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Engineering Escherichia coli with a symbiotic
plasmid for the production of phenylpyruvic acidf
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Plasmid-based microbial systems have become a major avenue for the production of pharmaceutical and
chemical products; however, antibiotics are often required to maintain the stability of the plasmid. To
eliminate the need for antibiotics, we developed a symbiotic system between plasmids and hosts by
knocking out the essential gene of folP on the chromosome and placing it on the same plasmid as L-
amino acid dehydrogenase (aadl); the resulting strain was named E. coli AO6AfolP. To increase the copy
number of aadl, different strengths of promoters were used for the expression of folP, resulting in the
creation of a mutant E. coli A17AfolP. The yield of phenylpyruvic acid (PPA) from E. coli A17AfolP (4.1 +
0.3 g L) was 1.9-fold that of E. coli AO6AfolP (2.1 + 0.2 g L™1). Next, the stability of plasmids was tested,
and results showed that the plasmids could be maintained stably for 10 transfer numbers under
antibiotic-free conditions. Finally, E. coli A17AfolP was used to produce PPA; the yield of PPA was 18.7 g

rsc.li/rsc-advances L™t within 14 h.

1. Introduction

Phenylpyruvic acid (PPA), an a-keto acid, is widely used in the
food and pharmaceutical industries as well as agriculture. PPA
is more important than phenylalanine in the formation of
specific smells, tastes and textures.' In the food industry, PPA
can be used as a substrate to produce phenyllactic acid, which is
an important preservative.” In medicine, PPA is used to diag-
nose phenylketonuria, which is a genetic disorder involving
phenylalanine metabolism.* PPA is also used in the diet of
kidney patients to replace amino acids and reduce the accu-
mulation of urea in the body without altering the nutrient
intake.* In agriculture, excessive nitrogen excretion in chicken
manure can have adverse effects on the environment, and PPA
can be used as a supplement in poultry feed to prevent excessive
nitrogen accumulation in manure. Therefore, the production of
PPA has great market potential.

PPA can be synthesized through chemical reactions.
However, the chemical synthesis of PPA produces many toxic
by-products® or employs heavy metal catalysts, which are envi-
ronmentally unfriendly.® Therefore, developing a green and
efficient method to produce PPA has great market prospects.”
PPA can be produced via fermentation from microorganisms,
including  Zygosaccharomyces  rouxii, Corynebacterium
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glutamicum and Proteus vulgaris.®* Many types of enzymes can be
used to produce PPA, including amino acid oxidase, amino acid
deaminase and aminotransferase. Amino acid oxidase produces
hydrogen peroxide, which disrupts enzyme activity.” Amino-
transferase requires the use of cosubstrates and the production
of coproducts, thus increasing the difficulty of purification.’
Amino acid deaminase is widely used in the production of
ketoacids.' Hou et al. overexpressed L-AAD in Escherichia coli
from Proteus mirabilis for the one-step production of PPA from r-
phenylalanine. PPA with a yield of 31.4 g L' was obtained
within 9 h." Xiong et al. constructed a chromosome engi-
neering strain for the synthesis of PPA from r-phenylalanine. r-
Amino acid deaminase (pmLAAD) from Proteus myxofaciens was
incorporated into the Escherichia coli BL21 (DE3) chromosome
and the copy numbers of pmLAAD were increased via chemically
induced chromosomal evolution (CIChE). Finally, 19.14 ¢ L™"
PPA was obtained within 24 h.*

Target genes can be efficiently expressed in plasmids.
However, the stability of plasmids is vulnerable in the absence
of antibiotics.”® As an alternative method, heterologous genes
can be transferred to the host chromosome, and the genes on
the chromosome can be steadily inherited and expressed.
However, the expression level from chromosome-based strains
is significantly lower than plasmid-based strains owing to an
insufficient gene copy number.** Although chemically inducible
chromosomal evolution can increase heterologous genes to 40
copies on the host chromosome," this method destroys the
repair system of genes. A previous study has described that gene
expression can be maintained by engineering promoters at any
copy number in Escherichia coli.* However, this strategy was
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implemented by suppressing the strong promoter and eventu-
ally stabilizing a weak expression level of genes. The method
makes it difficult to achieve efficient production. Several
approaches have been pursued to replace antibiotics as selective
markers for plasmid stability in bacteria. The symbiotic system
was previously developed using essential genes. The stability of
the plasmid can be maintained by integrating essential genes
into the plasmid and deleting essential genes in chromo-
somes." This method has been used to replace antibiotic genes.
These genes are involved in the biosynthesis of the amino acid
(glyA),’* NAD" (nadC)* and glycerol-dependent growth (¢pid).2°
Nevertheless, most of these stabilization systems have not been
tested under bioprocess protein production conditions, nor
tested to modify conventional production systems that are
already in use to avoid antibiotics and antibiotic resistance
genes, and further compared in terms of plasmid stability and
process productivities.

In this study, we developed a “symbiotic system” between
plasmid and host (Fig. 1). Engineering Escherichia coli contains
an essential gene of folP on plasmids instead of chromosomes.
This approach has several advantages; (1) the plasmids have
extremely high stability because the cells would die without
them. (2) This strain can maintain the stability of plasmids in
any growth medium, and the growth of the strain does not
require the addition of antibiotics. (3) In the large-scale culture,
this system provides considerable advantage due to the elimi-
nation of environmental problems from antibiotic resistance
genes and antibiotics.

2. Materials and methods

2.1. Bacterial strains, plasmids, and chemicals

Escherichia coli DH5a. was used for plasmid amplification and
Escherichia coli BL21(DE3) was used for recombinant enzyme
production. Antibiotics were added to the media of plasmid-
bearing Escherichia coli as required. 1-Phenylalanine and phe-
nylpyruvic acid were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All restriction enzymes, T4 DNA ligase, and high-
fidelity DNA polymerase were purchased from TaKaRa

L-phenylalanine
J

oH
NH,

Phenylpyruvic acid

Fig. 1 Schematic representation of the symbiosis system for the
synthesis of phenylpyruvic acid from phenylalanine. folp, dihy-
dropteroate synthase; CmR, chloramphenicol resistance gene; t7,
IPTG-inducible t7/laco promoter; rbs, ribosome binding site; tt7, t7
terminator; RSF ori, RSF origin of replication.
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(Dalian, China). The gel extraction kit and plasmid extraction
kit were procured from Axygen (Suzhou, China).

2.2. Gene knockout and construction of plasmids and
strains

All primers are listed in Table S1.1 The strains and plasmids are
listed in Table S2.f The aadL was obtained from previous
study.” The aadL was amplified using gene-specific primers
aadL-BamHI (F) and aadL-EcoRI (R) and cloned into pRSFDuet-1
between restriction sites of BamHI and EcoRI. The resulting
plasmids were named pRSF-aadL. The folP expression cassette
with different promoters was amplified by primers of folP-
J23100 (F) and folP (R), folPJ23101 (F) and folP (R), folP-J23106
(F) and folP (R), folP-J23107 (F) and folP (R), folP-J23116 (F) and
folP (R), folP-J23117 (F) and folP (R), folP-J23119 (F) and folP (R).
The amplified fragments were inserted into pRSF-aadL in Sphl
and Xmal. The recombinant plasmids were named pRSF-A00,
PRSF-A01, pRSF-A06, pRSF-A07, pRSF-A16, pRSF-A17, and
PRSF-A19 (Fig. S1A%).

The folP expression cassette with the promoter of J23106 was
amplified by primers of pKD46-folP (F) and pKD46-folP (R). The
amplified fragments were inserted into pKD46 in the restriction
sites of Aarl. The recombinant plasmid was named pKD46-folP
(Fig. S1Bf). The pRSF-aadL and pKD46-folP were transferred
into E. coli BL21 (DE3) and the resulting strains were named E.
coli A and E. coli pKD46-folP, respectively. The chloramphenicol
resistance gene (CmR) with homologous arms was amplified
from pKD3 by using a primer of pOut-folP (F) and pOut-folP (R)
and inserted into T-Vector pMD19. The recombinant plasmids
were named pOut-folP (Fig. S1CT). The folP recombination
cassette was recruited from pOut-folP by digestion (Smal). To
delete folP, the folP recombination cassette was inserted in the
E. coli pKD46-folP genome by A-Red recombination. The
recombinant strain was named E. coli pKD46AfolP.**

All recombinant plasmids were transferred into E. coli
pKD46AfolP or E. coli BL21 (DE3). Then, pKD-folP was elimi-
nated at 42 °C for 12 h, and the resulting strains were named E.
coli A, E. coli AOOAfolP, E. coli AO1AfolP, E. coli AO6AfolP, E. coli
AO07AfolP, E. coli A16AfolP, E. coli A17AfolP, and E. coli A19AfolP.

2.3. Quantification of plasmid copy number

Quantitative real-time PCR (qPCR) was performed to determine
plasmid copy number.>*** The bacterial cells were lysed by 98 °C
incubation for 10 min followed —20 °C incubation for 10 min.
The qPCR was performed by targeting the plasmid and chro-
mosome. The primers of qPCR-aadL (F) and qPCR-aadL (R) for
plasmid were complementary to aadL and the primers of JPCR-
16S (F) and qPCR-16S (R) for chromosomal were complemen-
tary to 16S ribosomal DNA from Escherichia coli (Table S1t). The
gPCR and lysed mixture were performed on the CFX96 Real-
Time PCR Detection System (BioRad, Hercules, CA, USA). The
plasmid copy number was determined by comparing the 16S
ribosomal DNA gene.
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2.4. Heterologous gene expression and whole-cell
biotransformation

To express aadL, the medium inoculated with recombinant
Escherichia coli was incubated overnight (37 °C) and then
transferred to a fresh Terrific Broth medium to an ODggq of 0.1
and until the biomass of strains reached 0.6 (ODgq). Isopropyl-
B-p-thiogalactopyranoside (IPTG) was added to the cultures and
the final concentration of IPTG reached 0.4 mM, then the
mixture was cultured at 18 °C, using a rotary shaker at 220 rpm
for 24 h.

The reaction mixture (20 mL) contained 50 mM phosphate
buffer (pH 7). The composition of the mixture was 3.1 g L™ " wet
cells and 20 g L' t-phenylalanine. The mixture was cultured at
40 °C, with a rotary shaker at 200 rpm for 1 h and the reaction
was terminated by boiling for 1 min. Then, the mixture was
centrifuged at 8000xg for 5 min, and the supernatant was
collected for analysis.

2.5. Plasmid stability assay

To test plasmid stability, E. coli A17AfolP and E. coli A were
cultured in Terrific Broth medium. For the initial culture,
a single colony was transferred to the flask with a 50 mL
medium. The strain was inoculated into fresh medium until
ODgqo of 0.1 and the culture was performed for 12 h at 37 °C,
with a rotary shaker at 220 rpm. The operation method was
repeated ten times. The ODgo, was determined using a UV-vis
spectrophotometer (Lengguang, Shanghai, China) at 600 nm.

2.6. Analytical procedure

The analysis of samples was performed on the HPLC system
with the GALAK column. The temperature of the column was
maintained at 35 °C. The mobile phase was 0.1% formic acid
solution and methanol. A linear elution was performed from
10% to 100% methanol over 15 min, 100% methanol was
maintained in 15-20 min and 10% methanol was maintained in
20-30 min. The flow rate of the solution was 1 mL min .
Phenylalanine and PPA were detected at 254 nm wavelength in

an ultraviolet detector (Fig. S2+).

3. Results and discussion

3.1. Characterization of symbiosis plasmid system

The folP encodes a small protein, which is fundamental to tet-
rahydrofolate  biosynthesis (NCBI Reference Sequence:
NP_417644.4). Knockout of folP on chromosomes will lead to
the death of Escherichia coli.'” The plasmid with folp was
introduced into a strain with chromosome knockout folp, which
could make the bacteria grow normally. To test the efficiency of
the symbiotic system, we constructed E. coli AO6AfolP (folP and
aadL was expressed on pRSFDuet-1, and folP on E. coli chro-
mosome was knocked out) with E. coli A (aadL was expressed on
pRSFDuet-1) used as a control. Then, the whole-cell biotrans-
formation was performed. The concentration of PPA from E. coli
A was 4.3 g L', which was 2.05-fold higher than E. coli
A06AfolP. The plasmid copy number of each strain was deter-
mined by qPCR (Fig. S37). The results showed that the plasmid
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copy number from E. coli A was 946, which was 2.24-fold higher
than E. coli AO6AfolP (Fig. 2).

3.2. Improving PPA production with varied folP expression

When folP from Escherichia coli chromosome is knocked out,
folP is also attached to the plasmid. The folP expression level is
related to cell viability.”” Plasmid copy number and promoter
upstream of folP affect the expression of folP. Thus, we
hypothesized that changing the folP expression levels would
affect the plasmid copy number and production of PPA. Previ-
ously, many studies have shown that symbiotic systems can
maintain plasmid stability.****¢* However, the main challenge
lies in controlling the high-level expression of genes. Few
studies elucidate the relationship between promoter strength
for expressing basic genes and plasmid copy number.

To verify the relationship between folP expression and
plasmid copy number, seven different strengths promoters
(Table. S31) were screened for expression of folP.>” Then, the
symbiotic system with different strength promoters was con-
structed (Fig. 3A). The plasmid copy number was determined by
gPCR (Fig. S4t). This result shows that the plasmid copy
number was inversely proportional to the promoter strength
(Fig. 3B and Table. S31). With the increase of promoter strength
before folp, the plasmid copy number decreased gradually.
Changing promoter strength before folP can successfully regu-
late the plasmid copy number. The plasmid copy number of E.
coli A17AfolP was 923 copies/cell (Fig. 3B), which is close to E.
coli A. The yield of PPA from E. coli A17AfolP (4.1 g L") was 1.9-
fold that of E. coli AO6AfolP (2.1 g L") and close to that of E. coli
A (4.3 g L) (Fig. 3B). The plasmid copy number and production
of PPA were successfully increased by adjusting the promoter
strength before folp.

3.3. Plasmid stability test of symbiotic system

Plasmids are often lost without antibiotics, greatly affecting the
production of engineered bacteria. The maintenance of plasmid
copy numbers is the key to the efficient production of
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Fig. 2 Plasmid copy number and concentration of phenylpyruvic acid
from E. coli A and E. coli AO6AfolP.
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Fig. 3 Effect of recombinant Escherichia coli with different promoters on the expression strength of the plasmid copy number and concen-
tration of phenylpyruvic acid. (A) Construction of symbiotic strains using promoters of different strengths; (B) plasmid copy number and phe-

nylpyruvic acid concentration of the recombinant strain.

engineered strains. The strains to achieve stable and efficient
expression of target genes without the addition of antibiotics
are greatly valuable.

To test plasmid stability without the addition of antibiotics,
we performed a serial dilution culture experiment. The plasmid
copy number of continuously cultured E. coli A17AfolP was
determined by qPCR (Fig. S51), the result shows that E. coli
A17AfolP has no significant influence on plasmid copy number
within transfer number of 10 (Fig. 4A). At the same time, the
plasmid copy number of the continuously cultured E. coli A was
also determined by qPCR (Fig. S67), the result shows that E. coli
A gradually decreased on plasmid copy number within transfer
number of 10 (Fig. 4B). E. coli A17AfolP and E. coli A convert
phenylalanine to PPA. The plasmid copy number remained
stable with the transformation of E. coli A17AfolP (Fig. 4A). The
concentration of PPA from E. coli A decreased dramatically with
the transfer number, a transfer number of 10 yielded a 37.2%
decrease in PPA production compared to the initial strain
(Fig. 4B). The plasmid copy number can be maintained without
appreciably altering the natural system. No antibiotics were
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Fig. 5 Time course of one-pot biotransformation for the production
of phenylpyruvic acid from L-phenylalanine. Bl L-phenylalanine; @
phenylpyruvic acid.
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added during the culture of engineered Escherichia coli. The
plasmid remained stable within the transfer number of 10. The
folP-based system was able to maintain plasmid stability over
a long time of cell propagation.

3.4. Production of PPA

E. coli A17AfolP was used for whole-cell biotransformation. The
biocatalytic performance was evaluated based on the concen-
tration of L-phenylalanine and PPA. The time course of cascade
biotransformation is shown. PPA was 9.1 g L' and yield of
95.5% within 14 h (Fig. 5). This research system can not only be
used for the production of PPA but also can be combined with
other genes to produce corresponding compounds.

4. Conclusions

In summary, we develop a symbiotic system between plasmid
and host to produce PPA from L-phenylalanine. It avoids the loss
of plasmids without antibiotics. Future research can explore the
development of a stable multi-plasmid system, with varied
strengths of overexpressing heterologous genes for whole-cell
biotransformation or metabolic engineering with the goal of
producing natural products. The symbiotic system has great
industrial application prospects.
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