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Keywords: Cell-free system has emerged as a powerful platform with a wide range of in vitro applications and recently has
Cell-free protein synthesis contributed to express metabolic pathways for biosynthesis. Here we report in vitro construction of a native
NO synthase biosynthetic pathway for L-4-nitrotryptophan (L-4-nitro-Trp) synthesis using an Escherichia coli-based cell-free

P450 enzyme
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In vitro biosynthesis
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protein synthesis (CFPS) system. Naturally, a nitric oxide (NO) synthase (TxtD) and a cytochrome P450
enzyme (TxtE) are responsible for synthesizing L-4-nitro-Trp, which serves as one substrate for the biosynthesis
of a nonribosomal peptide herbicide thaxtomin A. Recombinant coexpression of TxtD and TxtE in a heterologous
host like E. coli for L-4-nitro-Trp production has not been achieved so far due to the poor or insoluble expression
of TxtD. Using CFPS, TxtD and TxtE were successfully expressed in vitro, enabling the formation of L-4-nitro-Trp.
After optimization, the cell-free system was able to synthesize approximately 360 pM L-4-nitro-Trp within 16 h.
Overall, this work expands the application scope of CFPS for study and synthesis of nitro-containing compounds,
which are important building blocks widely used in pharmaceuticals, agrochemicals, and industrial chemicals.

1. Introduction

Nitro group (-NO2) containing compounds, especially the nitro-
aromatic chemicals, are widely used as explosives, dyes, pharmaceuti-
cals, pesticides, and antibiotics [1-3]. Among these compounds, nitro
amino acids have been found in microorganisms serving as building
blocks for the synthesis of bioactive natural products [3,4]. For example,
the unnatural amino acid L-4-nitrotryptophan (L-4-nitro-Trp) is an
essential precursor for the biosynthesis of thaxtomins A-D, which are
nonribosomal peptides produced by various Streptomyces strains (e.g.,
S. scabies, S. acidiscabies, and S. turgidiscabies) [5,6]. The predominant
member thaxtomin A has the potent phytotoxicity in plants by inhibiting
cellulose biosynthesis, thus destroying the integrity of the cell wall and
the development of normal cells through cytokinesis [7,8]. As a result,
thaxtomin A can be potentially developed as an herbicide in agriculture
[9]. Its herbicidal performance has been demonstrated and the unique
4-nitroindole structure acts as an essential moiety for the phytotoxicity
[10]. In addition, L-4-nitro-Trp also has been used as an intermediate in
organic reactions for synthesizing chemicals like triboc-6-boronopinacol
tryptophan (TB-6-BT), which has potential for tumor treatment together
with other drugs [11].
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In chemistry, nitro groups required for the 4-nitration of r-trypto-
phan (L-Trp) can be first generated by the mixed-acid reaction of sulfuric
and nitric acids, and then used to substitute C4 of L-Trp via electrophilic
substitution [1,2]. However, this method requires complex reaction
conditions and lacks regioselectivity [2]. By contrast, biological systems
can produce many target compounds in a mild way without the use of
relative harsh chemical reagents and conditions. Naturally,
L-4-nitro-Trp can be synthesized by two biocatalysts: a nitric oxide (NO)
synthase (TxtD) and a cytochrome P450 enzyme (TxtE), which are
involved in the thaxtomin A biosynthetic pathway (Fig. 1) [12-14].
Briefly, TxtD first generates NO from the substrate r-arginine (L-Arg).
Then, TxtE catalyzes the direct regiospecific 4-nitration of L-Trp using
NO and O3 as cosubstrates to form L-4-nitro-Trp. Interestingly, TxtE is
one of only two known enzymes enabling direct nitration of a C-H bond
in bacterial natural product biosynthesis [15]. Due to the unique cata-
lytic function of TxtE, it has been engineered and developed as prom-
ising nitration biocatalysts for biotechnological applications, for
example, the generation of L-4-nitro-Trp analogs [16-18]. While TxtE
can be overexpressed and purified to implement in vitro catalysis, re-
combinant expression of TxtD in a heterologous host like E. coli was not
successful. Therefore, NO can only be generated by adding expensive

Received 20 December 2021; Received in revised form 25 February 2022; Accepted 19 March 2022
2405-805X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:lijian@shanghaitech.edu.cn
www.sciencedirect.com/science/journal/2405805X
http://www.keaipublishing.com/en/journals/synthetic-and-systems-biotechnology
https://doi.org/10.1016/j.synbio.2022.03.006
https://doi.org/10.1016/j.synbio.2022.03.006
https://doi.org/10.1016/j.synbio.2022.03.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synbio.2022.03.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Tian et al.

and unstable NO donors (e.g., NOC-5) for in vitro biocatalytic nitration
[17,18]. So far, there is no report by using both native enzymes (TxtD
and TxtE) together to synthesize L-4-nitro-Trp in vitro. Recently, an
isozyme NO synthase from Bacillus subtilis was used to reconstitute an
artificial biosynthetic pathway with the coexpression of TxtE to produce
L-4-nitro-Trp and its analogs in E. coli [19]. However, overexpression of
NO synthase in vivo may generate a high level of NO in cells, leading to
cytotoxicity on the producers [13,15]. Therefore, a new strategy for
L-4-nitro-Trp synthesis by coexpression of native enzyme partners TxtD
and TxtE is highly desirable.

In recent years, cell-free systems as complements to living cell sys-
tems have been well-developed, showing a broad range of applications
in biotechnology and synthetic biology [20-24]. Crude extract based
cell-free protein synthesis (CFPS) systems were mainly used for in vitro
protein production in the early days. Now, the CFPS systems have been
evolved into promising and powerful platforms for biomanufacturing by
reconstitution of cell-free expressed enzymes. For example, several
studies have demonstrated the rapid, high-yield synthesis of valuable
chemicals relevant to energy, food, pharmaceuticals, and materials
[25-28]. Because of the absence of cell walls, cell-free reactions are open
that enables easy and flexible manipulation, monitoring, and optimi-
zation. Recently, CFPS-based systems have been used in an
aqueous-organic biphasic system for cascade biotransformation by
construction of an artificial enzymatic pathway [29]. If the full meta-
bolic pathway is long with multiple steps (e.g., 6-7 enzymes), cell-free
systems can also be designed with different reaction modules for
enzyme expression, followed by combining the enzyme-enriched mod-
ules for efficient biocatalysis [30]. Moreover, there are no living, intact
cells in CFPS reactions. Therefore, cell-free systems are more tolerant to
toxic molecules as compared to living systems, which has been show-
cased with the synthesis of styrene, a cellular toxic compound, at high
titers using CFPS [31].

In this work, we aim to reconstitute the biosynthetic route for L-4-
nitro-Trp synthesis by in vitro expressed TxtD and TxtE using an E. coli-
based CFPS system (Fig. 2A). To begin, we evaluate the effects of
different CFPS systems and cell-free reaction formats on the expression
of both enzymes (TxtD and TxtE). Then, cell-free expressed TxtD and
TxtE without purification can catalyze the formation of L-4-nitro-Trp.
Finally, the key parameters for in vitro L-4-nitro-Trp biosynthesis are
optimized for enhanced production. Overall, our cell-free system is
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robust to synthesize the NO synthase (TxtD) and P450 enzyme (TxtE)
with biocatalytic activity. Especially, our data suggest that CFPS is
efficient for the expression of TxtD, which is hardly expressed in vivo
using the heterologous host E. coli [19]. Looking forward, we envision
that cell-free biosynthetic systems will serve as promising platforms for
the rapid synthesis of value-added molecules such as the
nitro-containing compounds of industrial and agricultural interest.

2. Materials and methods
2.1. Strains and plasmids

E. coli DH5a was used for molecular cloning and plasmid propaga-
tion. E. coli BL21 Star(DE3) was used for preparation of cell extracts. The
genes of txtD (1203 bp) and txtE (1221 bp) were amplified by PCR from
the genome of Streptomyces acidiscabies and cloned into the vector pJL1.
The primers used for PCR amplification are shown in Table 1. Plasmid
pJL1-sfGFP was digested with Ndel and Sall to obtain a linearized
backbone, which was ligated with the genes txtD and txtE, respectively,
using a recombinant ligation kit (Beyotime, China). The resulting plas-
mids for cell-free expression were named as pJL1-TxtD and pJL1-TxtE.
The plasmids of molecular chaperones (pG-KJE8, pGro7, and pG-Tf2)
were obtained from TaKaRa (Beijing, China). pG-KJE8 (dnaK-dnaJ-
grpE and groES-groEL), pGro7 (groES-groEL), and pG-Tf2 (groES-groEL-
tig) were transformed into of E. coli BL21 Star(DE3), respectively, for the
preparation of cell extracts containing chaperone proteins.

2.2. Preparation of cell extracts

E. coli BL21 Star(DE3) cells were grown in 1 L. 2 x YTPG medium (10
g yeast extract, 16 g tryptone, 5 g NaCl, 7 g KoHPO4, 3 g KHoPOy, and 18
g glucose, pH 7.2) in 2.5 L baffled Ultra Yield™ flasks (Thomson In-
strument Company, USA). After inoculation with 20 mL overnight pre-
culture (initial ODggg of 0.05-0.1), the cells were incubated in the shaker
at 220 rpm and 34 °C. When the ODggo reached 0.6-0.8, cells were
induced with 1 mM isopropyl-p-p-thiogalactopyranoside (IPTG) to ex-
press T7 RNA polymerase. To prepare cell extracts consisting of chap-
erones, all cultures were induced with 0.8 mM IPTG. Note that the final
concentration of IPTG was reduced to 0.8 mM according to the manu-
facturer’s manual (Chaperone Plasmid Set, Code No. 3340, TaKaRa). In

\. l

Fig. 1. TxtD (NO synthase) and TxtE (P450 enzyme) catalyze the biosynthesis of L-4-nitro-Trp. Note that L-4-nitro-Trp is a precursor for thaxtomin A
biosynthesis involved two nonribosomal peptide synthetases (TxtA and TxtB) and another cytochrome P450 enzyme (TxtC).
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Fig. 2. Cell-free expression of TxtD and TxtE for L-4-nitro-Trp biosynthesis. (A) Schematic diagram of CFPS reactions and optimization for enhanced production.
(B) Western-blot analysis of cell-free expressed TxtD (45.6 kDa) and TxtE (45.7 kDa) with the anti-His antibody. TxtD and TxtE were expressed in E. coli and S. lividans
CFPS systems, respectively. In the E. coli system, the band between 35 and 40 kDa was an unknown protein derived from the cell lysates as it also appeared in the NC
sample. In the S. lividans system, the bands of TxtD and TxtE were not visible as shown in the red line frame when they were imaged (high-resolution mode imaging
program, UVP Chemstudio Touch 815, analytikjena) together with the E. coli CFPS expressed proteins. When the S. lividans CFPS samples were imaged separately
using the ultrahigh-sensitivity mode imaging program, TxtD and TxtE bands could be visualized as shown in the right side red line frame. T, total protein; S, soluble
protein; NC, negative control without plasmids in the CFPS reaction. (C) Western-blot analysis of TxtD (left) and TxtE (right) expressed in E. coli CFPS reactions with
different enriched molecular chaperones. NC, negative control — cell extracts (CE) without chaperones; CE8 with chaperones: DnaK-DnaJ-GrpE + GroES-GroEL; CE7
with chaperones: GroES-GroEL; CE2 with chaperones: GroES-GroEL-tig; T, total protein; S, soluble protein. Using protein band density analysis by ImageJ, the
solubility of TxtD was determined to be 28% (NC), 86% (CE8), 42% (CE7), and 96% (CE2); the solubility of TxtE was determined to be 27% (NC), 67% (CE8), 76%
(CE7), and 88% (CE2). Percent solubility (%) = soluble protein/total protein.

Table 1 2.3. Cell-free protein synthesis (CFPS) and Western-blot analysis
able

Primers used for PCR amplification.

A standard 15 pL CFPS reaction was incubated at 30 °C with the

Genes Primer sequences (5'~3") following reagents: 12 mM magnesium L-glutamate, 10 mM ammonium
txtD L-glutamate, 130 mM potassium ir-glutamate, 1.2 mM ATP, 0.85 mM
Forward catcatcatcaccatatgacctcegaagtegetetgggeectt each of GTP, UTP, and CTP, 34 pg/mL folinic acid, 170 pg/mL of E. coli
Reverse tgttagcagcceggtegacttactggtgggggtagaagttggggeget

tRNA mixture, 2 mM each of 20 standard amino acids, 0.33 mM nico-

oxtk: . . o .

Forward catcateatcaccatatgacegtcecctegeegetegeega tinamide ad.e1.11ne dinucleotide (NAD), 0.27 mM coenzyme A (CoA), 1.5

Reverse tgttageageeggtegacttageggaggetgageggeaggga mM spermidine, 1 mM putrescine, 4 mM sodium oxalate, 33 mM
phosphoenolpyruvate (PEP), 13.3 pg/mL plasmid, and 27% (v/v) of cell
extract.

addition, 1 mg/mL 1-arabinose and 1 ng/mL tetracycline were added to
induce pG-KJES8, 1 mg/mL L-arabinose was added to induce pGro 7, and
1 ng/mL tetracycline was added to induce pG-Tf2. Then, cells were
harvested at an ODggg of 3.0 by centrifugation at 5,000 g and 4 °C for 15
min. Afterward, cell pellets were washed three times with cold S30
Buffer (10 mM Tris-acetate, 14 mM magnesium acetate, 60 mM potas-

After CFPS reactions, all cell-free expressed proteins were analyzed
by Western-blot. To do this, the reaction mixture was first centrifuged at
4 °C and 12,000 g for 10 min, and the supernatant was collected as
soluble fractions. Then, 10 pL of total protein (without centrifugation)
and 10 pL of soluble protein (supernatant) samples were mixed with 10
pL of 2x loading buffer, respectively, and heated at 98 °C for 10 min.
sium acetate, and 2 mM dithiothreitol (DTT)). After that, the pellet was Afterward, 10 pL of each heated sample was loaded to SDS-PAGE gel for
resuspended in S30 Buffer (1 mL per gram of wet cell biomass) and lysed protein separation, followed by wet transferring to PVDF membrane
by sonication (10 s on/off, 50% of amplitude). The lysate was then (Bio-Rad) with 1x transfer buffer (25 mM Tris-HCl, 192 mM glycine, and
centrifuged twice at 12,000 g and 4 °C for 10 min. The resulting su- 20% methanol, pH 8.3). Then, the PVDF membrane was blocked with
pernatant was flash frozen in liquid nitrogen and stored at —80 °C until Protein Free Rapid Blocking Buffer (EpiZyme) for 30 min at room tem-
use. perature. After washing thrice with 1x TBST buffer (10 mM Tris-HCI,
150 mM NaCl, and 0.1% Tween 20, pH 7.5) for each 5 min, 1:10000
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TBST buffer-diluted His-Tag Mouse Monoclonal Antibody (Proteintech)
solution was added to the membrane and incubated for 1 h at room
temperature. After washing again with 1x TBST bulffer thrice for each 5
min, 1:10000 TBST buffer-diluted HRP-Goat Anti-Mouse IgG (H + L)
Antibody (Proteintech) solution was added to the membrane and incu-
bated for another 1 h at room temperature. After the last washing with
TBST thrice for each 5 min, the PVDF membrane was visualized using
Omni ECL reagent (EpiZyme) under UVP ChemStudio (analytikjena).
Finally, protein band densities were analyzed by ImageJ, which were
then used to determine the percent solubility (%) of target proteins
(soluble protein/total protein).

2.4. Cell-free biosynthesis of L-4-nitro-Trp

To synthesize L-4-nitro-Trp, two enzymes of TxtD (EC:1.14.14.47;
UniProt Entry No. Q6XXZ5; an oxidoreductase) and TxtE (UniProt Entry
No. A0A124COF9; a monooxygenase) were employed to construct the
biosynthetic pathway in vitro. Cell-free synthesis of L-4-nitro-Trp was
carried out at a 180 pL reaction volume in 2 mL microcentrifuge tubes.
The reactions were incubated at 30 °C with shaking at 600 rpm,
including the protein synthesis phase and the L-4-nitro-Trp formation
phase. For protein expression, the final concentrations of all CFPS re-
action components were the same as described in the section of “2.3.
Cell-free protein synthesis (CFPS) and Western-blot analysis”. The pro-
duction of L-4-nitro-Trp was performed by two approaches. In the first
one-step method, TxtD and TxtE were coexpressed in one pot with a
reaction volume of 180 pL, allowing for simultaneously the enzyme
expression and the L-4-nitro-Trp formation. The total reaction time was
16 h for this production format. In the second two-step method, TxtD
and TxtE were initially expressed separately and the volume of each
CFPS reaction was 90 pL. After protein expression for 5 h, the two re-
actions were mixed for another 16 h incubation for L-4-nitro-Trp pro-
duction (note that after mixing the total reaction volume was 180 pL).
Unless otherwise noted, the substrates and related cofactors were added
to cell-free reactions with the following final concentrations: 1 mM L-
Arg, 1 mM L-Trp, 1 mM FId-FIdR (a molar ratio of 1:1), and 0.5 mM
NADPH. When cell-free biosynthesis finished, L-4-nitro-Trp was
extracted and analyzed by LC-MS (see “2.5. L-4-nitro-Trp extraction and
quantification” for details).

2.5. L-4-nitro-Trp extraction and quantification

After cell-free biosynthesis, an equal volume of 100% methanol (i.e.,
180 pL methanol per reaction) was added to the reaction mixture to
terminate the cell-free reaction. The resulting solution was mixed
thoroughly for 1 min by vortex (VORTEX-GENIE2, Scientific Industries).
Afterward, the mixture was centrifuged for 15 min at 21,000 g and the
resulting supernatant was directly used for product analysis by LC-MS.
All experiments were repeated three times.

L-4-nitro-Trp quantification was performed using an Agilent 1260
LC-MS System equipped with an Agilent Proshell 120 EC-C18 column
(3.0 x 50 mm, 2.7 pm) coupled with a ThermoFisher Orbitrap Elite
system. For L-4-nitro-Trp detection, 2 pL of each sample was injected
and separated at a flow rate of 0.3 mL/min and 40 °C column temper-
ature. Water (A) and acetonitrile (B) each containing 0.1% formic acid
were used as mobile phases with a linear gradient program (10-90%
solvent B) for 15 min to separate chemicals. A pre-wash phase of 10 min
with 10% solvent B was added at the beginning of each run. For MS/MS
analysis, MS was acquired under a Full-Scan mode in a mass range of m/
2 150-1000. Fragmentation was introduced by high energy collision-
induced dissociation (HCD) technique with normalized collision en-
ergy at 35 eV. MS/MS resolution was 15,000 and the scan range was
50-300.
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3. Results and discussion
3.1. Selection of CFPS systems

Recently, with the demand for rapid synthesis of proteins in vitro,
several new CFPS systems have been developed from different types of
organisms (e.g., Bacillus subtilis, Pseudomonas putida, Streptomyces livid-
ans, Vibrio natriegens, and Pichia pastoris) [32-37], which can better
mimic their cellular physicochemical environment for protein expres-
sion. For example, the Streptomyces-based CFPS system shows benefits
for the expression of high GC-content genes with enhanced protein
solubility [34]. To select a suitable cell-free system for TxtD and TxtE
expression, we started to evaluate two CFPS systems derived from E. coli
and Streptomyces lividans [27,34]. We chose these two platforms on the
basis of two main reasons. First, the E. coli-based CFPS system has been
well established with high protein productivity. Second, the genes of
txtD and txtE are originated from Streptomyces with high GC-content that
should be favored by the Streptomyces CFPS system.

Initially, two strains E. coli BL21 Star(DE3) and S. lividans TK24 were
used for cell extract preparation to perform CFPS reactions. For protein
expression, the plasmids pJL1-TxtD and pJL1-TxtE were used as DNA
templates. The reaction temperatures for E. coli and Streptomyces CFPS
systems were set at 30 °C and 23 °C, respectively, the optimal temper-
ature for each system as reported previously [29,34]. Then, individual
expression of the two proteins in both cell-free systems was carried out
for 8 h to eliminate the effect of reaction time on protein synthesis. After
CFPS reactions, the samples were analyzed by Western-blot. The results
indicated that TxtD and TxtE could be expressed in both CFPS systems
(Fig. 2B). However, most of the proteins (especially TxtE) were formed
in insoluble fractions in the E. coli BL21 Star(DE3)-based CFPS reactions.
By contrast, while the protein solubility was increased in the Strepto-
myces CFPS system, the total protein expression levels were significantly
lower than those in the E. coli system. This result is in agreement with the
previous report that Streptomyces CFPS system can enhance the solubi-
lity of Streptomyces-originated proteins without chaperone supplemen-
tation [34], perhaps as a result of the similarity of cellular
physicochemical and biological environments among different Strepto-
myces species. Recently, more efforts have been performed to improve
the productivity of Streptomyces CFPS [35,38]. Hopefully, further
enhanced Streptomyces cell-free systems will be used as a potential
platform for the expression of many other GC-rich gene clusters directly
amplified from Streptomyces genomes for natural product biosynthesis.
In this work, based on the total protein expression levels, we decided to
choose the high-yield E. coli cell-free system for TxtD and TxtE expres-
sion but firstly with the main focus on the improvement of protein
solubility.

Molecular chaperones have been demonstrated to help facilitate
protein folding and block protein aggregation, which are often coex-
pressed in vivo to improve the solubility of target proteins [39-41]. To
take advantage of chaperones, we next aimed to prepare cell extracts
enriched with chaperone proteins that might be beneficial for enhancing
the solubility of cell-free expressed proteins in vitro. To this end, we first
transformed different molecular chaperone plasmids into the chassis
strain E. coli BL21 Star(DE3), which was then used for cell extract
preparation. Using chaperones-enriched cell extracts (CE8: DnaK-D-
naJ-GrpE + GroES-GroEL; CE2: GroES-GroEL-tig; CE7: GroES-GroEL),
TxtD and TxtE were expressed separately and then analyzed by
Western-blot. As shown in Fig. 2C, CE8 and CE2 performed better and
expressed notably higher soluble proteins than CE7 and the control cell
extracts without any chaperones. For example, according to the protein
band density analysis by ImageJ, the percent solubility of TxtD
expressed in CE8 and CE2 was 86% and 96%, respectively, both of which
are higher than that of TxtD expressed in CE7 (42%). In addition,
CE8-based CFPS reactions generated the most amount of soluble TxtD
and TxtE among all tested chaperones. The amount of soluble TxtD and
TxtE in CE8-based CFPS reactions was 233% and 115% higher,
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respectively, as compared to the CE2-based protein expression. Our re-
sults demonstrated that chaperones indeed helped increase protein
solubility albeit to different levels in CFPS reactions. Overall, the com-
bination of DnaK and GroEL chaperone systems performed the best in
our work, which is in agreement with previous reports that these two
chaperone systems can significantly increase the solubility of
aggregation-prone proteins expressed in cell-free systems [42]. Since the
property of each protein is naturally different, how to choose chaperones
for the soluble expression of proteins (if only insoluble without chap-
erones) is in principle dependent, and we believe that CFPS systems
might be a robust platform for rapid evaluation. Taken together, our
cell-free platform enables soluble expression of TxtD and TxtE by sup-
plying reasonable chaperones. This is significant because (i) soluble
expression of TxtD in vivo was difficult as reported previously [19], but it
can be easily expressed in CFPS with high solubility. Moreover, our re-
sults might also suggest a reasonable solution for others to express sol-
uble TxtD proteins in vivo by coexpression of chaperones; and (ii) most
importantly, soluble TxtD and TxtE synthesized in the cell-free system
should be active to catalyze the formation of the target compound
L-4-nitro-Trp. Finally, CE8-based cell extracts were selected for the
following experiments because of its capability for high-level expression
of soluble proteins in vitro. Meanwhile, we analyzed the protein syn-
thesis profiles of TxtD and TxtE over 8 h in the E. coli CFPS system using
CE8 cell extracts. The results indicated that both proteins could be
synthesized for 8 h, although approximately 80% of the two proteins
were synthesized during the initial 3-4 h (Fig. 3).

3.2. Construction of L-4-nitro-Trp biosynthetic pathway in vitro

Having demonstrated the soluble expression of TxtD and TxtE in
CFPS, we next sought to use the two enzymes to construct the L-4-nitro-
Trp biosynthetic pathway in vitro. We initially compared the biosyn-
thesis in two ways. First, TxtD and TxtE were coexpressed in one-pot for
L-4-nitro-Trp biosynthesis. Second, CFPS reactions were performed to
express TxtD and TxtE separately and then the reactions were mixed to
reconstitute the full metabolic pathway. After cell-free biosynthesis, the
samples were analyzed by LC-MS. The results suggested that L-4-nitro-
Trp could be successfully detected in both reaction approaches with two
enzymes either coexpressed or separately expressed and then mixed (see
Fig. 4A for a representative LC-MS analysis). During the process of L-Trp
nitration, NO and O, are required by TxtE as cosubstrates [13]. Given
that NO can be generated from L-Arg by the pathway-specific NO syn-
thase TxtD, the amount of O in the reaction mixture is hypothesized to
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be another important factor for the biocatalysis. Therefore, we attemp-
ted to supply sufficient O in CFPS reactions, which might be helpful for
the formation of L-4-nitro-Trp. To do this, all reactions were shaken at
600 rpm during the biosynthesis. As shown in Fig. 4B, the reaction
format significantly impacted the product formation. On the one hand,
the two-stage biosynthesis (i.e., enzymes first expressed for 5 h and then
mixed for biocatalysis) worked much better than the one-pot reaction by
coexpression of TxtD and TxtE. On the other hand, shaking could
remarkably improve the productivity. For example, the product con-
centration in the two-stage reaction was increased by more than 50
times as compared to the control without shaking. Overall, with shaking
the yield of L-4-nitro-Trp in the two-stage biosynthesis was >20-fold
higher than the one-pot coexpression reaction. Taken together, our data
suggested that Oy is a limiting factor and shaking can provide more Oq
for the enzymatic (TxtE) catalysis. In addition, the low L-4-nitro-Trp
production in the one-pot reaction is likely due to resource limitations
(e.g., energy and substrates) caused by coexpression of two enzymes.
This constraint can be circumvented by separate expression of TxtD and
TxtE in advance and then mixed them for product synthesis. Therefore,
next we set out to use the two-stage reaction format with shaking to
further optimize the production of L-4-nitro-Trp in vitro.

3.3. Optimization of L-4-nitro-Trp biosynthesis

To optimize cell-free biosynthesis of L-4-nitro-Trp, we wanted to
evaluate some key factors that might influence the efficiency of enzy-
matic catalysis. Since enzymes are crucial biocatalysts for the product
formation, we first investigated the effect of enzyme expression time
before mixing them on product synthesis. To do this, cell-free expression
of TxtD and TxtE was carried out separately ranging from 2 to 6 h and
then the reactions were mixed for another 16 h incubation. We started
the evaluation from 2 h because the expression levels of the two enzymes
before 2 h were low that might not be sufficient to implement the
biosynthesis (Fig. 3). As shown in Fig. 5A, the L-4-nitro-Trp yields in
different groups were comparable, demonstrating that at least 2-h of
CFPS was sufficient to synthesize enough enzymes for the catalysis.
Further increase of CFPS reaction time did not significantly improve the
product yield, perhaps as a result of other limiting factors in the reac-
tion. This result is similar to a previous report that 2-h CFPS reaction was
the best for enzyme expression before mixing and the resultant
bioconversion [30].

Like many other microbial cytochrome P450 enzymes, TxtE requires
an electron transfer system for its catalytic activity, which can be
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Fig. 3. Protein synthesis profile over 8 h in E. coli CFPS reactions using CE8 cell extracts. Western-blot analysis of (A) TxtD and (B) TxtE. Time courses of (C)
TxtD and (D) TxtE synthesis. The protein band densities in (A, B) were analyzed by ImageJ and then used for calculating the relative expression in (C, D). The protein
band densities of TxtD and TxtE at 8 h were set as 100%, respectively, for the calculation of relative expression (%).
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supported by, for example, the surrogate redox partners of spinach
ferredoxin and ferredoxin reductase [13]. In addition, previous studies
also have demonstrated that two flavoproteins flavodoxin (Fld) and
NADPH-flavodoxin reductase (FIdR) from E. coli are capable of trans-
ferring electrons to different source P450 enzymes [43-45]. Because our
CFPS system is based on E. coli cell lysates, the endogenous Fld-FIdR can
directly serve as an electron transfer system for supporting the activity of
cell-free expressed TxtE to synthesize L-4-nitro-Trp (Fig. 4A). However,
we were curious to know if the TxtE activity could be further boosted by
supplementation of purified Fld-FIdR proteins to the cell-free reactions.
We, therefore, added different amounts of purified Fld and FIdR with a
molar ratio of 1:1 to the mixed reactions. We found that when the
cell-free reaction was supplemented with 1 pM of Fld-FIdR, the yield of
L-4-nitro-Trp could be increased by 27% as compared to the reaction
without Fld-FIdR addition (Fig. 5B). However, adding more Fld-FIdR
proteins (5 and 10 pM) slightly reduced the product yields. Mean-
while, we wanted to supplement NADPH, which is also required by TxtE

for its reaction [13], to the cell-free system and explore the effect of
NADPH concentration on product formation. As shown in Fig. 5C, with
the addition of NADPH, the L-4-nitro-Trp yields obviously increased and
2.5 mM NADPH gave rise to the highest yield of nearly 400 pM. We also
observed that more than 200 pM of L-4-nitro-Trp were produced without
supplementing NADPH. This is because E. coli cell lysates in the cell-free
system can provide endogenous NADPH for supporting the activity of
TxtE, which is in line with the previous report using E. coli cells for TxtE
expression and catalysis [19].

Next, we sought to investigate the effect of substrate (L-Arg and L-
Trp) concentration on the synthesis of L-4-nitro-Trp. To do so, we mixed
two CFPS reactions with expressed TxtD and TxtE and added substrates
(the molar ratio of L-Arg and L-Trp is 1:1) to the reaction mixtures at
different final concentrations from 1 to 5 mM. Our data indicated that
the product yields were similar with different substrate concentrations,
although 1 mM of L-Arg and L-Trp (1:1) gave rise to the highest pro-
duction (316 pM), which is only 20% higher than the reaction without
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substrate supplementation (Fig. 5D). This suggested that L-Arg and L-
Trp, which were added at 2 mM for protein expression in CFPS reactions,
were not completely consumed and the remaining amino acids were
sufficient to synthesize a notable amount of L-4-nitro-Trp (261 pM)
under the current conditions.

Finally, using the optimized cell-free biosynthesis system - note that
0.5 mM of NADPH (but not 2.5 mM) was used in the reaction as this
concentration was sufficient to support high production (Fig. 5C), we
tested the time course of product formation by measuring L-4-nitro-Trp
concentrations at different time points (Fig. 6A). After TxtD- and TxtE-
enriched CFPS were mixed, the cell-free reactions were carried out for
32 hin total. The results indicated that product synthesis in the initial 8
h was slow. While the reason remains unclear, this is likely in part due to
the following possibilities: (i) the redox balance between enzymatic
reactions and cofactors (e.g., FId-FIdR, NADPH, etc.) is not fully ach-
ieved yet [12,13]; (ii) TxtD needs more time to generate a sufficient
amount of NO for TxtE to catalyze the nitration of L-Trp; and (iii) Oy
might also be a limited substrate for TxtE at the beginning, which has to
be slowly transferred into the reaction mixture by shaking. The product
accumulation rate rapidly increased during the next 8 h with a
maximum yield of ~360 pM at 16 h. Subsequently, the yields slightly
decreased, which is probably due to the degradation of L-4-nitro-Trp by
potential E. coli endogenous enzymes (e.g., tryptophanase and nitro-
reductase) as observed in the cell-based production system [19].

Overall, our final, optimized cell-free system was capable of syn-
thesizing nearly 360 pM of L-4-nitro-Trp, which is more than 10 times
higher than the initial system without optimization (Fig. 6B). Our cell-
free biosynthesis system has several key features. First, CFPS enables
the active expression of TxtD in this work, which cannot be expressed in
full-length soluble form in vivo [12,19]. This is in agreement with other
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in vivo “difficult-to-express” proteins like metalloproteins, which, by
contrast, can be highly and actively expressed in CFPS [46]. In addition
to the E. coli-based CFPS system, many other CFPS platforms [32-37]
may be also available for the expression of enzymes with high (soluble)
yields and high activity to reconstitute the related biosynthetic path-
ways. Second, cell-free systems are flexible to be optimized due to their
open reaction environment. For example, the reaction format and
cofactor supplementation can be readily manipulated to achieve high
productivity. Previous studies also have demonstrated the flexibility of
cell-free systems by designing modular CFPS reactions, expressing en-
zymes in separate modules, and eventually mixing cell-free modules for
long metabolic pathway construction and product formation [30,47].
Third, cell-free systems without the use of living cells are tolerant to
toxic compounds such as the cellular toxic NO if it is highly accumulated
in cells. This robustness feature of cell-free systems has also been shown
previously with the production of cellular toxic styrene as well as the
application of CFPS in an aqueous-organic biphasic system for cascade
biotransformation [29,31]. Taken together, we believe that cell-free
systems can be rationally selected, designed, and optimized to in-
crease the biosynthesis performance and as a result lead to high
productivity.

4. Conclusion

With the development of cell-free biotechnology, cell-free systems
are emerging as powerful platforms not only for protein synthesis but
also for many synthetic biology applications. In this context, cell-free
strategies are creating a new frontier for next-generation biosynthesis
through the rapid and rational construction of in vitro metabolic path-
ways [25-31]. To further expand the scope (type) of proteins and small
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Fig. 6. Cell-free biosynthesis of L-4-nitro-Trp in the optimized reaction system. (A) Time course of L-4-nitro-Trp production within 32 h. (B) Comparison of L-4-
nitro-Trp production before and after system optimization. Values show means with error bars representing standard deviations (S.D.) of at least three independent

experiments.
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high-value compounds that can be produced by cell-free systems, here
we demonstrated cell-free biosynthesis of a nitro-containing compound
L-4-nitro-Trp by in vitro reconstitution of the native biosynthetic
pathway. Specifically, an E. coli-based CFPS system enriched with mo-
lecular chaperones was used to express active NO synthase (TxtD) and
P450 enzyme (TxtE) for L-4-nitro-Trp biosynthesis. After optimization,
the cell-free system was able to synthesize about 360 pM of
L-4-nitro-Trp, which is a >10-fold improvement as compared to the
initial system without optimization. Looking forward, we anticipate that
cell-free biosynthetic platforms will play an important role in the pro-
duction of various valuable compounds as showcased recently,
including, for example, fine chemicals, pharmaceutical intermediates,
food-related amino acids, and complex natural products [25-31]. In
addition, sustainable production of such compounds in large amounts
might also be possible in the near future as the E. coli CFPS system has
been shown to scale up linearly from 250 pL to 100 L reaction volumes
[48]. Taken together, given the flexibility of cell-free systems, biosyn-
thesis and biomanufacturing beyond the cell holds tremendous potential
to create cost-effective, efficient, and high-yield in vitro biosynthetic
factories for the production of chemicals, therapeutics, and materials.
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