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Abstract: Enzymatic decarboxylation and carboxylation are emerging as prospective processes to
produce high-value compounds under mild conditions. Ferulic acid decarboxylase Fdc1 catalyzes
broad substrate tolerance against α, β-unsaturated carboxylic acids, and provides green routes for
carbon dioxide fixation with the reversible carboxylation, while the activity of the enzyme is limited
by the indispensable cofactor prenylated flavin (prFMN), which is unstable and is rarely detected
in nature. In this study, a prFMN efficient synthesis route was built using six exogenous enzymes
introduced into E. coli cells, leading to the construction of a powerful cell catalyst named SC-6.
Based on the metabolic analysis, the results indicated that the reduction of FMN to FMNH2 was the
bottleneck in prFMN synthesis pathway, and introducing FMN reductase increased the production
of prFMN 3.8-fold compared with the common flavin prenyltransferase UbiX overexpression strain.
Using SC-6 cell catalyst, the decarboxylation activity of Fdc1 increased more than 20 times with
cinnamic acid and 4-acetoxycinnamic acid as substrates. Furthermore, the reversible carboxylation
reaction was carried out, and the cell catalyst presented 20 times carbon dioxide fixation activity
using styrene to produce cinnamic acid. Finally, the maximum yield of cinnamic acid catalyzed by
SC-6 achieved 833.68 ± 34.51 mM·mg−1 in two hours. The constructed prFMN pathway in vivo
provides fundamentals for efficient decarboxylation and carbon fixation reactions catalyzed by
prFMN-dependent enzymes.

Keywords: cell catalyst; prFMN; decarboxylase; carboxylation; cinnamic acid

1. Introduction

Enzymatic decarboxylation and carboxylation are essential reactions in both biological
and chemical processes which take responsibility for carbon release and carbon fixation
in nature [1,2]. Ferulic acid decarboxylase Fdc1 from Aspergillus niger and Saccharomyces
cerevisiae has been characterized as catalyzing the decarboxylation of cinnamic acid deriva-
tives with a broad substrate tolerance against α, β-unsaturated carboxylic acids, including
aromatic, heteroaromatic, and unsaturated aliphatic acids [3,4]. Additionally, the reversible
carboxylation of Fdc1 is attracting considerable attention as a green catalyst for carbon
dioxide fixation and C–C bond-forming reactions under mild conditions [5].

Fdc1 belongs to the UbiD family, which is widely distributed in bacterial, archaeal,
and fungal. UbiD is involved in the biosynthesis of ubiquinone in E. coli [6], while several
UbiD family proteins have been shown to be active against heteroaromatic acids such as
protocatechuic acid, 2,5-furandicarboxylic acid, 2-furoic acid, and phenylphosphate [7].
Particularly, these UbiD enzymes depend on the recently identified prenylated flavin
mononucleotide (prFMN) cofactor for catalysis, with the conventional isoalloxazine of
the flavin modified by the addition of a fourth ring derived from an isoprene unit. Thus,
the unusual modification introduces a nitrogen ylide functionality into the ring system
that converts this quintessential redox cofactor into one that supports (de)carboxylation
reactions at sp2-hybridized carbon atoms [8]. In the case of Fdc1, reversible decarboxylation
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has been suggested to occur via a 1,3-dipolar cycloaddition process between the substrate
and the azomethine ylide portion of the prFMN cofactor [9].

Structural and biochemical studies have revealed the biosynthesis mechanisms of
prFMN in E. coli cells. Firstly, the UbiX catalyzes the prenyltransfer from dimethylal-
lyl(pyro)phosphate to reduced FMNH2, yielding prFMNH2, thus extending the FMNH2
with the fourth nonaromatic ring. Subsequently, the UbiD binds the reduced prFMNH2
from UbiX, and prFMNH2 is suggested to undergo oxidative maturation to yield prFMN
to the finally active form as prFMNiminium. However, the preparations of prFMN are not
commercially available, as the oxidative maturation process of prFMNH2 by UbiD family
enzymes (such as UbiD, Fdc1) to the active prFMNiminium form appears prone to hydroly-
sis [10]. Moreover, oxygen exposure of the reduced prFMNH2/UbiX complex results in
the formation of derivative species such as prFMN C4a-OOH, prFMN-OH, prFMNradical,
prFMNradical-H, and so on [11]. These forms of prFMN have been proved to be inactive
and unable to support the activity of the UbiD family proteins.

Due to the instability of prFMN, currently the supply of prFMN cofactor can be
substituted by the use of multiple enzyme systems or crude cell lysates [12,13]. The supply
and stability issue of the prFMNiminium is still one of the major bottlenecks limiting the
applicability of Fdc1. Recent studies have focused on the biosynthesis of the cofactor
in vivo or in vitro [14]. However, in solution, the irreversible conversion and inactivation
of prFMNH2 hinders the activity of holo-Fdc1. More importantly, some existing forms of
prFMN are difficult to determine by mass spectrometry, which increases the difficulty for
directed synthesis of the active form of prFMN.

Though the intrinsic activity of Fdc1 is relatively low, recent studies have demonstrated
that the conversion efficiency catalyzed by Fdc1 can be enhanced though aromatic C-H
activation by constructing a non-natural route to corresponding acids and derivative
compounds, and studies have also shown the potential of using Fdc1 in the production
of 1,3-butadiene by molecular evolution of Fdc1 [15]. Based on protein engineering, the
mutations around the active site including I189V provided improved activity of Fdc1
towards specific substrate analogues [16]. These prFMNs are utilized by the synthesis of
endogenous UbiX and UbiD in E. coli cells, while the endogenous expression of UbiX and
UbiD appears to be insufficient for activation of recombinant Fdc1, especially when Fdc1
is overexpressed, as confirmed by coexpression of UbiX and Fdc1 in vivo under aerobic
conditions, enhanced the activity of Fdc1 from 0.6 U·mg−1 to 1.5 U·mg−1 [17]. Therefore,
the lack of active forms of prFMN still needs to be improved to meet the prospective
industrial applications.

Here, a highly efficient prFMN supply strain is constructed; based on the introduction
of six exogenous enzymes into E. coli cells, a multiple enzyme cell system including ScFdc1
was generated and named SC-6. Mass spectrometry proved prFMN was enhanced by
3.8-fold compared to the commonly used UbiX and UbiD coexpression systems. Conse-
quentially, the catalytic activity of SC-6 strain increased 20 times using cinnamic acid as
substrate in the decarboxylic process. Furthermore, the reversible carboxylation reaction us-
ing styrene and carbon dioxide to produce cinnamic acid was conducted, and the catalytic
efficiency reached 833.68 ± 34.51 µM·mg−1 in two hours, which was the most efficient
carbon fixation reported by Fdc1 at present.

2. Results
2.1. Reconstruction of the prFMN Biosynthesis Pathway in E. coli

The cofactor prFMN is catalyzed by UbiX using the reduced form of FMN and DMAP
as substrates, and further undergoes oxidative maturation by UbiD family enzymes in
E. coli. In addition, previously, it has been demonstrated that coexpression of UbiX promotes
the activity of Fdc1. Then, we constructed PaUbiX and ScFdc1 onto the pETDuet vector and
transformed them into E. coli cells, and the strain was named SC-2. Due to the insufficient
supply of intracellular FMN and DMAP, the riboflavin kinase (RFK) domain of FAD
synthetase, which catalyzes the riboflavin to FMN, and EcThiM, which catalyzes the prenol
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to DMAP, were introduced. With the supplementation of riboflavin and prenol during cell
cultivation, the concentration of FMN and DMAP was supposed to be improved; thus,
the SC-2 strain carrying pRSFDuet_EcThiM_CaRFK was named SC-4. However, the RFK
domain of CaFADS converted the riboflavin to the oxidized form of FMN, to further convert
FMN to the reductive form FMNH2 as the direct substrate of UbiX, the flavin reductase Fre
from E. coli was engineered into SC-4 as named SC-5. Taking consideration of the NADH
recycling of Fre, the formate dehydrogenase FDH from Pseudomonas sp. 101 was further
engineered into SC-5, and finally, the recombinant E. coli strain SC-6 was obtained. The
construction of the enzymes and the strains is shown in Figure 1.
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Figure 1. Schematic representation of the prFMN synthesis and NADH/NAD+ regeneration system
in E. coli. RFK: Riboflavin Kinase domain of the flavin adenine dinucleotide synthetase from Corynebac-
terium ammoniagenes (UniProt No. Q59263 with residues 183–338); Fre: flavin mononucleotide reduc-
tase from E. coli (UniProt No. P0AEN1); UbiX: flavin prenyltransferase from Pseudomonas aeruginosa
(UniProt No. Q9HX08); FDH: formate dehydrogenase from Pseudomonas sp. 101 (UniProt No. P33160);
ThiM: prenol kinase from E. coli (UniProt No. P76423); and Fdc1: ferulic acid decarboxylase from
Saccharomyces cerevisiae (UniProt No. Q03034). The green arrow represents the reversible reactions
that were catalyzed by the cell catalyst in subsequent results. R1 represents cinnamic acid and styrene,
while R2 represents 4-acetoxycinnamic acid and 4-acetoxystyrene.

2.2. The Engineered prFMN Strain Demonstrated High Decarboxylation Efficiency

ScFdc1 coexpressed with PaUbiX, with the former carrying the 6xHis-tag, was purified
by Ni-NTA affinity chromatography and showed lower activity compared with the whole
cell lysate. Then, the whole cell lysate was used as the catalyst in this study for the subse-
quent enzymatic activities. Firstly, the expression of the exogenous enzymes was confirmed
by SDS-PAGE, as shown in Figure 2a. Using 5 mM cinnamic acid as decarboxylation sub-
strate, the SC-2 lysate showed a conversion rate by 5% in 15 min, while the SC-4, including
the EcThiM and CaRFK, presented a significant improvement with a conversion rate of
32%. Taking the SC-5 carrying the EcFre that converts FMN to FMNH2 as the precursor of
prFMNH2, the decarboxylation rate reached 44%. Furthermore, the NADH regenerative
cycle was introduced into SC-6, and the SC-6 demonstrated a final conversion rate of 62%
in 15 min (Figure 2b). In consideration of the consumption of formic acid in the NADH
regenerative cycle, 5 mM formic acid was additionally added in the step of cell lysis process,
while no significant improvement was observed. It should be noted that the expression
proportion of ScFdc1 is about 13.4% of the total protein in SC-2 calculated by grayscale
integral; while, due to the presence of multiple expression vectors in SC-6, ScFdc1 accounts
for 5.7% of total proteins. For calculation here, we use the same volume of cell lysate, so the
actual usage of ScFdc1 in SC-6 is relatively lower than that in SC-2, which further indicates
that the ScFdc1 expressed in SC-6 would present much higher activities.
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Figure 2. Decarboxylation of cinnamic acid using E. coli cell catalyst. (a) Protein expression and
SDS-PAGE of the exogenous enzymes in E. coli cell lysis. The ScFdc1, PseFDH, EcThiM, EcFre,
PaUbiX, and CaRFK were calculated with theoretical molecular weights of 56.2 kD, 44.2 kD, 27.3 kD,
26.3 kD, 22.4 kD, and 17.2 kD, respectively. The molecular weights of EcThiM and EcFre are similar,
and the expression level of EcFre is lower than that of EcThiM, so the band of EcFre is not clear while
has been further conformed. The content of Fdc1 in whole cell lysate was calculated by grayscale
integrals, with two sets of experiments repeated. (b) Decarboxylation of cinnamic acid with different
recombinant E. coli strains in 15 min. The vertical axis represents the substrate conversion rate of
cinnamic acid. Values are presented as mean ± SD (n = 3). Significant results were compared with
SC-2, with significance difference indicated (“**”: p < 0.01).

2.3. Kinetic Parameters of SC-2 and SC-6 Cell Catalysts with Cinnamic Acid and
4-Acetoxycinnamic Acid as Substrates

To further analyze the improvement of decarboxylation activity between SC-2 and
SC-6, the steady-state kinetic parameters of the two engineered strains were determined
by measuring their initial velocity. The Vmax of SC-2 and SC-6 for the decarboxylation
of cinnamic acid were 0.23 ± 0.03 and 11.79 ± 0.67 µmols−1·min−1·mg−1, respectively,
with a 51-fold increment, as shown in Figure 3a. The Km was 197.63 ± 33.81 µM for SC-6
and 81.17 ± 5.93 µM in contrast with SC-2, indicating that engineering the biosynthesis of
prFMN significantly improved the catalytic efficiency of ScFdc1, while presenting a certain
impact of ScFdc1 on the substrate binding affinity with cinnamic acid.

Fdc1 has been identified with broad substrate selectivity. 4-acetoxystyrene, the decar-
boxylation product of 4-acetoxycinnamic acid, is mainly used in the synthesis of polyhy-
droxystyrene as the main component of photoresist resin. Using 4-acetoxycinnamic acid
as substrate, the SC-6 demonstrated excellent activity compared with SC-2, as shown in
Figure 3b. The Vmax of SC-2 and SC-6 for the decarboxylation of 4-acetoxystyrene were
0.11 ± 0.002 and 3.20 ± 0.11 µmols−1·min−1·mg−1, with a 29.1-fold increment. In addi-
tion, the Km was 219.77 ± 11.93 for SC-6 and 269.35 ± 19.16 µM for SC-2. In brief, the
results clearly demonstrated that introducing the prFMN synthesis pathway and NADH
regeneration cycle promoted the catalytic efficiency of ScFdc1.
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2.4. Semi-Quantitative Analysis of FMN and prFMN by Native Mass Spectrometry

To quantify the biosynthesis process of prFMN, the cofactor quantitative analysis of
the recombinant strain was performed on a liquid chromatograph mass spectrometer. The
reductive forms of FMNH2 and prFMNH2 are reported to be unstable for analysis, while
the oxidation forms of FMN and prFMN can be relatively determined. Due to the fact that
FMN can be produced in wild type E. coli cells, the FMN content in E. coli (DE3) cells was
set for background control at 100%; similarly, the response value of prFMN in E. coli (DE3)
cells was defined at 100% due to the endogenous EcUbiX and EcUbiD in E. coli being able
to produce prFMN.

In comparison to the E. coli wild type strain, the FMN content in SC-2 carrying
PaUbiX and ScFdc1 was elevated by 52 times (Figure 4a), indicating the accumulation
of oxidized form of FMN, while the prFMN was only elevated to 110% compared to
wild type cell strain (Figure 4b). Furthermore, CaRFK was introduced which directly
catalyzed riboflavin to FMN, and EcThiM catalyzed the conversion of prenol to DMAP.
The SC-4 strain improved FMN accumulation by 384 times and prFMN accumulation
by 1.3 times, indicating the reduction of FMN to the reductive form would be the rate-
limiting step. Thus, the FMN reductase was introduced in SC-5 and the FMN accumulation
showed a minor increase compared with SC-4, while the prFMN abundance improved
2-fold compared to SC-4. Further engineering of FDH improved prFMN by 3.5 times and
promoted the FMN pathway with FMN accumulation by 851 times. To improve FMN
reductase by NADH regeneration, formic acid was additionally brought into the system,
and the FMN concentration in SC-6 plus formic acid declined compared to SC-6, while a
slight improvement was obtained by SC-6 plus formic acid, with the production of prFMN
increasing by 10% compared to SC-5 strain.
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Figure 4. Mass spectrometry analysis of FMN metabolism in recombinant E. coli strains. (a) Relative
abundance of FMN. (b) Relative abundance of prFMN. Control refers to the endogenous background
in the E. coli BL21 (DE3) strain, and SC-6-5 mM refers to SC-6 with a supplement of 5 mM formate
during cell culture. Values are presented as mean ± SD (n = 3). Significant results were compared
with control, with significance difference indicated (“ns”: no significance; “**”: p < 0.01).

2.5. Biosynthesis of the prFMN Promotes Carbon Fixation on Styrene Catalyzed by ScFdc1

Fdc1 was reported to be capable of catalyzing the synthesis of cinnamic acid by styrene
carboxylation, while the product merely stayed at the detectable level without reporting
a specific yield [18]. Using SC-2 as the catalyst, the styrene was converted to cinnamic
acid by a rate of 0.86 ± 0.17 Mm·h−1·mg−1 at 0.5 M KHCO3 overnight. While using SC-6
as the catalyst, it achieved a productivity of cinnamic acid of 42.17 ± 1.80 µM·h−1·mg−1

(Figure 5a). Moreover, the concentration of KHCO3 as the carboxylation buffer was op-
timized to achieve a productivity of cinnamic acid by 74.61 ± 2.15 µM·h−1·mg−1 under
2.7 M KHCO3. Different from the reported conditions of pressured carbon dioxide and
overnight reactions, the reaction time was optimized, and it was found that the yield
reached the maximum in two hours instead of overnight (Figure 5b). The results indicated
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that extending the time for carboxylation is unnecessary and may be time-consuming,
which would be hindered by the potential decarboxylation process. Finally, increasing the
amount of the cell catalyst by five times achieved a maximum yield of cinnamic acid of
833.68 ± 34.51 µM·mg−1 in 2 h.
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Figure 5. (a) Carboxylation of styrene for different recombinant cell catalyst containing ScFdc1
overnight. Values are presented as mean ± SD (n = 3). Significant results were compared with SC-2,
with significance difference indicated (“**”: p < 0.01). (b) A time profile of carboxylation of styrene
catalyzed by SC-6 containing ScFdc1. Data are presented as mean ± SD (n = 3).

3. Discussion

Enzymatic carboxylation is emerging as an attractive and green route to produce
high value carboxylic acids under mild conditions. In particular, divalent metal ion-
dependent decarboxylases, represented by 2,3-dihydroxybenzoic acid decarboxylase [19]
and salicylic acid decarboxylase [20], catalyze the conversion of substrates such as catechol
to hydroxybenzoic acid, and the substrate conversion rate could reach 60% under conditions
such as CO2 pressure [21]. In addition, by removing products or adding quaternary
ammonium salts, the reaction equilibrium is moved towards the CO2 fixing direction, and
the substrate conversion rate can reach up to 90% or even higher [22]. However, the above
enzymes are limited to phenolic substrates and require the assistance of ortho hydroxyl
groups for selective carboxylation.

Ferulic acid decarboxylase catalyzes the decarboxylation of ferulic acid to form
4-ethylene guaiacol in the biological metabolic pathway. It was found that the enzyme
is capable of catalyzing the decarboxylation and reversible carboxylation processes of
(aromatic) acrylic acid derivatives, such as the carboxylation of nearly forty substrates such
as epoxy derivatives, aromatic olefins, and aliphatic olefins [23]. Moreover, the prFMN
cofactor of Fdc1 does not involve redox state change or cofactor regeneration in the reaction
process, which conforms to the characteristics of green biological manufacturing. There-
fore, prFMN-dependent Fdc1 and its homologous enzymes have become hot spots in the
utilization of CO2 resources and biotransformation.

However, due to the thermodynamic barrier associated, as well as the high energy
requirement for substrate activation, enzymatic CO2 fixation routes are rarely efficient [24].
For example, with styrene and carbon dioxide as substrates, under buffer conditions such
as 0.1–2.7 M KHCO3 or (NH4) HCO3, and whole cells expressing Fdc1 enzymes as catalysts,
the substrate conversion efficiency is limited at the detection line level only after 18 h of
reaction at 30 ◦C. In addition, enhanced biocatalyst loading (100 mg whole cells mL−1) and
CO2 (30 bar) produced small amounts of carboxylation products [25]. Similarly, enzymatic
characterization of the prFMN-containing decarboxylase TtnD presented the kcat in less
than 1 min−1 [26]. Additionally, the enzyme catalyzed para-carboxylation of catechols by
AroY that belongs to the UbiD enzyme family showed low activity [27].

Dozens of UbiD family enzymes are being excavated, pointing out the stability and in-
dispensability of prFMN cofactor [28]. The pyrrole-2-carboxylic acid decarboxylase PA0254
expressed in the absence of UbiX possessed little or no activity, while supplying the cofactor
reactivated the enzyme [29]. Cofactor engineering has been emphasized as an important
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strategy for the microbial production of natural products. Engineering FAD and NADPH
cofactor strategies have been developed for rewiring biosynthesis, compartmentalization,
and recycling, which enable the highest production of ferulic acid in microbial cell facto-
ries [30]. In addition, metabolic engineering of the FAD biosynthesis pathway in E. coli
also provides an effective strategy for improving whole cell catalytic capability for one-step
production of α-keto acids from L-amino acids [31].

Since the host E. coli cells contain the endogenous UbiX, the whole cells of E. coli BL21
(DE3) pLysS only overexpressing ScFdc1 have been used as the catalyst to perform the
decarboxylation of ferulic acid with a conversion rate of about 10% in an hour at 2 mM
substrate concentration [32]. We constructed the SC-2, including the PaUbiX and ScFdc1,
and the cell lysate showed a conversion rate of 5% in 15 min with 5 mM cinnamic acid.
To improve the content of the cofactor, the SC-6 strain, including FMN precursor supply,
FMN reduction, and NADH regeneration modules, was reconstructed, and the engineered
strain showed a final conversion rate of 62% within 15 min, and the substrates could be
completely transformed by extending the reaction time. The experiment was conducted
using the same volume of the cell lysate, considering the ScFdc1 expression level in SC-6 is
about 2.3 times lower than in SC-2, the enzymatic activities of ScFdc1 in SC-6 should be
much higher. The results indicated that increasing the content of the prFMN cofactor could
significantly enhance the activity of Fdc1. Based on the engineered prFMN pathway in
SC-6, it was demonstrated that the catalytic activity of substrates including cinnamic acid
and 4-acetoxycinnamic acid was remarkably elevated, i.e., by more than 22- and 38-fold,
calculated by kcat/Km. These results suggest that a highly efficient prFMN supply strain has
the potential to improve the catalytic activities for the prFMN-dependent decarboxylases
and carboxylases.

Currently, the intermediate metabolite quantification in the biosynthesis process of
prFMN has been rarely studied. Previous studies established a linear one-pot enzyme
cascade for in vitro generation of prFMN; the results demonstrated that the prenol phospho-
rylation to DMAP step by ThiM appears to represent the major bottleneck limiting the rate
of FMN prenylation and UbiD activation [17]. Similarly, FMN prenylation was reported to
be limited by intracellular levels of DMAP and FMN in E. coli cells, which can be improved
by adding prenol and riboflavin to the cell cultures [33]. However, our in vivo results,
determined by mass spectrometry in this study, showed that the SC-4 strain improved the
FMN accumulation by 384 times, while prFMN accumulation only increased by 1.3 times.
It was considered that the reduction of FMN to the reductive form, FMNH2, would be
the rate-limiting step, as the reduced FMNH2 was the direct substrate of UbiX, producing
the reduced form of prFMNH2. Actually, to solve the low conversion rate of FMN to the
reductive form FMNH2, the FMN reductase was introduced in SC-5 and improved the
productivity of prFMNH2 by two times compared with SC-4. Even though the content of
prFMNH2 was promoted, it was indicated that the catalytic efficiency of FMN reductase is
still insufficient compared with the increment of FMN by 451 times.

Fdc1 has been used as a reversible enzyme to fix carbon dioxide for valuable com-
pounds. To improve the carboxylation efficiency of the reversible decarboxylases, efforts
have been made to resolve the limitations. An excess of bicarbonate is usually required
as the CO2 source, or the fixed carbon substrate CO2 is pressurized as the reaction condi-
tion. In addition, the addition of quaternary ammonium salts to induce the precipitation
of corresponding carboxylation products can also improve the conversion efficiency of
substrates via the in situ removal of products through the ion exchange method. Recently,
researchers have coupled multiple enzyme systems, such as through coupling with car-
boxylate reductase, to achieve the production of downstream aldehydes, amines, amides,
and alcohols. This process uses ATP as the energy donor and NADH as the reducing force,
and ultimately converts styrene into cinnamyl alcohol to improve the conversion rate of
styrene substrates [18]. Taking consideration of the carboxylation process in this study, the
SC-6 demonstrated efficient activity enhancement by about 10-times with the conversion
rate up to 0.63% with 10 mM styrene. Although the carboxylation reaction of ScFdc1 also
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shows a corresponding enhancement in activity, the productivity of cinnamic acid is still
far from industrial applications. Combining cofactor engineering, directed evolution of the
enzyme and process optimization may ultimately result in carbon fixation for high-value
compounds to meet industrial demands.

4. Materials and Methods
4.1. Strains, Plasmids, and Chemicals

The E. coli strain BL21 (DE3) was used as the host for the production of enzymes asso-
ciated with the synthesis of prFMN. Molecular biology enzymes (LA Taq DNA polymerase,
BamH I, Hind III, Nde I and Xho I) were purchased from Takara Biomedical Technology
Co. (Beijing, China), and common kits (gel extraction, plasmid isolation, DNA ligation
and competent cell preparation) were provided by Sangon Co., Ltd. (Shanghai, China).
All chemical reagents were purchased from Sangon Co., Ltd. (Shanghai, China), with
the exception of cinnamic acid, styrene, prenol and riboflavin, which were provided by
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

4.2. Engineering of the prFMN Biosynthesis Pathway in E. coli Cells

The genes encoding fdc and ubix from S. cerevisiae and P. aeruginosa were synthesized
and cloned into the expression vector pACYCDuet. The E. coli prenol kinase gene (thim)
and the C. ammoniagenes riboflavin kinase gene (rfk) were synthesized and cloned into the
pRSFDuet vector. The FMN reductase Fre from E. coli and the formate dehydrogenase FDH
from Pseudomonas sp. 101 were PCR amplified from genomic DNA. In addition, the PCR
products were digested with restriction enzymes and ligated onto the pETDuet vector. The
resulting constructs were transformed into E. coli strain BL21 (DE3) for protein expression.
The recombinant strain carrying PaUbiX and ScFdc1 was named SC-2. The SC-4, SC-5, and
SC-6 of the recombinant E. coli strains used in the present study were named and listed in
Table 1.

Table 1. Strains and plasmids used in the study.

Strains Experimental Group

SC-2 E. coli BL21 (DE3) containing the recombinant plasmid pACYDuet_PaUbiX_ScFdc1
SC-4 SC-2 containing the recombinant plasmid pRSFDuet_EcThiM_CaRFK
SC-5 SC-4 containing the recombinant plasmid pETDuet_ EcFre
SC-6 SC-4 containing the recombinant plasmid pETDuet_EcFre_PsFDH

SC-6_FA_5 SC-6 with supplementing 5 mM formate during cell culture

4.3. Preparation of the Biocatalyst

The engineered E. coli strain was inoculated into 10 mL of Luria–Bertani medium
supplemented with the appropriate antibiotics and cultivated on a rotary shaker with
220 rpm at 37 ◦C overnight. Ampicillin, kanamycin, or chloramphenicol with 50 µg·mL−1

working concentration were added to the medium for selection depending on the vectors
harbored by E. coli. After that, 1% (v/v) seed culture was inoculated into 1 L of Luria–
Bertani medium containing the appropriate antibiotics, and E. coli cultures were grown
at 37 ◦C and 220 rpm in a rotary shaker. When the optical density OD600 of the culture
reached 0.6–0.8, the strains were induced by isopropyl β-D-thiogalactoside (IPTG) to a
final concentration of 0.2 mM. Furthermore, SC-4, SC-5, and SC-6 were supplemented with
prenol at 1 mM and riboflavin at 0.1 mM final concentration. SC-6 also needed to add
formate to a final concentration of 5 mM on this basis. Following overnight incubation
at 16 ◦C and 220 rpm, cells were harvested via centrifugation at 5000× g for 15 min at
4 ◦C. Then, the cell pellet was obtained from 50 mL of 1 L E. coli liquid maintained at
−20 ◦C for further study. The cells were then resuspended in 5 mL Lysis buffer (50 mM
phosphate buffer, pH 6.0 for decarboxylation or pH 7.5 for carboxylation) and broken using
an ultrasonic cell disruptor. Biomass concentration was checked with the Bradford method,
and SDS-PAGE using gray-level integration.
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4.4. Pretreatment of the Cell Lysate for Mass Spectrometry Assay

The 50 mL of cultivated E. coli cells were harvested by centrifugation at 5400 rpm at
4 ◦C for 10 min. Then, 3 mL buffer including 50 mM NaPi (pH 6.0) and 50 mM sodium
chloride were added for re-suspending the cell pellets. The ultrasonic disruption of the
cell was performed at 300 W for 2 min by circulation of 2 s-work and 4 s-break. After that,
400 µL of the broken cell suspensions was drawn into a brown tube containing 1.2 mL
methanol for protein precipitation and centrifugation. Finally, the supernatant was drawn
into a brown injection bottle after centrifugation at 12,000 rpm at 4 ◦C for 10 min and stored
at −20 ◦C.

4.5. Intracellular Analysis of the Possible Forms of prFMNs Using LC-MS

For LC-MS analysis, an ultra-high performance liquid chromatograph (Waters, MA,
USA) was used coupled to a tripleTOF™ 5600 plus (Applied Biosystems, Waltham, CA,
USA) mass spectrometer equipped with an electrospray source. An aliquot of 10 µL
supernatant was injected into a BEH C8 (100 mm × 2.1 mm × 1.7 µm, Waters, MA, USA)
column. The column temperature was set at 30 ◦C, with a flow rate of 0.25 ML·min−1. The
gradient started with 40% B (methanol), maintained for 8 min, then linearly increased to
95% B within 4.5 min, and was maintained at 95% B until 16 min. Then, the elute phase
proportion was rapidly set back to 60% A (0.01% ammonia and 10 mM ammonium acetate
in water) within 0.5 min, and the total run time for each analysis was 20 min, including
a post-equilibration of 3.5 min. For data acquisition, the m/z scanning was from 400 to
800 Dalton in ESI negative ionization mode. The ion source parameters were set as follows:
the source temperature was set at 500 ◦C; gas 1 and gas 2 at 0.28 MPa; the curtain gas at
0.24 MPa; and the floating ion spray voltage was −4.5 kV.

4.6. Enzymatic Decarboxylation Catalyzed by the ScFdc1 Whole Cell Lysate

The decarboxylation activity assays were performed in 1.5 mL brown eppendorf tubes
to avoid light with a reaction volume of 200 µL, which was undertaken in 50 mM sodium
phosphate buffer, pH 6.0. Stock solutions of substrate cinnamic acid were dissolved in
acetonitrile. The reaction system contained 5 mM cinnamic acid and 40 µL cell lysate
(50 mL cells resuspended in 5 mL Lysis buffer, about 5–10 µg ScFdc1 in the whole-cell
catalyst calculated using grayscale integral), and the mixture was incubated at 30 ◦C. The
reaction was suspended by adding 600 µL acetonitrile and centrifuged at 12,000× g for
5 min to remove insoluble material. Samples were quantified on a high-performance liquid
chromatography system (Infinity II, Agilent 1260, Santa Clara, CA, USA) equipped with an
ultraviolet detector at 254 nm and an Ecllpse XDB-C18 (250 × 4.6 mm, Agilent, Santa Clara,
CA, USA) at a column temperature of 25 ◦C. The mobile phase was 50% (v/v) acetonitrile
and 0.1% (v/v) trifluoroacetate in deionized water, and the injection volume of each sample
was 5 µL, with a flow rate of 1.0 mL·min−1.

4.7. Kinetic Parameters of ScFdc1 with Cinnamic Acid and 4-Acetoxycinnamic Acid

The kinetics parameters of enzymes were conducted in 200 µL standard reaction
mixture consisting of 50 mM sodium phosphate buffer, pH 6.0, 0–2.5 mM cinnamic acid,
and about 1 µg ScFdc1 in the whole cell catalyst for SC-6 and 10 µg ScFdc1 for SC-2. The
conversion of substrate to product was determined using a standard curve of cinnamic
acid. Steady-state kinetic parameters were determined at 30 ◦C for 5 min with various
substrate concentrations using initial rate data from the Michaelis–Menten equation. For
4-acetoxycinnamic acid, 3 µg ScFdc1 in the whole cell catalyst for SC-6, and 15 µg ScFdc1
for SC-2 whole cell catalyst were used, respectively.

4.8. Enzymatic Carboxylation of Styrene

The conversion of styrene to cinnamic acid was carried out in a 200 µL reaction mixture
containing 10 mM styrene, about 50 µg ScFdc1 in the whole cell catalyst, and 0.5 M KHCO3,
pH 8.3. Reaction mixtures in 1.5 mL eppendorf tubes were incubated at 30 ◦C for 2, 4,
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6, 8 h, and overnight, after which the enzyme was inactivated by three times volume of
acetonitrile. Samples were centrifuged before loading onto the HPLC system.

4.9. Statistical Analysis

All the measurements of the values used in this study represented the average ± SD
of individual replicates during the whole experiment. The unpaired T-tests analysis
was performed in GraphPad Prism 8.0.2 software to conduct a significance analysis for
(de)carboxylase activity determination and the possible forms of prFMNs content of differ-
ent recombinant cell catalyst containing ScFdc1. A p value of less than 0.05 (p < 0.05) was
considered statistically significant.

5. Conclusions

In this study, a highly efficient prFMN synthesis pathway in vivo was constructed.
Metabolite analysis of the engineered E. coli cells SC-6 proved that the reduction of FMN
to FMNH2 is the bottleneck in prFMN biosynthesis pathway, and overexpression of the
exogenous enzymes including Fre in E. coli led to a final enhancement of prFMN by 3.8-fold
compared to the traditional UbiX-UbiD systems. Consequently, the engineered cells were
used as the cell catalyst, and the SC-6 including ScFdc1 increased decarboxylation and car-
boxylation activities more than 20-fold. The results highlight a new approach to engineering
the prFMN pathway in E. coli, i.e., a prospective path to prFMN-dependent enzymes.
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