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Cell-free systems have been used to synthesize chemicals by reconstitution of in vitro
expressed enzymes. However, coexpression of multiple enzymes to reconstitute long
enzymatic pathways is often problematic due to resource limitation/competition (e.g.,
energy) in the one-pot cell-free reactions. To address this limitation, here we aim to design
a modular, cell-free platform to construct long biosynthetic pathways for tunable synthesis
of value-added aromatic compounds, using (S)-1-phenyl-1,2-ethanediol ((S)-PED) and 2-
phenylethanol (2-PE) as models. Initially, all enzymes involved in the biosynthetic pathways
were individually expressed by an E. coli-based cell-free protein synthesis (CFPS) system
and their catalytic activities were confirmed. Then, three sets of enzymes were
coexpressed in three cell-free modules and each with the ability to complete a partial
pathway. Finally, the full biosynthetic pathways were reconstituted by mixing two related
modules to synthesize (S)-PED and 2-PE, respectively. After optimization, the final
conversion rates for (S)-PED and 2-PE reached 100 and 82.5%, respectively, based
on the starting substrate of L-phenylalanine. We anticipate that the modular cell-free
approach will make a possible efficient and high-yielding biosynthesis of value-added
chemicals.
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INTRODUCTION

Biotransformation is a green and sustainable approach for the production of valuable chemicals,
pharmaceuticals, andmaterials, among others (Bornscheuer et al., 2012; Sheldon andWoodley, 2018;
Wu and Li, 2018; Wang et al., 2021; Wu et al., 2021). For decades, microbial organisms have been
predominantly engineered to synthesize those compounds of interest from cost-effective carbon
sources like renewable biomass (e.g., cellulose and starch, etc.) and one-carbon feedstocks (e.g.,
formate and CO2, etc.) (Humphreys and Minton, 2018; Cotton et al., 2020; Ko et al., 2020). While
cell-based biotransformation is a promising means for the production, efforts to design and engineer
living organisms are constrained by slow design-build-test (DBT) cycles (Nielsen and Keasling,
2016). In addition, overexpression of a set of exogenous enzymes to perform in vivo chemical
conversions imposes a strong metabolic burden on heterologous microbial hosts. Another key
challenge in cellular production is the balance (conflict of resource allocation) between the cell’s
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survival objectives (i.e., native metabolism and growth) and the
engineer’s production goals (i.e., synthesis of target products),
making the final product yields in cellular systems often low and
not satisfactory (Li and Neubauer, 2014; Wu et al., 2016).
Therefore, designing and building efficient systems for
biotransformation and maximization of product yields is
highly desirable.

As a complement to cell-based approaches, cell-free systems
have emerged as promising and powerful platforms for
biomanufacturing (Bundy et al., 2018; Li et al., 2018; Swartz,
2018; Liu et al., 2019; Bowie et al., 2020; Silverman et al., 2020;
Rasor et al., 2021). The unique feature of cell-free systems is that
cell growth and product synthesis are separated, thus moving
biosynthesis away from living cells and converting input
resource/energy into desired products at high yields. Due to
the open nature of cell-free systems, the reaction environment
can be easily manipulated, directly accessed, and rapidly
optimized. Furthermore, cell-free systems without cellular
barriers can bypass transfer limitations and are more tolerant
of toxic molecules (e.g., substrates, pathway intermediates, and
final products) than living microbial cells. Recently, crude extract
based cell-free protein synthesis (CFPS) systems were well
developed and their applications have been expanded from
single protein synthesis to multiple enzyme coexpression
(Kwon et al., 2013; Li et al., 2016; Goering et al., 2017; Moore
et al., 2021). The CFPS-expressed enzymes without purification
can carry out in situ cascade biotransformation to synthesize a
wide variety of molecules, such as n-butanol (Karim and Jewett,
2016), diketopiperazine (Goering et al., 2017),
polyhydroxyalkanoate (Kelwick et al., 2018), styrene (Grubbe
et al., 2020), 3-hydroxybutyrate (Karim et al., 2020), limonene
(Dudley et al., 2020), L-theanine (Feng et al., 2021), and the
complex natural product valinomycin (Zhuang et al., 2020).
Notably, the yields of the CFPS-based production platform are
often higher than in vivo production. For example, CFPS systems
improved the production of styrene and valinomycin both by
more than two times as compared to recombinant cellular
systems (Grubbe et al., 2020; Zhuang et al., 2020).

Despite cell-free systems have many advantages and have been
applied to reconstitute in vitro metabolic pathways for
biotransformations, the reported complete pathways in CFPS
systems were normally short with less than four enzymes. This is
mainly because some full pathways are too long–with many
enzymes–to express in a single-pot CFPS. To alleviate the
tension of all enzyme coexpression in one pot, partial enzymes
of the pathway can be individually expressed in vivo to prepare
enzyme enriched cell extracts, which then can be used for CFPS to
express the rest enzymes to assemble the full biosynthetic
pathway (Dudley et al., 2020; Karim et al., 2020; Zhuang et al.,
2020). However, this strategy is laborious and time-consuming
that includes in vivo overexpression of each pathway enzyme,
preparation of multiple cell lysates, and in vitro mix-and-match
of lysate combination. As comparison to in vivo expression
(days), CFPS systems can significantly reduce the expression
time (hours) from DNA (plasmids) to functional enzymes.
Therefore, with the rapid property of CFPS reactions, the
overall time for enzymatic biotransformation will also be

notably reduced if all enzymes of a long pathway can be
coexpressed by CFPS.

Recently, we reported the use of CFPS to coexpress three
enzymes for the bioconversion of styrene to (S)-1-phenyl-1,2-
ethanediol with a high conversion rate (Liu et al., 2020). However,
the substrate styrene is water-insoluble. Then, an aqueous-
organic biphasic system was used to support the enzyme
expression and the resulting cascade biotransformation. While
this system worked well, an organic solvent like the toxic toluene
was required to dissolve styrene, which is not a green or
environmentally friendly approach. To avoid using organic
solvents, a metabolic pathway is thus needed to synthesize
styrene from possible water soluble substrates as an
intermediate, which can be enzymatically converted to the
downstream products. Such pathway is available by using
three enzymes to convert L-phenylalanine (L-Phe) to styrene
(Lukito et al., 2019). However, this solution will bring more
enzymes to coexpress in one CFPS reaction and as a result
coexpression of all enzymes might be problematic. Thus, a
rational strategy is needed to solve the issue of multiple
enzyme coexpression in a one-pot CFPS reaction.

In this work, we aim to address the challenge by designing
modular cell-free systems for tunable biotransformation,
which can be used to convert the same precursor L-Phe to
two value-added aromatic compounds without using the
water-insoluble substrate styrene (Figure 1). The first target
compound is the chiral drug intermediate (S)-1-phenyl-1,2-
ethanediol ((S)-PED) and the second one is the rose-like
fragrance 2-phenylethanol (2-PE) (Peng et al., 2019; Wang
et al., 2019). These two aromatic compounds share a common
upstream intermediate styrene. To achieve our goal, here we
design three CFPS modules. In the first module, an artificial
pathway from L-Phe to styrene is constructed by coexpression
of three enzymes, namely, phenylalanine ammonia lyase 2
(PAL2) from Arabidopsis thaliana (Cochrane et al., 2004) and
phenylacrylic acid decarboxylase (PAD, containing two
enzymes Fdc1 and Pad1) from Aspergillus niger (Payne
et al., 2015). The second module uses styrene generated in
the first module to synthesize (S)-PED, where another three
enzymes are coexpressed to perform the cascade reaction. The
related enzymes include styrene monooxygenase (SMO,
consisting of two subunit enzymes StyA and StyB) from
Pseudomonas sp. VLB120 (Panke et al., 1998) and epoxide
hydrolase (SpEH) from Sphingomonas sp. HXN-200 (Wu et al.,
2013). In the third module, three enzymes (StyA, StyB, and
StyC) involved in the styrene degradation pathway (Panke
et al., 1998) are employed to convert styrene to
phenylacetaldehyde, which can be reduced to the final
product 2-PE by endogenous alcohol dehydrogenases
(ADHs). Our data suggest that the designer CFPS modules
are efficient for long enzymatic cascade reactions, enabling
high conversion rates of L-Phe to (S)-PED and 2-PE at 100 and
82.5%, respectively. Looking forward, we anticipate this work
will expand the application space of cell-free systems by
designing modular CFPS reactions to carry out long cascade
biotransformations for efficiently synthesizing valuable
chemicals when the whole-cell bioconversion remains difficult.
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FIGURE 1 | Cell-free synthesis of (S)-PED and 2-PE. (A) CFPS reaction and the synthesis of target chemicals. (B) Overall enzymatic pathways and designing of
three modules. (C) Modular cell-free systems for the product formation. Abbreviations: CFPS, cell-free protein synthesis; PAL, phenylalanine ammonia lyase; PAD,
phenylacrylic acid decarboxylase; SMO, styrene monooxygenase; SpEH, epoxide hydrolase; SOI, styrene oxide isomerase (also called StyC); ADH, alcohol
dehydrogenase. Chemicals 1–7: 1, L-phenylalanine (L-Phe); 2, cinnamic acid; 3, styrene; 4, styrene oxide; 5 (S)-1-phenyl-1,2-ethanediol ((S)-PED); 6,
phenylacetaldehyde; 7, 2-phenylethanol (2-PE).
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MATERIALS AND METHODS

Chemicals
L-phenylalanine was purchased from Sigma-Aldrich (St. Louis,
United States). Styrene, styrene oxide, (S)-1-phenyl-1,2-
ethanediol, and 2-phenylethanol were purchased from
Adamas (Shanghai, China). Cinnamic acid and
phenylacetaldehyde were obtained from Aladdin (Shanghai,
China). The plasmid miniprep kit was purchased from Sangon
Biotech (Shanghai, China). All other chemical reagents were of
the highest purity available.

Strains and Cultivation Media
Escherichia coli DH5α was used for molecular cloning and
plasmid propagation. E. coli BL21 Star (DE3) was grown for
cell extract preparation to perform CFPS reactions. General
cultivation of E. coli strains was carried out in the LB
medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L
NaCl). The 2xYTPG medium (10 g/L yeast extract, 16 g/L
tryptone, 5 g/L NaCl, 7 g/L K2HPO4, 3 g/L KH2PO4, and
18 g/L glucose, pH 7.2) was used to grow E. coli cells for
cell extract preparation.

Plasmid Construction
The plasmids pET28a-StyA, pET28a-StyB, and pET28a-SpEH
used for the expression of StyA, StyB, and SpEH, respectively,
were reported in our previous work (Liu et al., 2020). All other
genes were codon optimized for E. coli, synthesized, and cloned
into the plasmid pET28a by GENEWIZ (Suzhou, China),
including PAL2 (GenBank: AY303129), Fdc1 (GenBank:
XM_001390497), Pad1 (GenBank: XM_001390495), and StyC
(GenBank: AF031161). The gene StyC encodes a styrene oxide
isomerase (StyC) in the styrene degradation pathway (Panke
et al., 1998). To construct fused StyA and StyB, a flexible
linker sequence [AS (GGGGS)5GAS] was inserted between the
amino acid sequences of the two enzymes and cloned into
pET28a, generating the plasmid pET28a-StyA-linker-StyB. All
genes were inserted to the pET28a backbone between two
restriction sites NdeI and SalI (see Supplementary Figure S1
for plasmid maps).

Preparation of Cell Extracts
Cell growth, collection, and extracts were prepared as
described previously (Liu et al., 2020). In brief, E. coli
BL21 Star (DE3) cells were grown in 1L of 2xYTPG media,
induced with 1 mM IPTG (OD600 � 0.6–0.8) to express T7
RNA polymerase, and harvested by centrifugation at an
OD600 of around 3.0. Then, cell pellets were washed three
times with cold S30 Buffer (10 mM Tris-acetate, 14 mM
magnesium acetate, and 60 mM potassium acetate). After
the final wash and centrifugation, the pelleted cells were
resuspended in S30 Buffer (1 ml per Gram wet cell mass)
and lysed by sonication (10 s on/off, 50% of amplitude, input
energy ∼600 J) on ice. The lysate was then centrifuged twice at
12,000 g and 4°C for 10 min. The resulting supernatant
(i.e., cell extracts) was flash frozen in liquid nitrogen and
stored at −80°C until use.

Cell-free Protein Synthesis Reactions
Standard CFPS reactions were carried out in 1.5-ml
microcentrifuge tubes. Each reaction (15 μL) contains the
following components: 12 mM magnesium glutamate, 10 mM
ammonium glutamate, 130 mM potassium glutamate, 1.2 mM
ATP, 0.85 mM each of GTP, UTP, and CTP, 34 μg/ml folinic acid,
170 μg/ml of E. coli tRNA mixture, 2 mM each of 20 standard
amino acids, 0.33 mM nicotinamide adenine dinucleotide
(NAD), 0.27 mM coenzyme A (CoA), 1.5 mM spermidine,
1 mM putrescine, 4 mM sodium oxalate, 33 mM
phosphoenolpyruvate (PEP), 13.3 μg/ml plasmid unless
otherwise noted, and 27% (v/v) of cell extracts. T7 RNA
polymerase was not added to CFPS reactions since it was
induced with IPTG during cell growth and contained in the
cell extracts. CFPS expressed proteins were analyzed by SDS-
PAGE and Western-blot.

Modular Cell-free Protein Synthesis
Reactions
To assemble enzymatic pathways for the synthesis of (S)-PED
and 2-PE, one upstream module (module 1) and two
downstream modules (module 2 and module 3) were
constructed in cell-free systems. Each module of the CFPS
reaction was performed at 30°C with a total volume of 15 μL
in the 1.5-ml tube. In the first module, three enzymes were
coexpressed by adding 13.3 μg/ml of pET28a-PAL2, 13.3 μg/ml
of pET28a-Fdc1, and 6.7 μg/ml of pET28a-Pad1, respectively.
This upstream CFPS module was incubated for 2 h to express
enzymes for the conversion of L-Phe to styrene. In module 2,
StyA, StyB, and SpEH were coexpressed with plasmid
concentrations of 13.3, 3.3, and 13.3 μg/ml, respectively, for
6 h before mixing with module 1 to convert styrene to (S)-PED.
Similarly, in module 3, StyA and StyB were expressed the same
as in module 2; StyC was expressed with 13.3 μg/ml of pET28a-
StyC. Coexpression of three enzymes in module 3 was also
carried out for 6 h before mixing with module 1. Cell-free
expressed StyA, StyB, and StyC together with endogenous
ADHs can convert styrene to 2-PE. After mixing module 1
with module 2 or 3, 1 mM of the substrate L-Phe was added to
the CFPS mixture and the reaction was further carried out for
16 h at 30°C to synthesize target compounds.

Analytical Methods
All intermediates and final products were extracted with 2 volume
of ethyl acetate for twice (as thoroughly as possible), followed by
analysis with GC-MS (Trace 1300-ISQ, ThermoFisher Scientific)
using a TG-5MS (30 m × 0.25 mm x 0.25 μm) column. For (S)-
PED and 2-PE analysis, 1 μL of each sample was injected with a
split ratio of 33.3:1. Helium was used as the carrier gas at a flow
rate of 1.2 ml/min. The initial column temperature was 40°C and
then increased at 30°C/min to 270°C (for (S)-PED) or 200°C (for
2-PE), which was maintained for 3 min. Afterwards, the column
temperature increased at 30°C/min to 300°C with a final 5 min
hold. The retention times of (S)-PED and 2-PE were 6.04 and
5.07 min, respectively. The concentration of each product was
determined by comparison to a linear standard curve generated
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with a commercial standard (Supplementary Figure S2). All
measurements were performed in triplicate.

RESULTS AND DISCUSSION

Cell-free Expression of Each Enzyme and
Demonstration of Their Catalytic Activities
To synthesize (S)-PED and 2-PE from the same precursor L-Phe,
we chose in total seven enzymes from different organism sources

to construct two full enzymatic pathways (Figure 1B). First,
L-Phe is converted to styrene, which is a shared upstream
intermediate, by successive deamination and decarboxylation
with three enzymes PAL2, Fdc1, and Pad1 (Cochrane et al.,
2004; Payne et al., 2015). Then, styrene undergoes two
divergent pathways to form (S)-PED and 2-PE, respectively,
with enzymes StyA, StyB, StyC, SpEH, and E. coli endogenous
ADHs (Panke et al., 1998; Wu et al., 2013). Prior to build in vitro
full pathways, each enzyme except the endogenous ADHs has to
be actively expressed in CFPS reactions. To this end, the well-
developed E. coli-based CFPS system was used to express all

FIGURE 2 | GC-MS detection of the product of each step enzymatic reaction. (A) Cinnamic acid. (B) Styrene. (C) Styrene oxide. (D) (S)-PED. (E)
Phenylacetaldehyde. (F) 2-PE. In each panel, the numbers 1, 2, and 3 represent negative control without plasmid in the CFPS reaction (substrate was added), chemical
standard, and cell-free reaction sample, respectively. Note that in (F), no exogenous enzymes were expressed in CFPS and only E. coli endogenous ADHs catalyzed the
reaction.
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enzymes and test their catalytic activities. Note that the
conversion of cinnamic acid to styrene requires two enzymes
Fdc1 and Pad1 originated from A. niger (Payne et al., 2015); in
addition, the styrene monooxygenase (SMO) from Pseudomonas
sp. VLB120 also consists of two subunit enzymes StyA and StyB
to oxidize styrene to styrene oxide (Panke et al., 1998). Therefore,
these two enzymatic conversion steps need the coexpression of
two related enzymes in one-pot CFPS reactions.

The E. coli CFPS system has been used to express various
proteins, for example, therapeutic proteins, membrane proteins,
and non-natural amino acid modified proteins (Henrich et al.,
2015; Martin et al., 2018; Wilding et al., 2019), demonstrating the
robustness of E. coli CFPS for in vitro protein production. To see
if all enzymes we selected can be expressed, we used the E. coli
strain BL21 Star (DE3) to prepare cell extracts for protein
expression. We observed that each enzyme was successfully
expressed in CFPS as shown by the Western-blot analysis
(Supplementary Figure S3). Then, the catalytic ability of each
enzyme was investigated. To do this, the substrate of each enzyme
was added to the reaction mixture when the enzyme expression
started. As shown in Figures 2A–E, each target compound was
detected by GC-MS, demonstrating that all cell-free expressed
enzymes were active to convert their substrates to the
corresponding products (see Supplementary Figure S4 for MS
spectra of all compounds). In addition, E. coli endogenous ADHs
were also active to reduce phenylacetaldehyde to 2-PE when no
exogenous enzymes were expressed by CFPS (Figure 2F). Taken
together, the results demonstrated the potential of using CFPS to
express functional enzymes to reconstitute (S)-PED and 2-PE
biosynthetic pathways in vitro. As the goal of this work was to
establish modular cell-free systems for tunable
biotransformation, we next sought to coexpress different sets
of enzymes in different single pot CFPS reactions and then mix
them for synthesizing final products (Figure 1C).

Designing Modular Cell-free Systems for
the Synthesis of (S)-PED and 2-PE
After demonstrating the enzyme activity, we next aimed to design
CFPS modules for the expression of different enzyme
combinations. The key idea was to express short pathways
first and then mix them together to assemble the full
pathways. Since styrene is the same upstream intermediate of
(S)-PED and 2-PE, three enzymes (i.e., PAL2, Fdc1, and Pad1)
were coexpressed in the first module of CFPS to convert L-Phe to
styrene, which can be used by the downstream modules as a
substrate. In module 2, styrene undergoes epoxidation and
hydrolysis by SMO (i.e., StyA and StyB) and SpEH,
respectively, to form (S)-PED. While cell-free expressed StyA,
StyB, and StyC in module 3 catalyze the cascade conversion of
styrene to phenylacetaldehyde, which can be reduced to 2-PE by
endogenous ADHs. Initially, cell-free synthesized enzymes in
each module were confirmed by Western-blot (Supplementary
Figure S5). Next, biotransformations in all three modules were
tested individually by adding 1 mM of substrate to the CFPS
reactions. After the reaction, each product was extracted from the
reaction mixture and analyzed by GC-MS. The results showed

that all three target compounds of styrene, (S)-PED, and 2-PE
were detected from the related modules (Figure 3), suggesting
that our designed cell-free modules are capable of assembling
long, full pathways for tunable biotransformation.

We, therefore, set out to build cell-free pathway combinations
for (S)-PED and 2-PE synthesis. To achieve this goal, we first ran
three cell-free modular reactions separately at 30°C to express
enzymes and then mixed module 1 with module 2 or 3. While the
time for enzyme expression in modules 2 and 3 was 6 h, the
upstream module 1 was only incubated for 2 h before mixing
because we observed that 2-h CFPS reaction was the best for
module 1 to convert L-Phe to styrene (Supplementary Figure
S6). When mixing two modules, 1 mM of L-Phe was added to the
cell-free mixture and the reaction was further carried out for 16 h
at 30°C to synthesize (S)-PED and 2-PE. The GC-MS analyses
suggested that in both cases the final products were successfully
detected (Supplementary Figure S7), demonstrating the ability
of using modular cell-free reactions each with several CFPS-
expressed enzymes to assemble long metabolic pathways in vitro.

Effect of L-Phe on the Synthesis of (S)-PED
and 2-PE
Having validated the ability to mix cell-free modules for
biotransformation, we next wanted to investigate the effect of
L-Phe on the synthesis of (S)-PED and 2-PE, respectively. To do
so, we mixed module 1 with module 2 or 3 after cell-free enzyme
expression and added L-Phe to the reaction mixture at different
final concentrations from 0.5 to 5 mM. Our data indicated that
the effect of L-Phe on the synthesis of (S)-PED was more obvious
than that on the synthesis of 2-PE (Figure 4). The highest titer of
(S)-PED reached 0.82 mM when L-Phe was supplied with 2 mM,
which is 2.4-fold higher than the titer achieved with 0.5 mM L-
Phe (Figure 4A). By contrast, the titers of 2-PE were similar with
different L-Phe concentrations, although 2 mM L-Phe gave rise to
a bit higher titer of 2-PE as compared to all other concentrations
(Figure 4B). In order to further optimize our system for
enhanced production, we chose to add 2 mM of L-Phe to the
reactions in our following experiments.

Optimization of Reaction Temperature and
Volume on the Synthesis of (S)-PED
and 2-PE
Cell-free reaction temperature is an important factor for
optimization because it affects protein expression and enzyme
activity. Our cell-free biosynthesis system includes two phases: the
initial CFPS reaction phase and the second enzymatic
biotransformation phase. While the best temperature for protein
expression in E. coli CFPS system has been found to be 30°C
(Goering et al., 2017; Li et al., 2016; Martin et al., 2018), whether
this temperature is optimum for the enzymatic reactions remaining
unknown. Therefore, we did not focus on the optimization of the
CFPS temperature in this work. Instead, we conducted our
optimization by investigating the optimal reaction temperature
during the biotransformation stage for producing (S)-PED and 2-
PE. After mixing two cell-free modules, we incubated the reactions
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containing 2 mM of L-Phe at 23, 30, and 37°C. The results
indicated that low temperatures favored the product formation
and the maximum titers of both products were obtained at 30°C
(Figures 5A,B). This makes the whole production process easy
without the change of incubation temperature from protein
expression to product synthesis. Our finding is similar to
previous reports that 30°C is the optimal temperature to
synthesize enzymes and the resulting chemical compounds
(Goering et al., 2017; Grubbe et al., 2020; Liu et al., 2020).

Next, we evaluated the effect of reaction volume on the
synthesis of (S)-PED and 2-PE. We ran standard CFPS

reactions in 15 μL volume and also scaled up the volume to
90 μL per reaction. Thus, the total volume after mixing two
modules was 30 μL or 180 μL. For the group of reaction
volume with 180 μL, we also compared the reactions without
shaking and with shaking at 600 rpm. All enzymatic reactions
were carried out at 30°C for 16 h and the final products were
extracted and analyzed. Interestingly, we found that the reaction
volume has different effects on the product titers (Figures 5C,D).
For (S)-PED, the titer obtained from the reaction volume of 30 μL
was higher than that of the volume of 180 μL. By contrast, the titer
of 2-PE in the reaction volume of 180 μL was maximum, but
shaking was not necessary. In both cases, the product titers in
180 μL volume with shaking were lower than those without
shaking. While the impact of reaction volume on product
formation was different, our results suggested that 1) the
reaction volume should be investigated for each new
enzymatic pathway in vitro and 2) cell-free system is flexible
for manipulation and optimization. With the aim to improve
each product titer, we decided to use 30 and 180 μL reaction
volumes to synthesize (S)-PED and 2-PE, respectively, in the
following studies.

Enhancing the Epoxidation Step of Styrene
for Efficient Biotransformation
Styrene accumulated in the first cell-free module is the
upstream precursor for the synthesis of (S)-PED in module
2 and 2-PE in module 3. It is, therefore, important to efficiently

FIGURE 3 | Extracted ion chromatograms (EIC) of the GC-MS detection of (A) styrene (m/z 140) in module 1, (B) (S)-PED (m/z 138) in module 2, and (C) 2-PE (m/z
122) in module 3. In each panel, 1, sample at the reaction time of zero; 2, sample from the reaction finished.

FIGURE 4 | Effect of L-Phe on the synthesis of (A) (S)-PED and (B) 2-PE.
Values show means with error bars representing standard deviations (s.d.) of
at least three independent experiments.
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convert the water-insoluble styrene to styrene oxide, which can
be used by the subsequent enzymes for further conversion. The
epoxidation of styrene is catalyzed by the enzyme SMO
(i.e., StyA and StyB). Previous studies have shown that StyA
plays a core role in the biocatalytic activity of SMO and StyB
helps maximize the epoxidation of styrene (Panke et al., 1998;
Otto et al., 2004). In addition, the highest epoxidation activity
can be achieved when the molar ratio of StyA and StyB reaches
at about 1:1 (Otto et al., 2004; Corrado et al., 2018). Based on
these reports, we were curious to know if tuning StyA and StyB
might enhance the epoxidation activity of styrene. Thus, we
subsequently sought to test two strategies to see their effects on
the efficiency of cell-free biotransformations. First, we
overexpressed the key enzyme StyA in vivo in E. coli rather
than in CFPS and prepared StyA-enriched cell extracts to
coexpress the rest enzymes, for example, StyB, StyC, and
SpEH, in CFPS reactions. Second, we fused StyA and StyB
with a flexible linker to construct a fused SMO (StyA-linker-
StyB) and, as a result, the molar ratio of the two enzymes
should be 1:1 once they are expressed in CFPS.

By using the above-mentioned two strategies, we found that
they did impact the final product titers, albeit their effects were
different. For the synthesis of (S)-PED, StyA-enriched CFPS
system enabled the maximum conversion of styrene to (S)-
PED, giving rise to the titer of 1.79 ± 0.17 mM (Figure 6A),

which is > 2 times higher than the control reaction by
coexpression of StyA and StyB with plasmids. However, cell-
free expression of fused SMO (StyA-linker-StyB) led to the lowest
production of (S)-PED. The results are in agreement with our
previous report that cell extracts pre-enriched with StyA notably
enhanced the cascade biotransformation of styrene to (S)-PED
(Liu et al., 2020). In contrast, both StyA-enriched CFPS and fused
SMO benefited the 2-PE synthesis and significantly improved the
titers, which are >2 and >4 times higher than that of the control
reaction (0.20 ± 0.01 mM) (Figure 6B). Interestingly, not like (S)-
PED, fused SMO was better than the StyA-enriched CFPS to
produce 2-PE, perhaps as a result of the different downstream
enzymes (SpEH and StyC/ADHs in (S)-PED and 2-PE pathways,
respectively) that influence the whole cell-free metabolic fluxes.

Since the activity of StyB is dependent on NADH as an
electron donor (Otto et al., 2004), we next wanted to
supplement NADH to the cell-free systems and explore the
effect of NADH concentration on product formation. As
shown in Figures 6C,D, the titers of both products were
obviously increased by supplementation of NADH.
Specifically, 1.93 ± 0.08 mM of (S)-PED (96.5% conversion
based on 2 mM L-Phe) and 1.60 ± 0.09 mM of 2-PE (80%
conversion based on 2 mM L-Phe) were produced by adding
2 mM of NADH per reaction. Notably, we also observed
product formation without NADH supplementation. This is
because our cell-free system, which is based on the E. coli
crude lysate, contains endogenous NADH that can be used to
support the activity of StyB. Additionally, in CFPS reactions
0.33 mM of NAD+ was added that can also be reduced to
NADH by the native NADH/NAD+ recycling systems (Jewett
et al., 2008).

Finally, with the optimized cell-free reaction system, we tested
the time courses of product formation by measuring (S)-PED and
2-PE concentrations at different time points (Figures 6E,F). After
mixing two cell-free modules, the cascade biotransformation was
carried out for 24 h in total. Our data indicated that the
biosynthesis of (S)-PED occurred with a gradual increase
before 12 h, while 2-PE underwent a nearly linear increase
manner. Clearly, more than 95% of both products were
synthesized during the initial 16 h reaction and no obvious
products were accumulated from 16 to 24 h. Eventually, the
conversion rates based on the starting substrate (2 mM L-Phe)
at 24 h were 100 and 82.5% for (S)-PED and 2-PE, respectively.
Since styrene is the common upstream intermediate, the standard
Gibbs free energy change of the overall reaction from styrene to
(S)-PED and 2-PE were calculated to be −363.92 kJ/mol and
−224.66 kJ/mol (https://www.chemeo.com/), respectively. This
demonstrates that the conversion of styrene to (S)-PED is
more thermodynamically favorable than that to 2-PE, which is
in agreement with the experimental data.

In the present work, we demonstrated the robustness and
feasibility of using the E. coli-based CFPS system to assemble long
biosynthetic pathways enabled by designing modular cell-free
systems. While the two paradigms were successful, the overall
conversion rates from L-Phe to (S)-PED and 2-PE were different.
One main reason might be the different levels of the concerted
activity of each pathway reconstituted with multiple cell-free

FIGURE 5 | Effects of (A, B) reaction temperature and (C, D) reaction
volume on the synthesis of (S)-PED and 2-PE, respectively. Values show
means with error bars representing standard deviations (s.d.) of at least three
independent experiments.
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expressed enzymes. For example, the conversion of L-Phe to 2-PE
was not complete within 24 h, which is likely due to the low
expression of soluble StyC and the resulting low catalytic
efficiency. Therefore, given the flexibility of cell-free systems,
one might switch from the E. coli CFPS system to many other
CFPS systems (Kelwick et al., 2016; Li et al., 2017; Des Soye et al.,
2018; Wang et al., 2018; Xu et al., 2020; Zhang et al., 2020) to
better mimic the physicochemical environment of native hosts for
the expression of related enzymes with high (soluble) yields and
high activities. In other words, various CFPS systems can be used
to express highly active enzymes in different cell-free modules
and then mix them for efficient biotranformations, thus giving
rise to high productivity.

CONCLUSION

In this study, we demonstrated the design of modular cell-free
systems to build in vitro long metabolic pathways for tunable
conversion of L-Phe to two aromatic compounds (S)-PED and 2-
PE. The activities of all cell-free expressed enzymes were first
confirmed and then mixed modules were able to synthesize (S)-
PED or 2-PE. After optimization, the final conversion rates based
on L-Phe (2 mM) at 24 h were 100% for (S)-PED and 82.5% for 2-
PE. Looking forward, we envision that modular cell-free systems
will provide a feasible approach to construct long enzymatic
pathways for the synthesis of valuable chemicals of
pharmaceutical and industrial importance.

FIGURE 6 |Optimization of StyA and StyB expression for the synthesis of (A) (S)-PED and (B) 2-PE. In panels (A) and (B): 1, both StyA and StyB were expressed in
CFPS; 2, StyA was expressed in vivo to prepare cell extracts and StyA-enriched CFPS was used to express StyB; 3, StyA and StyB was fused and the resulting
StyA-linker-StyB was expressed in CFPS. Effect of supplementation of NADH on (C) (S)-PED and (D) 2-PE formation. Time courses of (E) (S)-PED and (F) 2-PE
production within 24 h. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.
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