplementary  
Fig. 9). To further investigate these results, we repeated in vivo supple-
mentation experiments for ObiL and NO16 in LB media compared to 
M9-glucose (Supplementary Fig. 10). Although ObiL and NO16 appear 
to perform comparably in most conditions, in M9-glucose media, the 
use of NO16 was superior, achieving complete conversion of 0.5 mM 
pA-Phe to pN-Phe after 24 h. Given that the highest pN-Phe titer was 
generated using MOPS EZ Rich media, we used this media in the remain-
ing studies. Given that we achieved a pN-Phe titer above 0.8 mM, which 
is close to the typical concentration of 1 mM supplemented to cells for 
genetic code expansion, we began to investigate tools for site-specific 
incorporation within proteins.

Identification of a selective AARS
To achieve site-specific incorporation of biosynthesized pN-Phe within 
a target protein, we required an AARS and tRNA pair that exhibited 
sufficient activity at submillimolar concentrations of pN-Phe and selec-
tivity for pN-Phe rather than pA-Phe. The original system reported 
to enable pN-Phe incorporation at the nonsense amber codon UAG 
in E. coli used an evolved MjTyrRS (referred to as pNFRS) paired with 
MjtRNATyr

CUA
3. However, the activity of this system on other nonstand-

ard amino acids has not been reported, and many MjTyrRS derivatives 
exhibit substrate polyspecificity38,39. Hence, we evaluated the activity 
and selectivity of a panel of 20 MjTyrRS derivatives that were reported 
to have high demonstrated activity on one or more nonstandard amino 
acids (Supplementary Table 6). To test site-specific incorporation of 
pN-Phe within a target protein, we used a Ubiquitin-superfolder green 

fluorescent protein (sfGFP) fusion reporter system (Ub-GFP) that 
contains one in-frame UAG stop codon in the N-terminal region of the 
translated sfGFP domain (position 77 of the fully translated protein; 
position 1 of sfGFP). The anticodon on the orthogonal tRNA is designed 
to pair with the UAG codon on mRNA such that the nonstandard amino 
acid is added to the growing polypeptide at that position. In addition, 
to improve the signal-to-noise ratio, we performed screening in an 
aromatic amino acid dropout variation of MOPS EZ Rich medium  
(Fig. 5a). In this initial screen, we identified the following five AARSs 
that achieved over fivefold enhancement in OD600-normalized sfGFP 
fluorescence after supplementation of pN-Phe: (1) TetRS-C11 (ref. 40), 
(2) pCNFRS38, (3) NapARS41, (4) pAcFRS42 and (5) pNFRS (Fig. 5b, Sup-
plementary Fig. 11). In addition, we tested variants of the orthogonal 
pyrrolysyl and chimeric phenylalanine amber suppression systems, 
but for both categories, incorporation efficiency was poor (Supple-
mentary Fig. 12). We then investigated the dose-response to pN-Phe 
at concentrations from 200 to 1,000 µM (Fig. 5c) and the selectivity 
for pN-Phe compared to pA-Phe or Tyr (Fig. 5d) for these five AARSs. 
We observed that the originally reported pNFRS accepted pA-Phe and 
exhibited poor activity at lower pN-Phe concentrations as compared 
to the AARSs TetRS-C11 and NapARS. Of the two, TetRS-C11 exhibited 
the most efficient incorporation of pN-Phe within proteins at lower 
concentrations and had low fold-change enhancement at relevant 
pA-Phe concentrations. We thus chose to investigate whether we could 
engineer this AARS for improved selectivity and titer (Supplementary 
Figs. 13 and 14). We created a 44-member library consisting of single 
mutants at binding pocket residues to positively charged amino acids 
(R/H/K) with the intention of favoring the electronegative nitro group. 
However, as no members of the library exhibited improved selectivity 
or activity, we continued with TetRS-C11.

To test the coupling of nonstandard amino acid biosynthesis and 
incorporation in stages, we first investigated whether we could couple 
an N-oxygenase with the orthogonal translation system and reporter. 
We coexpressed the TetRS-C11 AARS/MjtRNATyr

CUA pair along with ObiL 
and a C-terminal heptahistidine-tagged version of the Ub-GFP protein 
previously described, and we supplemented these cultures with 1 mM 
pA-Phe (Fig. 5e). Following fermentation in LB media, we purified the 
GFP reporter and measured its mass via intact protein mass spectrom-
etry (MS), where we saw two major masses, one at 37274.5 Da and one at 
37305.5 Da (Fig. 5f). The latter mass was the expected value with pN-Phe 
incorporation, and the former corresponded to either pA-Phe or Tyr 
present from the media (the masses of pA-Phe and Tyr are within 1 Da). 
The experiment successfully demonstrated that pN-Phe produced 
by cells could be incorporated within our target protein. The level of 
incorrect protein product observed may have been due to the high 
concentration of pA-Phe (1 mM) added during this assay or the high 
Tyr levels present in LB media.

Coupled de novo biosynthesis and incorporation of pN-Phe
Our last steps to create an autonomous producer of nitrated proteins 
explored the coupling of de novo biosynthesis and incorporation of 
pN-Phe. To start, we expressed our pN-Phe biosynthesis plasmid with 
the AARS/tRNA plasmid and the Ub-GFP fusion reporter plasmid. We 
staggered inductions by inducing the pN-Phe biosynthesis at mid-
exponential phase (OD ~0.5) and inducing the AARS and Ub-GFP 2 h 
later to allow accumulation of pN-Phe before induction of the AARS. 
After purification of our reporter and analysis by intact protein MS, 
we obtained a mass of ~63 Da less than predicted, corresponding to 
the incorporation of either glutamine or lysine at the desired site  
(Fig. 6a). Although the listed phenotype for the NST37 strain does not 
note any suppressor tRNA mutations, the supE44 allele, which encodes 
a glutaminyl suppressor tRNA, glnX has been found in many strains of 
E. coli K12. In our case, sequencing of the glnX tRNA indeed uncovered 
a suppressor CUA anticodon. Thus, we modified the anticodon to the 
wild-type CUG (Fig. 6b).
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Next, we evaluated how pN-Phe titer would be affected by the 
burden of expressing biosynthetic genes, incorporation machinery and 
Ub-GFP reporter using separate plasmids. Here we measured titer at 3 

and 24 h from fermentative growth using MOPS EZ Rich glycerol media 
to enable the induction of the ParaBAD promoter for AARS translation  
(Fig. 6c). We obtained low pN-Phe titers at both 3 and 24 h of 
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10.9 ± 0.9 µM and 50 ± 7 µM, respectively. We sought to improve pN-Phe 
synthesis in this integrated system by limiting the burden from the addi-
tional plasmid. Thus, we created a construct (pRepAARS) that features 
the AARS and Ub-GFP reporter within an anhydrotetracycline-inducible 
operon and that includes separate constitutive expression of MjtRNATyr-

CUA. The top-three performing AARSs in the pRepAARS vector con-
text exhibited comparable fold-change to the system with a separate 
reporter and AARS/tRNA plasmid. In addition, for pRepAARS, we 
observed an OD600-normalized fold-change in GFP fluorescence of 
approximately fourfold over a background at pN-Phe concentrations 
as low as 50 µM (Fig. 6d).

We then evaluated pN-Phe synthesis utilizing pRepTetRS-C11 and 
the pN-Phe synthesis plasmid in NST37(DE3)ΔpheA glnXCUG via fer-
mentation with MOPS EZ Rich glucose media. We induced the pN-Phe 
synthesis pathway at midexponential phase (OD ~ 0.5) and induced 
pRepTetRS-C11 2 h later. Using this protocol, we observed extracellular 
pN-Phe titers at 28 ± 4 µM after 4 h and 360 ± 60 µM after 24 h (Fig. 6e). 
These titers were comparable to prior titers despite the burden posed 
by induction of gene expression for the additional genes. Encourag-
ingly, we observed distinct green fluorescence under these conditions 
as well. With this result, we investigated if we could further improve 
titers earlier by inducing pN-Phe synthesis at inoculation. However, 

induction at inoculation resulted in a near elimination of pN-Phe pro-
duction (Supplementary Fig. 15).

Given the promising titers and fluorescence observed when we 
induced the pN-Phe biosynthesis pathway during mid-exponential 
phase, we repeated this experiment to determine the fidelity of nitrated 
reporter protein production. We purified the Ub-GFP reporter and 
obtained a protein titer of 0.53 mg l−1. To confirm the incorporation 
of pN-Phe, we performed intact protein MS, which encouragingly 
revealed a mass peak at the expected mass (Fig. 6f, Supplementary 
Fig. 16). Additional mass peaks suggested incorporation of pA-Phe/
Tyr into some of the proteins. To investigate this, we performed addi-
tional fermentations for the production of pN-Phe-containing protein 
(achieving 3.5 ± 0.8 mg l−1 purified protein) for tryptic digestion liquid 
chromatography (LC)–MS/MS. After we ran the protein sample on an 
SDS-PAGE gel, we excised the band corresponding to the mass of the 
intact protein of interest for in-gel tryptic digestion (Supplementary 
Fig. 17). We submitted the digested protein to LC–MS/MS, confirm-
ing the presence of nitrated protein product as the plurality product  
(47% as measured by extracted ion chromatogram absorbance) in 
addition to byproducts that resulted from misincorporation of pA-Phe 
(36%) and tyrosine (17%) at the target site (Supplementary Fig. 18). 
Despite some misincorporation observed, this result demonstrated 
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that our strain is capable of de novo pN-Phe metabolic synthesis and 
its site-specific incorporation within a target protein.

Discussion
There are few examples of microbes engineered to create and harness 
nonstandard amino acids that contain chemical functionalities absent 
from the standard amino acids for translation into proteins. Metabolic 
synthesis of functional groups that are uncommon to biology can be 
difficult due to a limited repertoire of known enzymes that perform 
these chemistries. To achieve biosynthesis of pN-Phe, we integrated a 
nonheme diiron monooxygenase-type N-oxygenase from the pathway 

for obafluorin synthesis to perform nitro group formation. Although 
the in vivo activity of certain N-oxygenases has been demonstrated in 
E. coli29, this class of enzymes had not previously been used in a de novo 
biosynthetic pathway.

In this work, we also identified an N-oxygenase with improved 
activity for pN-Phe synthesis through bioprospecting. We found that 
nonheme diiron monooxygenase-type N-oxygenases generally express 
well in E. coli. Given this result, it is reasonable to wonder whether the 
E. coli genome encodes proteins with similar structure or functional-
ity. Currently, no amine-oxidizing nonheme diiron monooxygenases 
have been identified in the E. coli genome, and a BLAST search against 
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the genome for ObiL does not reveal highly similar proteins. However, 
other enzymes in the nonheme diiron class have been found and exten-
sively studied in E. coli. One example is the ribonucleotide reductase 
R2 (RNR-R2) that converts ribonucleotides to deoxyribonucleotides 
using iron-catalyzed O2 activation similar to ObiL43. As we do not see 
pA-Phe/pA-Pyr oxidation in the absence of an exogenous N-oxygenase, 
and because RNR-R2 does not bear much sequence similarity to ObiL, 
it is unlikely that RNR-R2 performs amine oxidation. However, the 
cytoplasmic environment is known to be capable of reduction of the 
diiron cores for the activity of enzymes like RNR-R2, which could lend 
to the robust in vivo activity of the two N-oxygenases observed in 
this study. Generally, broader screening of the substrate scope of 
N-oxygenases in E. coli is warranted for use in pathways toward more 
diverse nitrated products.

Our work highlights the opportunities afforded by genetic engi-
neering to create and harness xenobiological building blocks. Heter-
ologous expression of three genetic modules—biosynthetic genes, 
an orthogonal AARS/tRNA pair and a target protein for site-specific 
incorporation of the nonstandard amino acid—at appropriate levels 
were critical to form nitrated protein. Our work also illustrated the 
importance of metabolic engineering performance metrics in a new 
context, especially given the low observable pN-Phe titers during the 
coexpression of all modules and the accumulation of the nonstandard 
amino acid pA-Phe. A threshold nonstandard amino acid titer must be 
met to achieve effective acylation of orthogonal tRNA. Yet, titers may 
not need to be substantially higher for efficient target protein synthe-
sis. Our work demonstrated that the rate of nonstandard amino acid 
biosynthesis is a critical variable because the efficient translation of 
the target protein requires reaching a threshold titer while in favora-
ble regimes for translation, such as the exponential growth phase. In 
scenarios where biosynthetic pathways toward a desired nsAA feature 
another nsAA as an intermediate, and if orthogonal translation machin-
ery is polyspecific, then selectivity is an additional critical variable. 
Here selectivity was vital to improve fidelity during the downstream 
operations of tRNA acylation and protein translation. We improved the 
selectivity of pN-Phe incorporation through a combination of altering 
plasmid configurations, screening N-oxygenase orthologs, varying the 
timing of induction, identifying a highly selective AARS and removing 
an undesired genomic amber suppressor tRNA. As more complex non-
standard amino acid targets continue to be pursued, we anticipate that 
strategies pursued in this work will be required to produce organisms 
that autonomously harbor expanded genetic codes.

Our work is the first proof-of-concept demonstrating that nitrated 
proteins could be produced using a model bacterium without sup-
plementation of nitrated building blocks. Currently, we can achieve 
low-yield production of proteins nitrated at a desired site, with mod-
erate levels of impurities that contain Tyr or pA-Phe misincorpora-
tion at that site. With further optimization, the technology should 
allow for the production of nitrated proteins in distributed settings 
with greater yields and purity. An exciting potential future applica-
tion of the technology, after considerable improvement, could be the 
development of a live bacterial delivery vehicle that produces nitrated 
antigens in the body. However, the autonomous incorporation of bio-
synthesized nitrated amino acids within proteins is currently limited 
by low levels of pN-Phe titer at early stages of growth, leading to pA-Phe 
and Tyr misincorporation. In a preclinical or therapeutic setting, the 
production of these off-target protein products could be acceptable, 
provided that sufficient nitrated antigens were synthesized. However, 
higher titers of nitrated antigens would likely be required. Here genetic 
modifications to further improve pN-Phe intracellular retention and 
titer at early growth phases or directed evolution for a MjTyrRS vari-
ant with higher affinity for pN-Phe could circumvent these issues. The 
eventual live vector would also need to harbor genetic cassettes on the 
genome without antibiotic resistance markers, contain alterations in 
promoter systems for induction within preclinical settings and achieve 

nitrated protein synthesis in targeted regions within animal models. 
Our proof-of-concept serves as an enabling technology for these future 
lines of inquiry.
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Methods
Strains and plasmids
E. coli strains and plasmids used in this study are listed in Supplemen-
tary Table 1. Molecular cloning and vector propagation were performed 
in E. coli DH5α. PCR-based DNA replication was performed using KOD 
XTREME Hot Start Polymerase. Cloning was performed using Gibson 
Assembly with constructs and oligos for PCR amplification shown in 
Supplementary Table 7. Genes were purchased as gBlocks or gene frag-
ments from Integrated DNA Technologies (IDT) or Twist Bioscience and 
were optimized for E. coli K12 using the IDT Codon Optimization Tool 
with sequences shown in Supplementary Tables 6 and 8. The plasmids 
pOSIP-TH (Addgene, 45978) and pE-FLP (Addgene, 45978) were gifts 
from D. Endy and K.E. Shearwin44. The papABC operon was kindly pro-
vided by R. Mehl of Oregon State University in plasmid pLASC-lppPW. 
The pORTMAGE-EC1 recombineering plasmid was kindly provided  
by T. Wannier45.

The chorismate overproducer strain was derived from a commer-
cially available phenylalanine overproducer E. coli strain (NST37; ATCC, 
31882). To enable the compatibility of this strain with T7-promoter 
systems, the 4521 bp region of the phage T7 genome that is responsible 
for T7 polymerase functionality (lacI, lacZ and T7 RNA polymerase; Sup-
plementary Table 9) was genomically integrated using one-step clonete-
gration with the pOSIP-TH plasmid. Following plasmid assembly, NST37 
was transformed with the clonetegration plasmid, and the integration 
of the region for T7 polymerase activity (DE3) was confirmed via the 
selection on LB-agar plates containing 9 µg ml−1 tetracycline. Follow-
ing Sanger sequencing-based confirmation of genetic incorporation, 
genomic tetracycline resistance was removed using pE-FLP. Then, using 
multiplexed automated genome engineering (MAGE) with the m-toluic 
acid inducible pORTMAGE-EC1 recombineering plasmid, a TAA and a 
TGA stop codon were introduced into the genomic sequence for the 
chorismate mutase/prephenate dehydratase PheA at positions 10 and 12 
to serve as a translational knockout. Curing of the pORTMAGE-EC1 plas-
mid following Sanger sequencing confirmation of genomic knockouts 
produced the chorismate overproducer strain (NST37(DE3) ΔpheA). Fur-
ther rounds of MAGE were performed downstream to create NST37(DE3) 
ΔpheA glnXCUG to eliminate glutaminyl amber suppression in the strain.

Chemicals
The following compounds were purchased from MilliporeSigma: van-
illic acid, hydrogen peroxide, kanamycin sulfate, chloramphenicol, 
carbenicillin disodium, dimethyl sulfoxide (DMSO), potassium phos-
phate dibasic, potassium phosphate monobasic, magnesium sulfate, 
calcium chloride dihydrate, imidazole, glycerol, M9 salts, sodium 
dodecyl sulfate, lithium hydroxide, boric acid, Tris base, glycine, 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), trifluoro-
acetic acid (TFA) and KOD XTREME Hot Start and KOD Hot Start poly-
merases. pN-Phe, m-toluic acid and d-glucose were purchased from TCI 
America. pA-Phe, methanol, agarose, Laemmli SDS sample-reducing 
buffer and ethanol were purchased from Alfa Aesar. pA-Pyr and pN-Pyr 
were purchased from abcr GmbH. Anhydrotetracycline and IPTG were 
purchased from Cayman Chemical. Acetonitrile, sodium chloride, LB 
Broth powder (Lennox) and LB-Agar powder (Lennox) were purchased 
from Fisher Chemical. l-Arabinose was purchased from VWR. A MOPS 
EZ Rich defined medium kit and components were purchased from 
Teknova. Trace Elements A was purchased from Corning. Taq DNA 
ligase was purchased from GoldBio. Phusion DNA polymerase and T5 
exonuclease were purchased from New England BioLabs. Sybr Safe 
DNA gel stain and BenchMark His-tagged Protein Standard were pur-
chased from Invitrogen. Horseradish peroxidase (HRP) conjugated 
6*His His-Tag Mouse McAB was obtained from Proteintech.

Culture conditions
Cultures for general culturing and N-oxygenase protein overexpression 
were grown in LB-Lennox medium (LB: 10 g l−1 bacto tryptone, 5 g l−1 

sodium chloride and 5 g l−1 yeast extract). Cultures to demonstrate 
de novo pN-Phe synthesis were grown in either LB-Lennox-glucose 
medium (LB with 1.5% glucose (wt/vol)), M9-glucose minimal media46 
with Corning Trace Elements A (1.60 µg ml−1 CuSO4 • 5H2O, 863.00 µg ml−1 
ZnSO4 • 7H2O, 17.30 µg ml−1 Selenite • 2Na and 1155.10 µg ml−1 ferric citrate)  
and 1.5% glucose (wt/vol) or MOPS EZ Rich defined media (Teknova 
M2105) with 1.5% glucose (wt/vol). For cultures of NST37(DE3) ΔpheA 
strains that were grown in M9-glucose minimal media, 0.04 mg ml−1 
l-phenylalanine, 0.04 mg ml−1 l-tyrosine and 0.04 mg ml−1 l-tryptophan 
were added to the media to ensure growth.

For stability testing, a culture of E. coli K12 MG1655 (DE3) was 
inoculated from frozen stock and grown to confluence overnight in 
5 ml of LB media. Confluent overnight cultures were then used to inocu-
late experimental cultures in 300 µl volumes in a 96-deep-well plate 
(Thermo Fisher Scientific, 260251) at 100× dilution. Cultures were 
supplemented with 0.5 mM of heterologous metabolites (pA-Phe, 
pA-Pyr and pN-Phe), except in the case of pN-Pyr where 0.25 mM with an 
additional 15 µl of DMSO (~5% final concentration) were supplemented 
due to solubility concerns. Cultures were incubated at 37 °C with shak-
ing at 1,000 r.p.m. and an orbital radius of 3 mm. Compounds were 
quantified from the extracellular broth over a 24 h period using HPLC.

For toxicity testing, cultures were similarly prepared with conflu-
ent overnight cultures of MG1655 (DE3) used to inoculate experimental 
cultures at 100× dilution in 200 µl volumes in a Greiner clear bottom 96- 
well plate (Greiner, 655090) in LB media. Cultures were supplemented 
with 1 mM of heterologous metabolite and 5% DMSO for metabolite 
solubility and grown for 24 h in a Spectramax i3x plate reader with 
medium plate shaking at 37 °C with absorbance readings at 600 nm 
taken every 5 min to calculate doubling time and growth rate.

For supplementation testing, strains transformed with plasmids 
expressing pathway genes were prepared with inoculation of 300 µl 
volumes in a 96-deep-well plate with appropriate antibiotic added to 
maintain plasmids (34 µg ml−1 chloramphenicol, 50 µg ml−1 kanamycin, 
50 µg ml−1 carbenicillin or 95 µg ml−1 streptomycin). Cultures were 
incubated at 37 °C with shaking at 1,000 r.p.m. and an orbital radius of 
3 mm until an OD600 of 0.5–0.8 was reached. OD600 was measured using 
a Thermo Fisher Scientific BioMate 160 UV–Vis Spectrophotometer. 
At this point, the pathway plasmids were fully induced with the addi-
tion of a corresponding inducer (1 mM IPTG, 1 mM vanillate or 0.2 nM 
anhydrotetracycline), and the metabolite of interest was supplemented 
at this time. Cultures were incubated over 24 h at 37 °C with sampling, 
and metabolite concentration was measured via supernatant sampling 
and submission to HPLC.

For pN-Phe biosynthesis testing, cultures were inoculated with 
overnight culture grown in LB-glucose media. Cultures were inocu-
lated at 100× dilution from confluent overnight culture in 50 ml of the 
corresponding media with appropriate antibiotics in 250 ml baffled 
shake flasks and grown at 37 °C at 250 r.p.m. Expression vectors were 
fully induced at OD600 0.5–0.8 with 1 mM IPTG and then were cultured 
at 30 °C. Synthesis of metabolites was quantified via supernatant 
sampling over 24 h and analysis by HPLC. Compound confirmation 
was performed via ultra-performance liquid chromatography mass 
spectrometry (UPLC-MS).

Overexpression and purification of N-oxygenases
A strain of E. coli BL21 (DE3) harboring a pZE plasmid encoding expres-
sion of an N-oxygenase with a hexahistidine tag at either the N-terminus 
or C-terminus (NB01 or NB36) was inoculated from frozen stocks and 
grown to confluence overnight in 5 ml LB-containing kanamycin. Con-
fluent cultures were used to inoculate 400 ml of the experimental 
culture of LB supplemented with kanamycin. The culture was incu-
bated at 37 °C until an OD600 of 0.5–0.8 was reached while in a shaking 
incubator at 250 r.p.m. N-oxygenase expression was induced by the 
addition of anhydrotetracycline (0.2 nM), and cultures were incubated 
at 30 °C for 5 h. Cultures were then grown at 20 °C for an additional 
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18 h. Cells were centrifuged using an Avanti J-15R refrigerated Beck-
man Coulter centrifuge at 4 °C at 4,000g for 15 min. The superna-
tant was then aspirated, and pellets were resuspended in 8 ml of lysis 
buffer (25 mM HEPES, 10 mM imidazole, 300 mM NaCl, 10% glycerol, 
pH 7.4) and disrupted via sonication using a QSonica Q125 sonicator 
with cycles of 5 s at 75% amplitude and 10 s off for 5 min. The lysate 
was distributed into microcentrifuge tubes and centrifuged for 1 h at 
18,213g at 4 °C. The protein-containing supernatant was then removed 
and loaded into a HisTrap Ni-NTA column using an ÄKTA Pure GE fast 
protein liquid chromatography (FPLC) system. Protein was washed 
with three column volumes (CVs) at 60 mM imidazole and four CVs 
at 90 mM imidazole. N-oxygenase was eluted in 250 mM imidazole 
in 1.5 ml fractions. Selected fractions were denatured in Lamelli SDS 
reducing sample buffer (62.5 mM Tris–HCl, 1.5% SDS, 8.3% glycerol, 1.5% 
β-mercaptoethanol and 0.005% bromophenol blue) for 10 min at 95 °C 
and subsequently run on an SDS–PAGE gel with a Thermo Fisher Scien-
tific PageRuler Prestained Plus ladder to identify protein-containing 
fractions and confirm their size. Gels were imaged using an Azure c280 
imaging system. The N-oxygenase-containing fractions were combined 
and applied to an Amicon column (10 kDa MWCO), and the buffer was 
diluted 1,000× into a 20 mM Tris (pH 8.0) and 5% glycerol buffer.

N-oxygenase expression testing
To test the expression of the N-oxygenase library, 5 ml cultures of 
NB15-NB35 were inoculated in 5 ml cultures of LB containing 50 µg ml−1 
kanamycin and then grown at 37 °C until midexponential phase 
(OD = 0.5–0.8). At this time, cultures were induced via the addition of 
0.2 nM anhydrotetracycline and then grown at 30 °C for 5 h before grow-
ing at 20 °C for an additional 18 h. After this time, 1 ml of cells was mixed 
with 0.05 ml of glass beads and then vortexed using a Vortex-Genie 2 
for 15 min. After this time, the lysate was centrifuged at 18,213g at 4 °C 
for 30 min. Lysate was denatured, as described in ̒ Overexpression and 
purification of N-oxygenases,ʼ and then subsequently run on an SDS–
PAGE gel with an Invitrogen BenchMark His-tagged Protein Standard 
ladder and then analyzed via western blot with an HRP-conjugated 
6*His His-Tag Mouse McAB primary antibody at 10,000× dilution. The 
blot was visualized using an Amersham ECL Prime chemiluminescent 
detection reagent in an Azure c280 imaging system.

In vitro N-oxygenase activity assay
Reactions were performed in 1 ml volumes consisting of 25 mM HEPES 
(pH 7.0), 25 mM NaCl and 1.5% H2O2 with 1 mM pA-Phe or pA-Pyr. The 
reaction mixture was incubated for 3 h at 25 °C with 10 µM purified 
N-oxygenase, following which the reaction was terminated with the 
addition of 0.8% TFA. Following 1 h incubation, the mixture was centri-
fuged and the supernatant was analyzed by HPLC. pN-Phe production 
was further confirmed via UPLC–MS.

Nonstandard amino acid incorporation assays
Orthogonal AARS/tRNA pairs were cloned within pEVOL plasmids and 
transformed into an E. coli MG1655 (DE3) strain with a pZE plasmid 
expressing a reporter protein fusion consisting of a ubiquitin domain, 
followed by an in-frame amber suppression codon, followed by GFP 
(pZE-Ub-UAG-GFP). Sequences of reporter proteins used in this study 
can be found in Supplementary Table 10. These transformed strains 
were cultured at 37 °C in 300 µl MOPS EZ Rich media with aromatic 
amino acid (Phe, Trp and Tyr) dropout in deep 96-well plates with a 
specified concentration of nonstandard amino acid, 34 µg ml−1 chlo-
ramphenicol and 50 µg ml−1 kanamycin with shaking at 1,000 r.p.m. 
and an orbital radius of 3 mm. At midexponential growth (OD ~ 0.5), 
0.2 nM anhydrotetracycline and 0.2% (wt/vol) l-arabinose were added 
to induce transcription of mRNA that requires UAG suppression to form 
full-length GFP. Cultures were grown for 18 h at 30 °C before pelleting 
them via centrifugation. To eliminate possible fluorescence or absorb-
ance via free nonstandard amino acids in culture media, cultures were 

washed in PBS buffer before quantification of both GFP fluorescence at 
excitation and emission wavelengths of 488 and 528 nm, respectively, 
and OD600 using a Spectramax i3x plate reader with Softmax Pro 7.0.3 
software. For each synthetase, we performed this screen in the pres-
ence and absence of externally supplied nonstandard amino acid. For 
experiments using the single reporter/AARS/tRNA plasmid, the same 
protocol was performed without kanamycin or l-arabinose addition.

Coupled biosynthesis and incorporation
For the conversion of exogenously supplemented pA-Phe for sub-
sequent incorporation of pN-Phe, E. coli MG1655 (DE3) was cotrans-
formed with pEVOL-TetRSC-11, a pZE-ObiL construct expressing 
the N-oxygenase ObiL and ubiquitin-fused GFP reporter con-
taining an amber suppression codon and a C-terminal hexahis-
tidine tag encoded on a vanillic acid inducible promoter system 
(pCDF-Ub-UAG-GFP-CtermHis6x). This strain was cultured at 37 °C in 
50 ml of LB broth in 250 ml baffled shake flasks with 0.2% (wt/vol) 
arabinose, 1 mM pA-Phe, 25.5 µg ml−1 chloramphenicol, 37.5 µg ml−1 
kanamycin, 71.3 µg ml−1 streptomycin and 0.2 nM anhydrotetracycline 
in a shaking incubator at 250 r.p.m. At an OD600 of 0.5–0.8, 1 mM vanil-
lic acid was added to induce transcription of mRNA that requires UAG 
suppression to form full-length GFP. Cultures were then grown at 37 °C 
for an additional 18 h. The reporter protein was then lysed and purified 
using FPLC with a HisTrap column, as previously described. The protein 
sample was then concentrated using a 10 kDa MWC Amicon column and 
then diluted 10:1 in 10 mM ammonium acetate buffer and spun down to 
1 ml samples three times. Then, the sample was diluted 10:1 in 2.5 mM 
ammonium acetate buffer and spun down to 1 ml samples three times. 
Protein in 2.5 mM ammonium acetate buffer was then submitted for 
whole-protein LC–MS.

For the production of pN-Phe without precursor supplementa-
tion, cultures of indicated strains were cultured in 50 ml of MOPS EZ 
Rich media with 1.5% glucose or glycerol and reduced levels of tyrosine 
(100 µM as opposed to 200 µM) in 250 ml baffled shake flasks in a shak-
ing incubator at 250 r.p.m. and 37 °C. At an OD600 of approximately 
0.5, 1 mM IPTG was added to induce the pN-Phe synthesis plasmid. 
Cultures were grown at 30 °C for 2 h; following this time, the reporter 
and AARS were induced with 0.2 nM anhydrotetracycline and 0.2%  
(wt/vol) arabinose (if applicable). Cultures were then grown at 30 °C for 
an additional 18 h, following which the protein sample was prepared 
for whole-protein LC–MS, as described above.

HPLC analysis
Metabolites of interest were quantified via HPLC using an Agilent 1260 
Infinity model equipped with a Zorbax Eclipse Plus-C18 column (part, 
959701-902, 5 µm, 95 Å, 2.1 × 150 mm). To quantify amine-containing 
metabolites, an initial mobile phase of solvent A/B = 100/0 was used 
(solvent A, 20 mM potassium phosphate, pH 7.0; solvent B, acetonitrile/
water at 50/50) and maintained for 7 min. A gradient elution was per-
formed (A/B) with gradient from 100/0 to 80/20 for 7–18 min, gradient 
from 80/20 to 50/50 for 18–19 min, gradient from 50/50 to 100/0 for 
19–20 min and equilibration at 100/0 for 20–24 min. A flow rate of 
0.5 ml min−1 was maintained, and absorption was monitored at 210, 270, 
280 and 300 nm (Supplementary Fig. 19). HPLC chromatograms were 
collected and analyzed using Agilent ChemStation (Version C.01.10) 
or Agilent OpenLab (version 2.3) software.

MS
MS measurements for small molecule metabolites were submitted 
to a Waters Acquity UPLC H-Class coupled to a single quadrupole 
mass detector 2 with an electrospray ionization source. Metabolite 
compounds were analyzed using a Waters Cortecs UPLC C18 column 
(part, 186007092, 1.6 µm, 90 Å, 2.1 × 30 mm) with an initial mobile 
phase of solvent A/B = 95/5 (solvent A, water and 0.1% formic acid; 
solvent B, acetonitrile and 0.1% formic acid) with gradient elution from 
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(A/B) 95/5 to 5/95 over 5 min. Flow rate was maintained at 0.5 ml min−1. 
For samples collected from E. coli growth cultures and standards for 
collection and subsequent UPLC–MS analysis, an initial submission 
to an Agilent 1100 series HPLC system with a Zorbax Eclipse Plus-C18 
column (part, 959701-902) was used to collect pN-Phe elution peaks 
for enhanced MS resolution. A 100 µl injection was made with an initial 
mobile phase of solvent A/B = 95/5 (solvent A, water and 0.1% trifluoro-
acetic acid; solvent B, acetonitrile and 0.1% trifluoroacetic acid) and 
maintained for 1 min. A gradient elution was then performed (A/B) 
with gradient from 95/5 to 50/50 over 1–24 min, gradient from 50/50 
to 95/5 over 24–25 min and equilibration at 95/5 for 25–27 min. Flow 
rate was 1 ml min−1 and metabolites were tracked at 270 nm. pN-Phe 
elution was identified at 7.20 min using a chemical standard, and this 
peak was collected for submission to UPLC–MS.

For intact protein MS measurements, samples were submitted 
to a Waters Acquity UPLC H-Class with an Acquity Protein BEH C4 col-
umn (part, 186004495; 1.7 µm, 300 Å, 2.1 × 50 mm) coupled to a Xevo 
G2-XS Quadrupole Time-of-Flight (QToF) mass spectrometer. Protein 
sample was injected into a Waters Acquity with an initial mobile phase 
of solvent A/B = 85/15 (solvent A, water and 0.1% formic acid; solvent 
B, acetonitrile and 0.1% formic acid) held at 85/15 for 1 min followed 
by a gradient elution from (A/B) 85/5 to 5/95 over 5 min. Flow rate was 
maintained at 0.5 ml min−1. The QToF mass spectrometer measure-
ments were obtained following positive electrospray ionization (ES+) 
with a source temperature of 150 °C. Spectrum was analyzed from m/z 
500 to 2,000, and the spectra were deconvoluted using the maximum 
entropy function in MassLynx software. Here an assumed uniform 
Gaussian distribution (width = half height of 0.60 Da with 30% intensity 
right and left channels) was used to evaluate a mass range from 37,000 
to 38,000 Da (resolution, 0.1 Da/channel) at an elution time of 3.2 min.

For LC–MS/MS measurements, protein samples (20 µg per lane) 
were first submitted to SDS–PAGE. The gel was then stained with 
Bio-Safe Coomassie stain (Bio-Rad), and destained with water. Then, 
protein bands corresponding to the molecular weight of the protein of 
interest were cut from the polyacrylamide gel, and the gel fragments 
were digested using an in-gel tryptic digestion kit (Thermo Fisher 
Scientific, 89871). Following digestion, extracted peptides were then 
desalted using Pierce pipette tips (Thermo Fisher Scientific) and dried, 
resuspended in 20 µl of 0.5% acetic acid (pH4.5) and then subjected to 
LC–MS/MS using a Thermo Fisher Scientific Orbitrap Eclipse Tribrid 
Mass Spectrometer (MS; Thermo Fisher Scientific) with an Ultimate 
3000 nano-LC and a FAIMS Pro Interface (Thermo Fisher Scientific). 
The LC–MS/MS analysis was performed using an Orbitrap Eclipse 
MS (Thermo Fisher Scientific). Peptides were first loaded onto a trap 
column (PepMap C18) and then separated by an analytical column 
(PepMap C18, 2.0 µm; 15 cm × 75 mm I.D.; Thermo Fisher Scientific) 
at 300 nl/min flow rate using a binary buffer system (buffer A, 0.1% 
formic acid in water; buffer B, 0.1% formic acid in acetonitrile) with a 
165-min gradient (1%–10% in 8 min; then to 25% buffer B over 117 min; 
25%–32% buffer B in 10 min, then to 95% buffer B over 3 min; back to 
1% buffer B in 5 min, and stay equilibration at 1% buffer B for 20 min). 
Multiple CVs (−40, −55 and −75) were applied for FAIMS separation. 
For all experiments, the survey scans (MS1) were acquired over a mass 
range of 375–1,500 m/z at a resolution of 60,000 in the Orbitrap. The 
maximum injection time was set to dynamic, and the AGC target was 
set to standard. Monoisotopic peak selection was set to peptides, and 
the charge state filter was set to 2–7. For MS/MS acquisition, precursors 
were isolated with a width of 1.6 m/z, fragmented with high energy col-
lision dissociation (HCD) using 30% collision energy with a maximum 
injection time of 100 ms and collected in Orbitrap at 15,000 resolu-
tion. The dynamic exclusion was set to 60 s and can be shared across 
different FAIMS experiments. LC–MS/MS data were collected in n = 3 
independent biological replicates.

Proteomic analysis was performed in the MaxQuant-Andromeda 
software suite (version 1.6.3.4) with most of the default parameters47.  

An E. coli reference proteome (strain BL21-DE3; taxonomy_id:469008) 
was used for the database search. Other parameters include trypsin 
as an enzyme with maximally two missed cleavage sites; protein 
N-terminal acetylation, methionine oxidation, and pA-Phe and pN-Phe 
substitution for tyrosine were entered as variable modifications; 
cysteine carbamidomethylation as a fixed modification and peptide 
length was set to a minimum of seven amino acids. The false-discovery 
rate (FDR) of high-confidence protein and peptide identification was 
1%. Peptide intensity values derived from MaxQuant were used for 
quantification. To obtain the MS/MS spectra of peptides (Supplemen-
tary Fig. 18), additional analysis was performed using Proteome Dis-
coverer software (version 3.0; Thermo Fisher Fisher). Raw data were 
searched against the E. coli reference proteome (strain BL21(DE3)) 
with National Center for Biotechnology Information (NCBI) refer-
ence Proteome (469008) using Sequest HT Processor and consensus 
workflow (CWF) Basic analysis workflows. Iodoacetamide-mediated 
cysteine carbamidomethylation was set as a static modification, 
while methionine oxidation and pA-Phe and pN-Phe substitution for 
tyrosine were entered as dynamic modifications. Precursor mass tol-
erance was set at 10 ppm while allowing fragment ions to have a mass 
deviation of 0.02 Da for the HCD data. Validation of peptide-spectrum 
matches based on q value was done using a percolator, with target 
FDRs of 1% and 5% for stringent and relaxed validations, respectively. 
The FDR of high-confidence protein and peptide identification was 1%. 
The raw files and MaxQuant results have been deposited at the Mas-
sIVE repository (https://massive.ucsd.edu/ProteoSAFe/static/mas-
sive.jsp) with the dataset identifier MSV000091379 (doi: 10.25345/
C5BV7B546).

Creation of SSN
Using NCBI BLAST, the 1,000 most closely related sequences, as meas-
ured by BLASTP alignment score, were obtained from four charac-
terized diiron monooxygenase-type N-oxygenases with activity on 
aromatic amines—AurF, CmlI, AzoC48 and ObiL. After deleting dupli-
cate sequences, 2,134 unique sequences were obtained, which were 
then submitted to the Enzyme Function Initiative-Enzyme Similarity 
Tool49 to generate a SSN. Sequences exhibiting greater than 95% simi-
larity were grouped into single nodes, resulting in 775 unique nodes, 
and a minimum alignment score of 100 was selected for node edges. 
Inspection was performed to identify nodes corresponding to previ-
ous literature-verified N-oxygenases (PvfB50, PsAAO51, CmlI29, AzoC48, 
AurF(RJ)52, AurF37, AlmD53, HamC54 and BezJ55), which were then colored 
to indicate prior work.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets generated during and/or analyzed during the current 
study are contained in the published article (and its Supplementary 
Information) and are publicly accessible via cited repositories or are 
available from the corresponding author upon reasonable request. 
Source data are provided with this paper.
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