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ABSTRACT

Ferulic acid is a high-value chemical synthesized in plants. The ferulic acid biosynthesis is still affected by the insufficient
methylation activity of caffeic acid O-methyltransferase (COMT). In this study, we engineered COMT from Arabidopsis thaliana to
match caffeic acid, and the mutant COMTN?VHBAFIAL ghowed 4.19-fold enhanced catalytic efficiency for degrading caffeic acid.
Then, we constructed the de novo synthesis pathway of ferulic acid by introducing tyrosine ammonia lyase from Flavobacterium
johnsoniae (FjTAL), 4-hydroxyphenylacetate 3-hydroxylase from Escherichia coli (EcHpaBC), and mutant COMTN'?VH3I3AFIAL
and further increased tyrosine synthesis. Furthermore, we overexpressed two copies of COMTN?VIBBATIEL and enhanced
the supply of S-adenosyl-L-methionine (SAM) by expressed S-ribosylhomocysteine lyase (luxS) and 5’-methylthioadenosine/S-
adenosylhomocysteine nucleosidase (mtn) to increase the production of ferulic acid. Finally, the production of ferulic acid reached
1260.37 mg/L in the shake-flask fermentation and 4377 mg/L using a 50 L bioreactor by the engineered FA-11. In conclusion,
COMT enzyme engineering combined with global metabolic engineering effectively improved the production of ferulic acid and
successfully obtained a fairly high level of ferulic acid production.

1 | Introduction aldehydes, rosmarinic acids, and flavonoids [4, 5]. Among these
phenylpropanoid acids, ferulic acid possesses various biological
Phenylpropanoid acids, including ferulic acid, caffeic acid, p- properties, such as antioxidant, anti-inflammatory, anticancer,

coumaric acid, and cinnamic acid, are the key building blocks and antithrombotic, and is widely used in food, cosmetics, and
for lignin [1-3]. Notably, phenylpropanoid acids provide carbon pharmaceuticals. In addition, ferulic acid is employed to treat
skeletons for synthesizing aromatic compounds, such as aromatic ~ and prevent certain diseases, such as COVID-19 [6]. Ferulic acid
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FIGURE 1 | De novo biosynthesis pathways of ferulic acid in E. coli. Green genes indicate gene knockouts; blue and red genes indicate overexpres-
sion. DAHP, 3-deoxy-D-arabinoheptulosonate 7-phosphate; PEP, phosphoenolpyruvate; PPP, Pentose phosphate pathway; E4P, D-erythrose 4-phosphate;
SAM, S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine; SRH, S-ribosyl-L-homocysteine; Heys, L-homocysteine; Met, methionine; aroG, 3-
deoxy-7-phosphoheptulonate synthase; fyrA, chorismate mutase/prephenate dehydrogenase; pheA, prephenate dehydratase; tfyrR, a regulatory protein;
TAL, tyrosine ammonia lyase; HpaBC, 4-hydroxyphenylacetate 3-hydroxylase; C3H, p-coumarate 3-hydroxylase; C4H, p-coumarate 4-hydroxylase;
COMT, caffeic acid O-methyltransferase; PAL, phenylalanine ammonia lyase; mtn, 5'-methylthioadenosine/S-adenosylhomocysteine nucleosidase; luxS,

S-ribosylhomocysteine lyase; metE, methionine synthase; metK, methionine adenosyltransferase.

is also a precursor of many important compounds, including 4-
vinylguaiacol, vanillin, and coniferyl alcohol [7-9]. Compared
to extraction from plants and chemical synthesis, the microbial
biosynthesis of ferulic acid has been widely studied because of its
environment-friendly process and resource-conserving [8, 10].

Ferulic acid was produced mainly through the shikimic acid
pathway from L-phenylalanine and L-tyrosine [11, 12]. These
precursor amino acids were converted subsequentially to cin-
namic acid and p-coumaric acid by phenylalanine ammonia
lyase (PAL) and tyrosine ammonia lyase (TAL), respectively [13,
14]. The subsequent transformations, including hydroxylation
or methylation of the benzene ring’s C3-, C4-, and C5- sites,
yielded an array of phenylacrylic acid derivatives [15]. Caffeic
acid is a linchpin in the plant phenylpropanoid nexus. It was
produced by converting p-coumaric acid by either p-coumarate
3-hydroxylase (C3H) or 4-hydroxyphenylacetate 3-hydroxylase
(HpaBC) [16]. Finally, the C3’-OH of caffeic acid was methylated
by caffeic acid O-methyltransferase (COMT) to produce ferulic
acid (Figure 1) [17, 18]. TAL, HpaBC, and COMT were introduced
into Escherichia coli and Saccharomyces cerevisiae to construct the
metabolic pathways for de novo ferulic acid synthesis [19, 20]. The
production of ferulic acid achieved the highest record of 5.09 g/L
to date [8]. However, several limiting factors contributed to the
low ferulic acid synthetic efficiency.

Hydroxylation and methylation of the benzene ring’s carbon
skeleton are bottlenecks of ferulic acid synthesis [8, 21]. In
particular, COMT activity is a limiting factor for ferulic acid
synthesis in the methylation step [16, 22]. COMT belongs to the S-
adenosyl-L-methionine (SAM)-dependent O-methyltransferases
(OMTs). COMT was attributed to the group-2 OMTs, which

are typically 38-43 kDa proteins, metal ions independent, and
catalyzes a range of compounds containing phenylpropanoid
structures [16, 23]. The core structure of COMT from Arabidopsis
thaliana (AtCOMT) consists of 21 a-helices and eight S-folds.
It has three critical structural domains: the caffeic acid-binding
domain, the S-adenosylmethionine-binding domain, and an aux-
iliary N-terminal domain [24]. Compared with the wild-type
value of MsCOMT from Medicago sativa, the V, .. to K,,-value
of NI131K increased 3.2-fold for caffeic acid by site-directed
mutagenesis [25]. Structural analysis and targeted mutagenesis
revealed the substrate-selective catalytic mechanism of COMT
from Ligusticum chuanxiong (LcCOMT), especially, the I318T
mutation increased the catalytic efficiency (K., /K,,) for methyl
caffeate by 2.33-fold [23]. Therefore, the directed mutagenesis of
COMT’s critical functional domain provides an essential strategy
for improving catalytic activity. Recently, a high-throughput
screening strategy was developed to enhance the catalytic effi-
ciency of AtCOMT using a whole-cell biosensor. The best mutant
V314R-A160S-H164N-F22Y-K111Y-S96C-V100D exhibited a 5.4-
fold improvement in catalytic efficiency (K., /K,,) for caffeic acid
[26]. Moreover, the methylation step is mediated by methyltrans-
ferases, with the cofactor SAM serving as the methyl donor.
The SAM cycle was activated in E. coli by using endogenous S-
ribosylhomocysteine lyase (LuxS) and 5’-methylthioadenosine/S-
adenosylhomocysteine nucleosidase (Mtn) to supply sufficient
methyl donor, and further improve the catalytic efficiency of
AtCOMT [8]. Methionine as a direct precursor was used to
increase the level of SAM, which was an effective strategy to
enhance SAM and increased the production of vanillin by 32.68%
[27]. Therefore, improving the enzymatic activity of COMT and
the supply of intracellular SAM is key to improving the efficiency
of ferulic acid synthesis.
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In this study, to achieve the efficient biosynthesis of ferulic acid
in E. coli BL21(DE3), the COMT was engineered to improve
methylation efficiency and optimized a de novo biosynthesis
pathway. In conclusion, COMT enzyme engineering combined
with global metabolic engineering could effectively improve the
production of ferulic acid. This study provided technical support
and application basis for the industrial production of ferulic
acid.

2 | Materials and Methods

2.1 | Strains and Media

All strains and plasmids used in this study are listed in Table SI.
E. coli DH5a was used for plasmid construction and cultivated in
a Luria—Bertani medium (LB) containing: 5 g/L yeast extract, 10
g/L peptone, and 10 g/L NaCl at 37°C, 200 rpm. E. coli BL21(DE3)
was used to express heterologous genes and produce phenyl-
propanoid acids for ferulic acid synthesis. When needed, ampi-
cillin, kanamycin, and isopropyl-beta-D-thiogalactopyranoside
(IPTG) were added to the final concentration of 100 mg/L, 50
mg/L, and 0.2 mM, respectively. M9Y medium was used for de
novo biosynthesis of ferulic acid [8].

The bioreactor fermentation was performed in a 50 L bioreac-
tor (BLBIO-50SJA; Shanghai Bailun Biotechnology, Shanghai,
China) containing 30 L fermentation medium [25 g/L glucose,
5 g/L yeast extract, 10 g/L peptone, 10 g/L (NH,),SO,, 2 g/L
KH,PO,, 4 g/L Na,HPO,, 3 g/L MgSO,, 0.1 g/L CaCl,, 1.5 g/L
sodium citrate dihydrate, 0.075 g/L VBI, and 1.5 mL of trace ele-
ment solution]. Trace element solution contains the following: 2
g/L Al,(SO,);-18H,0, 0.75 g/L CoS0,-7H,0, 2.5 g/L CuS0O,-5H,0,
0.5 g/L H;BO;, 24 g/L MnSO,-H,0, 3 g/L Na,Mo0O,-2H,0, 2.5 g/L
NiSO,-6H,0, and 15 g/L ZnSO,-7H,0). Five fresh colonies were
inoculated in a shake flask containing 200 mL of LB medium with
antibiotics and cultured at 37°C for 12 h. Then, the seed culture
was inoculated in the bioreactor at 10% and cultured at 37°C.
When ODy, reached around 15-20, 0.2 mM IPTG was added to
induce protein expression, and then the temperature was adjusted
to 30°C. The pH was maintained at 7.0. Glucose solution (75%)
was added to keep the concentration constant (below 2 g/L). 20
g/L methionine was fed by the flow rate of 1 mL/h with a total
volume of 100 mL. Oxygen was supplied in the form of filtered
air via a sparging rate of 30-50 L/min of air using agitation in
the 100-650 rpm range to maintain dissolved oxygen levels above
20%-30%.

2.2 | Plasmids and Strains Construction

Plasmid pET28a was used for the expression and purification
of protein. Plasmids pETDuet-1 and pRSFDueT-1 were used to
express multiple genes. Primers used in this study were synthe-
sized by Sangon Biotech (Shanghai, China) and are listed in Table
S2. The sequences of TAL (KR095307.1) from Flavobacterium
johnsoniae (FjTAL) and COMT (AY062837.1) from Arabidopsis
thaliana (AtCOMT) were synthesized by GenScript (Nanjing,
China) with codon optimization and cloned into the pET28a-
1. FjJTAL and AtCOMT were inserted at the BamHI/HindIIl
sites of pET28a-1 separately to form pET28a-FjTAL and pET28a-

AtCOMT. pETDuet was linearized using primers pETDuet-
F/pETDuet-R. The gene EcHpaBC from E. coli BL21(DE3) was
PCR-amplified from the genomic DNA of E. coli with primers
HpaBC-F/HpaBC-R. Then EcHpaBC fragment was inserted into
linearized pETDuet-1 to generate pETDuet-EcHpaBC using the
Seamless Cloning and Assembly Kit (TransGen Biotech; Bei-
jing, China). Linearized pETDuet-EcHpaBC was obtained by
using primers HpaBC-TAL-F/HpaBC-TAL-R. FjTAL was ampli-
fied from pET28a-FjTAL using primers RBS-TAL-F/RBS-TAL-R.
FjTAL fragment was inserted into linearized pETDuet-EcHpaBC
to generate pETDuet-EcHpaBC-FjTAL. AtCOMT or mutated
COMT fragment was amplified with primers COMT-F/COMT-R
from pET28a-COMT or mutated pET28a-COMT. The fragment
was inserted into the linearized pETDuet-EcHpaBC-FjTAL to
generate pETDuet-EcHpaBC-FjTAL-AtCOMT or mutant. tyrR
and pheA were deleted by the pCas/pTargetF two-plasmid gene
editing system [28]. The detailed method can be found in the
Supporting Information.

2.3 | AtCOMT Mutation Library Construction and
High-Throughput Screening

The AtCOMT mutation library was constructed using a fast
mutagenesis system from TransGen Biotech (Beijing, China). The
primers used for residues 129, 174, and 313 of COMT saturation
mutations are listed in Table S2. The 50 uL PCR reaction mixtures
were comprised of 1 uL template, 1 uL each of forward and reverse
primers, 25 uL of 2x TransStart FastPfu Fly PCR SuperMix, and
22 pL nuclease-free water. The PCR was conducted under the
following steps: 98°C 5 min, then 30 cycles of 95°C 20 s, 63°C
20 s, 72°C 120 s, and a final 72°C 10 min. 50 uL PCR products
were digested by DMT enzyme at 37°C for 1 h. Finally, the
digested products were transformed into E. coli BL21(DE3) for
constructing the At*COMT mutation library. When fresh colonies
grow, forty single colonies were selected for auto-induced culture
in 48-well plates. Three non-mutated AtCOMT single colonies
were also set up as controls. After 24 h of auto-induced expression,
100 pL of 10 mM caffeic acid (final concentration 0.5 mM) was
added to each well and incubated at 30°C with shaking at 200
rpm for 1.5 h. Then, 100 uL of the culture was taken, and 100 uL
of methanol was added. The mixture was vortexed thoroughly
and centrifuged at 12,000 rpm for 3 min. The supernatant was
collected, filtered through a membrane (0.22 um), and analyzed
by HPLC (Agilent Technologies 1260 Infinity Series System, CA,
USA).

2.4 | Molecular Modeling, Autodocking, and
Molecular Simulation Methods

AtCOMT structural model was constructed as a monomer using
SWISS-MODEL prediction (https://swissmodel.expasy.org/). The
3D molecule of caffeic acid was obtained by Chem 3D (version
20.0) and docked with the optimized AtCOMT model using
AutoDock 4.2.6. Docking poses were visualized with PyMOL
(version 2.5.4, Schrodinger, LLC). Molecular simulation was
performed by Chen et al. [29] with minor modifications. A
100 ns molecular dynamics simulation was applied for each
protein—ligand group with the GROMACS 2021.5 package and
periodic boundary conditions. The Nose—Hoover thermostat cou-
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pling methods were used to maintain the system temperature at
298 K. Moreover, snapshots of simulation results were visualized
by VMD software.

2.5 | Metabolites Analysis

Chemical standards L-tyrosine, p-coumaric acid, caffeic acid, and
ferulic acid were purchased from Macklin Reagent (Shanghai,
China). Tyrosine, p-coumaric acid, caffeic acid, and ferulic acid
were measured by HPLC-DAD. The column was C18 (Agi-
lent Poroshell 120 EC-C18, 1.9 um, 2.1 X 50 mm, 699675-902,
USJSA03892, B19249). Compounds were separated by 0.5% phos-
phoric acid aqueous solution (Mobile Phase A) and acetonitrile
(Mobile Phase B) at a flow rate of 0.8 mL/min under the following
conditions: 90%-80% solvent A for 10 min, 80%-40% solvent A
for 10 min, 40%-10% solvent A for 2 min, and 10%-90% solvent
A for 3 min. Column temperature was set as 40°C. Tyrosine and
phenylpropanoid acids were identified via matching retention
time and UV spectrum with authentic standards (274 nm for tyro-
sine, 320 nm for p-coumaric acid, caffeic acid, and ferulic acid).
The compounds were quantified based on calibration curves of
various concentrations of standards using peak area. The data
shown in this study were generated from three independent
experiments.

2.6 | Statistical Analysis

All data were expressed as Mean + SD, and each value was the
mean of three independent experiments. All data were analyzed
by one-way analysis of variance (ANOVA), and significance was
determined using the least significant difference (LSD).

3 | Results

3.1 | Biosynthesis of Ferulic Acid From Tyrosine
Ferulic acid was synthesized in three steps from tyrosine.
Tyrosine was first converted to p-coumaric acid by tyrosine
aminotransferase (TAL), then hydroxylated to caffeic acid by 4-
hydroxyphenylacetate 3-hydroxylase (HpaBC), and finally caffeic
acid was converted to ferulic acid by COMT. For the biosyn-
thesis of ferulic acid in E. coli BL21(DE3), we performed the
pathway of ferulic acid synthesis from tyrosine by adding tyrosine
exogenously. We screened out three enzymes including FjTAL
derived from Flavobacterium johnsoniae, endogenous EcHpaBC
from Escherichia coli, and AtCOMT from Arabidopsis thaliana
by searching literature and enzyme databases (Figure 1). We
first determined the enzymatic properties of FjTAL, EcHpaBC,
and AtCOMT, respectively. The optimal reaction temperatures of
the purified FjTAL, EcHpaBC, and AtCOMT were 40°C, 30°C,
and 30°C, and the optimal reaction pH was 8.0, 7.0, and 8.0,
respectively (Figure 2A-C).

To synthesize ferulic acid from tyrosine, the three genes were
ligated into the pETDuet-1 plasmid to obtain pETDuet-EcHpaBC-
FjTAL-AtCOMT. The plasmid pETDuet-EcHpaBC-FjTAL-
AtCOMT was transformed into E. coli BL21 (DE3) to construct a
whole-cell catalytic system that catalyzed the synthesis of ferulic

acid from tyrosine. This strain was named FA-0. The system was
able to catalyze the synthesis of ferulic acid (34.12 mg/L) at 30°C
and pH 8.0. We measured the titer of p-coumaric acid, caffeic acid,
and ferulic acid during the 12 h fermentation (Figure 2D). After
12 h of fermentation, p-coumaric acid was almost completely
consumed, and caffeic acid accumulated at a high level. There-
fore, the COMT reaction seemed to be the main bottleneck in the
synthesis of ferulic acid. Moreover, the catalytic efficiency value
(Keoi/K,y) of AtCOMT (28.93 mM'min~') was significantly lower
than that of FjTAL (215.67 mM'min™') and EcHpaBC (174.13
mM'min~!), which limited the ferulic acid production (Table S3,
Figure S1).

3.2 | Engineering COMT to Improve Ferulic Acid
The AtCOMT homology model was simulated using O-
methyltransferase from Fragaria ananassa as a template
(PDB accession code: 6i71) with 81.09% similarity to the Swiss
Model. The docking results of AtCOMT and caffeic acid were
divided into substrate channel and substrate-binding domain.
Upon entering the slit, the substrate caffeic acid passed through
an access channel formed by residues L125, N129, M178, H313,
and I317 (Figure 3A), creating a narrow aperture that imposed
a site-blocking effect on the substrate. Therefore, we first site-
directedly mutated the bulky residues at the five sites to shorter
side-chain residues such as alanine, valine, and glycine. This
expanded the space at the entrance of the substrate channel,
thereby reducing the spatial site-blocking effect on the substrate.
The L125 mutant was inactivated, while N129 and H313 exhibited
higher catalytic activity (Figure 3B). Compared with the wild
type, the accumulation of ferulic acid in N129V and H313A
increased to 72.66% and 80.1%, respectively.

We further modified the COMT substrate-binding domain by
saturation mutagenesis of five key residues (F161, H164, F174,
W264, and N322), and selected representative mutants at each
site for analysis. Most of the F161, H164, W264, and N322
mutants did not lead to an increase in ferulic acid production,
but the F174 mutant led to a significant increase in ferulic acid
production, with the accumulation of ferulic acid increasing to
103.8%. AtCOMT residue F174, the best mutant of ferulic acid
was determined to be leucine (Figure 3C). Therefore, allowing
the substrate to enter the substrate channel and interact with 174
was a key point to improve the catalytic activity of the enzyme.
Through high-throughput screening, the optimal mutants N129V,
H313A, and F174L were screened out.

In order to obtain mutants with higher activity, we assembled the
above beneficial sites to obtain combined mutants. First, the two
beneficial mutation sites N129V and H313A at the substrate chan-
nel were assembled to obtain mutant COMTN'?V-HBA " which
increased the ferulic acid accumulation by 125.2%. Then, F174L
was further assembled to obtain mutant COMTN29V-H3BA-FITAL
which showed higher catalytic activity and increased the ferulic
acid accumulation by 191.3% (Figure 3D). The optimal catalytic
physicochemical conditions of the mutant COMTN29V-H3I3A-FIL
were determined as 35°C and pH 8.0 (Figure S3). Compared with
the wild-type COMT, the optimal temperature of the mutant
COMTN129V—H313A—F174L was hlgher
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TABLE 1 | Kinetic parameters of nonmutated and beneficial mutated assembled AtcCOMT.

AtCOMT K,,(mM) K., (min™1) K../k,,(mM'min1) Fold
WT 0.67 19.59 28.93 —
AtCOMTN®Y 0.55 27.47 49.65 1.72
AtCOMTH3BA 0.65 23.98 36.37 1.26
AtCOMTM™E: 0.33 22.13 67.18 2.32
AtCOMTN#VIBIA 0.35 29.86 83.32 2.88
AtCOM TNV HIBATFIAL 0.24 28.51 121.30 4.19

The kinetic parameters of COMT mutants were determined under
optimal physicochemical conditions, and the catalytic efficiency
of the mutants was compared with that of wild-type COMT.
Mutations of different residues increased the substrate affinity
and reaction rate of COMT to varying degrees. The catalytic
efficiency (K., /K,,) of the five COMT mutants (N129V, H313A,
F174L, N129V-H313A, and N129V-H313A-F174L) was 1.72-, 1.26-,
2.32-, 2.88-, and 4.19-fold higher than that of wild-type COMT,
respectively (Table 1, Figure S4). Substrate channel and substrate-
binding domain assembly at beneficial mutation sites increased
substrate affinity and catalytic rate.

3.3 | Mechanism of Mutated COMT Catalytic
Efficiency Improvement

To elucidate the mechanism of the high activity of
COMTNZV-HSBAFITL the substrate-binding domains modified for
substrate were analyzed in depth by molecular docking and MD
simulation. Molecular docking of mutant AtCOMTN!29V-H3I3A-FI74L
with the substrate caffeic acid and comparison with the molecular
docking model of WT-AtCOMT with caffeic acid (Figure 4A).
The results showed that the mutant AfCOMTN'?VIBBATIIAL hag
a larger substrate channel compared to WT-AtCOMT, which
reduced the spatial site resistance to the substrate and facilitates
the opening of the substrate channel. Thus, this facilitates
the substrate to enter the catalytic center to participate in the
reaction.

To analyze the structural stability of the COMT enzymes in the
presence of COMT-CA and COMTN#PV-HBAFIAL_ CA  molecular
dynamics simulations were performed, which could inform their
effect on the perturbation of protein structural integrity. During
the 100 ns simulation of the dynamics (Figure 4B), the protein
and ligand reached relative equilibrium after 10 ns with a small
range of fluctuations, indicating that the simulation results
are reliable. Root means square deviation (RMSD) is used to
measure the deviation change of the protein from its initial
conformation to the final position. Therefore, the stability of the
protein can be determined by the RMSD value obtained during
the simulations [30]. The results showed that the RMSD value
of mutant COMTNZV-H3BAFIAL wag Jower than that of COMT,
indicating that the structure of COMTN'?VIBBAFIAL was more
stable.

Root mean square fluctuation (RMSF) indicates the flexibility
and mobility of each amino acid during the simulation. A higher
RMSF value indicates better flexibility during the MD simulation,

and a lower RMSF value indicates better system stability. It was
calculated based on the movement of each residue along the
trajectory near the mean position, and could reflect the flexibility
of a certain region of the protein during the MD simulation [31].
By extracting the RMSF (B-factor) value of the residue tracks,
the results showed that in the mutant COMTN?V-H3BA-FIAL
the area around the N129V and H313A showed relatively high
B-factor values, indicating greater flexibility than WT-AtCOMT
(Figure 4C). The increased flexibility promoted a caffeic acid
radical movement in the substrate access channel, thereby
increasing the rate of caffeic acid bound to AtCOMT’s active
center. Additionally, the B-factor values for residues within
the range of positions 150-175 showed an increasing trend,
indicating that the F174L mutation enhances the flexibility of
the surrounding residues. This increased flexibility can facilitate
interactions between residues, thereby improving the conversion
efficiency.

3.4 | De Novo Biosynthesis of Ferulic Acid

The de novo biosynthesis module of ferulic acid includes two
modules: the ferulic acid synthesis module (FjTAL, EcHpaBC,
and AtCOMT) and the tyrosine synthesis module (Figure 5A).
The ferulic acid synthesis module has been achieved by adding
the substrate tyrosine. To achieve the de novo biosynthesis of
ferulic acid in E. coli, the production of tyrosine, which is
the precursor of ferulic acid, needs to be increased. Previous
studies showed that relieving the feedback inhibition of two
key enzymes aroG and tyrA could increase the yield of tyrosine
[8, 32]. Therefore, plasmids pRSF-aroG® -tyrA™ and pETDuet-
FjTAL-EcHpaBC-AtCOMT were co-transformed into E. coli BL21
(DE3) to obtain the basic strain FA-1. The ferulic acid pro-
duction of FA-1 was 48.53 and 61.06 mg/L at 48 and 72 h of
fermentation, respectively (Figure 5C). To improve the supply of
tyrosine, we knocked out the transcriptional regulatory protein
(tyrR) of tyrosine biosynthesis to obtain BL21/\tyrR strain.
Furthermore, we knocked out prephenate dehydratase (pheA)
to avoid carbon flux to the synthesis of phenylalanine in the
competing pathway, thereby improving tyrosine biosynthesis and
obtaining BL21/A\tyrR/\pheA strain. Then, the pRSF-aroG™-
tyrA™ and pETDuet-FjTAL-EcHpaBC-AtCOMT plasmids were
co-transformed into BL21/\tyrR and BL21/\tyrR/\pheA strains
to obtain FA-2 and FA-3 (Figure 5B). The ferulic acid production
of FA-2 was 150.23 and 197.12 mg/L at 48 and 72 h of fermentation,
respectively. The ferulic acid production of FA-3 was 210.7
and 246.99 mg/L at 48 and 72 h of fermentation, respectively
(Figure 5C). Compared with FA-1, the ferulic acid production
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of FA-2 and FA-3 increased by 222.8% and 304.5% at 72 h of
fermentation.

To improve the production of ferulic acid, we constructed mutant
plasmids pETDuet-EcHpaBC-FjTAL-AtCOMTN*V, pETDuet-
EcHpaBC-FjTAL-AtCOMTH33A, pETDuet-EcHpaBC-FjTAL-

AtCOMTF™L, pETDuet-EcHpaBC-FjTAL-AtCOMTN?2V-I313A.
and pETDuet-EcHpaBC-FjTAL-AtCOMTN'?VIBIBATIIL - Thep,
these five mutant plasmids and pRSF-aroG™-tyrA™ were co-
transformed into BL21/\tyrR/\pheA strains to obtain FA-4,
FA-5, FA-6, FA-7, and FA-8. The ferulic acid production of the
five strains were 302.26, 303.80, 283.00, 420.71, and 552.76 mg/L
at 72 h of fermentation, respectively (Figure 5D). Compared
with FA-3, the ferulic acid production of the FA-4, FA-5, FA-6,
FA-7, and FA-8 strains increased by 22.4%, 23%, 14.58%, 70.33%,
and 123.79%, respectively. The construction of ferulic acid
biosynthesis modules of FA-8 was shown in Figure 5B. The strain
containing the AtCOMTNPV-HBATIAL triple mutant gene had
the highest ferulic acid production.

3.5 | Boosting AtCOMT Copy Number and SAM
Supply for Ferulic Acid

Increasing the copy number of the rate-limiting gene can also
effectively increase product production. Therefore, we increased
the copy number of the key gene AtCOMT and constructed
plasmids pRSF-aroG™ -tyrA®"-AtCOMTN'?V-H3BAFINL and pRSF-
arOGfbr_tyrAfbr_AtCOMTN129V-H3l3A»Fl74L_AtCOMTNIZQV»H313A-Fl74L_
Plasmids PRSF-aroG™ -tyrA™ - AtCOMTN12V-H33A-FITAL
and pETDuet-EcHpaBC-Fj TAL-AtCOMTN2V-H313A-FI74L
were co-transformed into BL21/A\tyrR/\pheA strain to
obtain the FA-9 containing two copies of the mutant
AtCOMTNPVHBBAFIML (Rigyre 5E). Plasmids pRSF-aroG™'-
tyrAﬂJr_AtCOMTNIZQV-H3l3A-F174L_AtCOMTNIZQV-HSISA-FlML and
pETDuet-EcHpaBC-Fj TAL-AtCOMTN12VH3I3A-FIL were
co-transformed into BL21/\tyrR/\pheA strain to obtain
the FA-10 strain containing three copies of the mutant
AtCOMTNPVESBAFIBL - The ferulic acid production of the
FA-9 and FA-10 strains was 873.36 and 870.19 mg/L at 72 h of
fermentation, respectively (Figure 5F). Compared with FA-8, the
ferulic acid production of FA-9 and FA-10 increased by 57.99%
and 57.43%, respectively. Therefore, we selected the FA-9 strain
containing two copies of the mutant AtCOMTNZVHBAFILL for
subsequent studies.

The intracellular cofactor SAM level is also a limiting factor for
COMT gene methylation. To increase the SAM level, strategies
such as adding methionine and constructing an endogenous
SAM regeneration system in E. coli have been studied. The SAM
cycle was activated in E. coli by overexpressing endogenous genes
luxS and mtn to supply sufficient methyl donor [8]. Therefore, we
overexpressed luxS and mtn in E. coli BL21(DE3) (Figure 1). As
shown in Figure S4, BL21-AtC-LM overexpressing luxS and mtn
could reach 916.2 mg/L of ferulic acid within 48 h, which is 71.1%
higher than control BL21-AtC (535.5 mg/L) when fed with 1 g/L
of caffeic acid. Subsequently, luxS and mtn were introduced into
the ferulic acid synthesis pathway. The plasmid pRSF-aroG™"-
tyrAPT-AtCOMTN2PV-HBA-FIZAL T M was constructed, and then this
plasmid and pETDuet-EcHpaBC-FjTAL-AtCOMTN29V-H3I3A-FIAL
were co-transformed into the BL21/\tyrR/\pheA strain to
obtain the FA-11 (Figure 5E). The ferulic acid production of
FA-11 was 1260.37 mg/L at 72 h of fermentation (Figure 5F).
Compared with FA-9, the ferulic acid production of FA-
11 increased by 44.31%, effectively increasing ferulic acid
production.
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3.6 | Ferulic Acid Production in 50 L Bioreactor

To further investigate the ferulic acid accumulation characteris-
tics of the engineered strain FA-11, the large-scale fermentation
experiment was performed using a 50 L bioreactor with glucose
as a carbon source. After the initial 25 g/L glucose was depleted,
glucose was fed continuously into the medium to keep its
concentration lower than 2 g/L. We considered the ferulic acid
production without increasing for 6 h as the endpoint of fermenta-
tion. The fermentation experiment was repeated three times, and
the results showed that the fermentation was reproducible. We
chose one of the fermentation experiments for further analysis.
The strain FA-11 began to accumulate ferulic acid at 18 h, and the
ferulic acid production reached a maximum of 4377.4 mg/L at 66 h
(Figure 6). The production of the intermediate product caffeic
acid first increased and then decreased, reaching 284.6 mg/L at
72 h. The results showed that FA-11 can effectively produce ferulic
acid.

4 | Discussion

COMT is a key enzyme in the plant phenylpropanoids pathway,
which is involved in the biosynthesis of industrial and medical’s
molecules, such as flavonoids, anthocyanins, proanthocyanidins,
and lignin [33-35]. In the de novo biosynthesis of ferulic acid,

COMT is the last step in the synthesis, catalyzing the methylation
of caffeic acid at the C3’-OH to produce ferulic acid. In this
study, we engineered the substrate channel and substrate-binding
domain of AtCOMT to facilitate substrate molecule entry and
enhance the catalytic center to obtain higher activity.

Reconstructing the substrate channel is an effective approach
to improve substrate delivery efficiency and enhance enzyme
activity. Expanding the enzyme substrate channel can enhance
enzyme activity. Mutating nonpolar hydrophobic residues near
the substrate channel to smaller residues, such as N556A, could
increase enzyme activity by 2.99-fold [36]. Alanine and valine
are chiral amino acids with shorter side chains and reduced
steric hindrance. When amino acid residues at the entrance of
the substrate channel are mutated to those with shorter side
chains, the channel entrance may be widened. The reduced steric
hindrance of the side chains lowers the barrier for substrate
entry, facilitating easier access. We created a loose hydrophobic
channel at the entrance of the substrate channel using N129V
and H313A mutations, which promoted substrate transfer and
recognition. The catalytic efficiency of AtCOMTN?VIBIA yyag
2.88-fold that of wild-type COMT. Additionally, MD simulations
of both AfCOMTN?VIBBA and wild-type COMT showed that
the substrate access channel in AtCOMTN??VHBA  exhibited
higher B-factor value fluctuations compared to the wild-type.
Similar structural modifications have been reported in other
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FIGURE 6 |
represent standard deviations (n = 3).

O-methyltransferases, where increasing the substrate channel
resulted in higher catalytic efficiency [16]. Therefore, expanding
the internal substrate channel to achieve higher conversion rates
is one of the most effective strategies in enzyme engineering.
In substrate-binding domain engineering, the F174L mutation
plays a critical role in optimizing the substrate-binding domain
by replacing the rigid phenylalanine residue with a more flexible
leucine. In wild-type AtCOMT, phenylalanine imposed steric
constraints that limit the efficient binding of caffeic acid. The
F174L mutation provided additional space for the substrate,
allowing it to interact more effectively with the enzyme during
the catalytic process, thereby enhancing enzyme activity. As a
result, the catalytic efficiency of AtCOMTNZVHSBAFIHL gag 4.19-
fold that of the wild-type COMT. In other methyltransferases,
enhancing substrate channel flexibility and catalytic center
stability could improve enzyme activity [37, 38]. Engineering
both the substrate channel and the substrate-binding domain
enhances substrate recognition, transfer, and binding, leading to
higher enzyme activity. Through site-saturation mutagenesis in
the substrate-binding domain and multiple rounds of random
mutagenesis library screening, the catalytic efficiency of the
AtCOMT mutant 72B3 (V314R-A160S-H164N-F22Y-K111Y-S96C-
V100D) was improved by 5.4-fold compared to the wild type
[26]. This study focused on optimizing the substrate channel and
substrate-binding domain of AtCOMT.

Incorporating enzyme engineering with metabolic engineering
has emerged as an effective strategy to enhance target compounds
production. In the de novo synthesis of ferulic acid in E. coli,
ensuring an adequate supply of precursors is essential for the
efficient synthesis of ferulic acid. In previous studies, in order
to increase the flux of tyrosine, the tyrR and pheA genes were
knocked out [8, 32]. tyrR encodes a transcriptional regulatory
protein for tyrosine biosynthesis, and its transcription is regulated
by feedback inhibition of the final product tyrosine. The deletion
of tyrR in E. coli increased the production of tyrosine. The pheA
and tyrA compete to use the substrate prephenate to synthesize

Fermentation curves of ferulic acid production, caffeic acid production, OD600, and glucose in FA-11 using a 50L bioreactor. Error bars

phenylalanine and tyrosine, respectively. Blocking pheA causes
more carbon flux to flow to tyrosine rather than phenylalanine.
In addition, overexpression of aroG™ and yrA™" and the release
of feedback inhibition could also increase the yield of tyrosine.
Therefore, in order to have an adequate supply of tyrosine in
ferulic acid production, we constructed the FA-8 strain, and the
ferulic acid content reached 552.76 mg/L. Furthermore, increas-
ing the copy number of the key gene AtCOMT and enhancing the
SAM supply could also boost ferulic acid production [8]. Finally,
the production of ferulic acid reached 1260.37 mg/L in the shake-
flask fermentation by the engineered FA-11. In conclusion, the
semi-rational engineering of AtCOMT, combined with metabolic
engineering efforts, holds great promise for the efficient de novo
synthesis of ferulic acid.

In future studies, biosensor-based rapid high-throughput screen-
ing methods can be employed to further improve the catalytic
efficiency of COMT, thereby enhancing the production of ferulic
acid. By integrating dynamic metabolic flux optimization, such
as further increasing SAM supply and optimizing fermentation
conditions, the production level of ferulic acid can be further
elevated.

5 | Conclusion

In this study, we successfully developed an efficient de novo
synthesis pathway for ferulic acid in E. coli by engineering
the AtCOMT, combined with global metabolic engineering
approaches. This method effectively enhanced the catalytic effi-
ciency of the enzyme and increased ferulic acid yield, achieving a
production level of 4377 mg/L in a 50 L bioreactor. This research
provided a new strategy for the biosynthesis of ferulic acid and
laid a technical foundation for its industrial application.
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