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Simple Summary: Terpenoid phenazines generally produced in Streptomyces exhibit potential antitu-
mor and antibacterial activities. In this study, we designed and constructed an artificial biosynthetic
pathway for the synthesis of terpenoid phenazines in Pseudomonas chlororaphis P3. We successfully
synthesized endophenazine A and endophenazine A1 for the first time in Pseudomonas by introducing
the prenyltransferase PpzP. Moreover, we revealed the biosynthetic pathway of endophenazine A1l in
P. chlororaphis P3. This study enriches the diversity of phenazines in P. chlororaphis P3 and provides a
reference for the heterologous synthesis of terpenoid phenazines.

Abstract: Endophenazine A is a terpenoid phenazine with phenazine-1-carboxylic acid (PCA), and
dimethylallyl diphosphate (DMAPP) derived from the 2-methyl-D-erythritol-4-phosphate (MEP)
pathway as the precursor, which shows good antimicrobial activity against several Gram-positive bac-
teria and fungi. However, the highest yield of endophenazine A was about 20 mg/L in Streptomyces,
limiting its large-scale industrial development. Pseudomonas chlororaphis P3, possessing an efficient
PCA synthesis and MEP pathways, is a suitable chassis to synthesize endophenazine A. Herein, we de-
signed an artificial biosynthetic pathway for the synthesis of endophenazine A in P. chlororaphis P3. Pri-
marily, the prenyltransferase PpzP from Streptomyces anulatus 9663 was introduced into P. chlororaphis
P3 and successfully synthesized endophenazine A. Another phenazine compound, endophenazine
Al, was discovered and identified as a leakage of the intermediate 4-hydroxy-3-methyl-2-butene
pyrophosphate (HMBPP). Finally, the yield of endophenazine A reached 279.43 mg/L, and the yield
of endophenazine Al reached 189.2 mg/L by metabolic engineering and medium optimization. In
conclusion, we successfully synthesized endophenazine A and endophenazine A1 in P. chlororaphis
P3 for the first time and achieved the highest titer, which provides a reference for the heterologous
synthesis of terpenoid phenazines.

Keywords: endophenazines; prenyltransferase; microbial synthesis; P. chlororaphis; metabolic
engineering

1. Introduction

Phenazines are a class of important nitrogen-containing heterocyclic compounds that
are mainly secreted by Pseudomonas and Streptomyces [1]. Recently, they have attracted
significant attention due to their widespread applications in agriculture, medicine, and
industry [2-5]. Although phenazines can be chemically synthesized, these methods have
many drawbacks, such as the generation of toxic by-products, low yields, and difficulty in
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purification [6,7]. Therefore, the biosynthesis of phenazines by green and environmentally
friendly microbial fermentation is considered a promising choice.

Terpenoid phenazines show antitumor and antibacterial activities and are poten-
tial cancer therapeutic agents (Table S1) [3,8-11]. Endophenazine A is a C-prenylation
phenazine of PCA, catalyzed by prenyltransferase PpzP, and possesses good antibacterial
activity [12,13] (Figure 1). PpzP expresses a soluble protein and belongs to the ABBA
prenyltransferase family due to its special o-p3-3-« structure. In the absence of magnesium
or other divalent cations, PpzP is able to accept the isopentenyl donor from dimethylallyl
pyrophosphate (DMAPP), connecting C-1 of DMAPP and C-9 of 5,10-dihydrophenazine
1-carboxylate (dihydro-PCA) to form endophenazine A [12]. Endophenazine A is mainly
occurred in Streptomyces, but the yield is quite low [14]. Generally, Streptomyces syn-
thesized phenazine compounds using phenazine-1,6-dicarboxylic acid (PDC) as a pre-
cursor, such as griseolutein acid [15,16] and lomofungin [17], which is not a precursor
for the synthesis of endophenazine A. Pseudomonas mainly use phenazine-1-carboxylic
acid (PCA) as a precursor to synthesize phenazine derivatives, such as phenazine-1-
carboxamide (PCN), 2-hydroxyphenazine (2-OH-PHZ), 1-hydroxyphenazine (1-OH-PHZ),
and pyocyanin (PYO) [18-22]. Pseudomonas chlororaphis P3 is a high-yielding mutagenic
strain for PCN production with complete phenazine synthetic gene cluster phzABCDEFG
and phzH, encoding glutamine amidotransferase [18,23-25], and can be transformed into a
good host for the synthesis of terpenoid phenazines.
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Figure 1. Design of the biosynthetic pathway for endophenazines in Pseudomonas chlororaphis P3. The
P. chlororaphis endogenous MEP pathway is shown in blue, the P. chlororaphis phenazine synthesis
pathway is shown in grey, and the endophenazines pathway from S. anulatus 9663 is shown in pink.
Genes: phzH, encoding glutamine amidotransferase; ispG, encoding 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase; ispH, encoding 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; idi,
encoding isopentenyl diphosphate isomerase; and ppzP, encoding prenyltransferase.

In addition to PCA, DMAPP is also an essential precursor for the biosynthesis of
endophenazine A, which is produced via two pathways: the 2-methyl-D-erythritol-4-
phosphate (MEP) pathway and the mevalonate (MVA) pathway. Consistent with most
bacteria, Pseudomonas only possesses the MEP pathway [26]. The MEP pathway, called the
non-mevalonate (MVA) pathway, begins with pyruvate and glyceraldehyde 3-phosphate
(GAP), and followed by continuous enzyme catalysis to synthesize 2-C-methyl-D-erythritol
2, 4-cyclodiphosphate (MECPP) [27]. Next, MECPP is catalyzed by 4-hydroxy-3-methyl-2-
butene pyrophosphate (HMBPP) synthase (IspG) to HMBPP, which is reduced to isopen-
tenyl pyrophosphate (IPP) and DMAPP by HMBPP reductase (IspH) [28]. In the last
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step, IPP and DMAPP can be reversibly converted by isopentenyl diphosphate isomerase
(IDI) [29] (Figure 1). Due to the limitation of isoprene precursors, many studies have
improved the concentration of isoprene by increasing the expression of key enzymes. For
example, overexpression of idi enhanced the production of lycopene and (3-carotene up to
4.5 and 2.7 folds, respectively [30]. In addition, the role of genes ispG and ispH in the MEP
pathway have been elucidated and could be the important rate-limiting steps to synthesize
secondary metabolites [31].

Based on the metabolic network of the phenazine biosynthesis pathway and MEP
pathway, we designed an artificial biosynthetic pathway of endophenazines and success-
fully synthesized endophenazine A and endophenazine Al in P. chlororaphis P3 for the first
time (Figure 1). It was found that endophenazine Al was a leakage of the intermediate
HMBPP. Moreover, the yield of endophenazine A and endophenazine Al were improved
through metabolic engineering and medium optimization.

2. Materials and Methods
2.1. Strains, Plasmids, and Culture Conditions

All strains and plasmids are shown in Table 1, and primers are listed in Table S2. P.
chlororaphis P3 was obtained by chemical mutagenesis of P. chlororaphis HT66 with a high
production of PCN [24]. P. chlororaphis strains were grown in 5 mL Luria-Bertani (LB) broth
and shake flask fermented in 60 mL King’s B medium (KB) and Y medium (37.08 mL/L
glycerol, 20 g/L tryptone, 25.03 g/L soy peptone) at 28 °C, 200 rpm.

Table 1. Strains and plasmids used in this study.

Strains/Plasmids Characteristics Reference
Strains
DH5x The host for plasmid transformation Lab stock
S17-1(Apir) Donor strain for conjugation Lab stock
A mutant from P. chlororaphis HT66 with a
P3 high PCN Lab stock
P3-A0 Deletion of phzH in P3 This study
P3-Al Introduction of ppzP in the chromosome of P3  This study
P3-A2 Overexpression of ppzP in P3-Al This study
P3-A3 Integration of pPBBRIMCS plasmid in P3-A1  This study
P3-A4 Co-overexpression of ppzP and ispG in P3-A1  This study
P3-A5 Co-overexpression of ppzP and ispH in P3-A1  This study
P3-A6 Co-overexpression of ppzP and idi in P3-Al This study
P3-A7 Co-overexpression of ppzP,idi and ispH in This study
P3-A8 P3-Al This stud
P3-A9 Deletion of idi in P3-A2 Thiz ztu dy
Overexpression of ispG in P3-A8 y
Plasmids
pK18mobsacB Broad-hoit—range plasmid for gene deletion, Lab stock
sacB, Kan’
pK18-phzH pK18mobsacB plasmid for phzH deletion This study
pK18-idi pK18mobsacB plasmid for idi deletion This study
pBBRIMCS gzsfexpressmn vector with lac promoter, Lab stock
pBBR-ppzP pBBRIMCS for overexpression ppzP This study
pBBR-ppzP-idi %?BRlMCS for co-overexpression ppzP and This study
pBBRIMCS for co-overexpression ppzP and
. ispG .
pBBR-ppzP-ispG : . This study
PBBR- ppzP-ispH ZBEIRlMCS for co-overexpression ppzP and This study
PBBR-ppzP-idi-ispH P This study

pBBR1IMCS for co-overexpression ppzP, idi
and ispH

Kan' represent kanamycin.
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2.2. DNA Manipulation

Genes were deleted or integrated into the genome with a non-scar homologous re-
combination strategy in P. chlororaphis P3. First, the upstream and downstream fragment
sequence of the target gene were ligated to the pK18mobsacB plasmid that contains the
sucrose-sensitive sacB gene. Second, the recombinant plasmids were transformed into 517-1
(Aplr) followed by P. chlororaphis P3. Finally, the resulting mutant strains were verified by
DNA sequencing. The codon-optimized ppzP, ispG, ispH, and idi genes were ligated to
the pBBRIMCS plasmid containing the lac promoter and transferred into P. chlororaphis by
electroporation. The function and accession numbers of the genes are listed in Table S3.

2.3. Analytical Procedures for Phenazine Derivatives

During the fermentation process, 1 mL culture broth was taken every 12 h until 72 h.
The extraction method of phenazine derivatives was consistent with that described by Deng
et al. [32]. The mobile phase was 1%. formic acid water and methanol. The compounds
were separated by the gradient elution method (0—4 min, 20% methanol; 4—30 min, 50-95%
methanol; 30—35 min, 20% methanol) with detection 254 nm.

2.4. Purification and Structural Identification of Phenazine Derivatives

Precisely, 5 L fermentation supernatant containing the target compound was adjusted
to pH 2.0-3.0 with 6 M HC], extracted with ethyl acetate and concentrated by evaporation at
40 °C. The crude phenazine extract from the supernatant was dissolved in 5-mL methanol
and then passed through the Sephadex LH-20 column. The column was eluted with
10% methanol to remove impurities and eluted with 30% methanol to obtain the target
compound. The 30% methanol eluate was collected separately in different tubes and
analyzed by HPLC, and the eluate containing the target compound was mixed together.
The filtered sample was separated by analytical HPLC (Agilent 1260 LC) with Agilent
Eclipse XDB-C18. The purified compound was freeze-dried to form a solid powder. The
purified compound was characterized by nuclear magnetic resonance (NMR) spectroscopy
in the Instrumental Analysis Centre of Shanghai Jiao Tong University.

2.5. Statistical Analysis

All statistical figures were drawn using Prism software (GraphPad Software, La Jolla,
CA, USA). All data presented were the average of three biological replicates and shown as
the mean + standard deviation.

3. Results
3.1. Construction of Biosynthetic Pathway for Endophenazine A in P. chlororaphis P3

PCA is a precursor for the synthesis of endophenazine A, thus gene phzH in P. chloro-
raphis P3 was knocked out to get the strain P3-A0. Then, ppzP was selected to connect the
phenazine biosynthetic and MEP pathways and inserted into the original phzH locus of the
chromosome in P3-A0 to construct the P3-A1 strain. To detect whether new phenazines
were synthesized, we extracted the phenazines from the fermentation broth of the strains
P3, P3-A0, and P3-A1, and analyzed them with HPLC. As shown in Figure 2A, the deletion
of the phzH gene led to the accumulation of PCA instead of PCN in P3-A0, and the insertion
of the ppzP gene resulted in a new compound A in strain P3-Al. The extract of the fermen-
tation broth was then purified by the preparative HPLC, and purified compound A was
obtained. Subsequently, the purified compound A was analyzed by UPLC-MS and NMR.
The m/z value of compound A was 293.1289 [M + H]*, suggesting that the molecular
formula of compound A is C;gH14N,O; and the calculated value is 293.1285 (Figure 2B).
The proton and carbon chemical shifts of compound A are shown in Figure S1 and Table
S4. The 'H NMR (400 MHz, DMSO-d6) spectra showed peaks at § 8.61 (d, ] = 7.0 Hz, H2),
8.11(d, /=79 Hz H3),851(d,]=8.7Hz H4),7.87 (d,] =6.8 Hz, H6),7.98 (d, ] = 7.8 Hz,
H7),8.17 (d, ] = 8.1 Hz, HS8), 3.37 (br, H12), 5.51 (t, ] = 7.3 Hz, H13), 1.79 (s, H15), and 1.73 (s,
H16). The '3C NMR (100 MHz, DMSO-d6) spectra showed peaks at & 138.8 (C1), 132.1 (C2),
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127.6 (C3), 134.8 (C4), 142.5 (C4a), 143.7 (5a), 130.5 (C6), 133.9 (C7), 131.1 (C8), 139.3 (C9),
139.4 (C9a), 127.5 (C10a), 166.1 (C11), 29.3 (C12), 121.6 (C13), 133.6(C14), 25.5 (C15), and
17.8 (C16). According to these results, the structure of compound A was determined to be
endophenazine A (Figure 2C).
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Figure 2. Endophenazine A was synthesized by P. chlororaphis with inserted ppzP gene. (A) HPLC
profiles of P3, P3-A0, and P3-Al strains fermentation broth and purified compound A. (B) The UPLC-
MS result of compound A. (C) The structure of compound A. (D) The concentration of compound A
in P3-Al in different culture time. P3: a mutant from P. chlororaphis HT66; P3-A0: deletion of phzH in
P3; P3-Al: introduction of ppzP in the chromosome of P3.

3.2. Overexpression of ppzP Gene Enhanced the Production of Endophenazine A

Although the strain P3-Al synthesized endophenazine A, its highest titer was only
3.5 mg/L at 60 h (Figure 2D). Since there was only a single copy of the ppzP gene in
the genome, prenyltransferase PpzP might be a rate-limiting step in synthesizing en-
dophenazine A. Therefore, the ppzP gene was overexpressed under the control of lac pro-
moter in P3-A1 to get the strain P3-A2, resulting in the titer of 28.64 mg/L endophenazine A,
which was 7.17-times higher than that in the control strain P3-A3, and the titer/DCW of en-
dophenazine A was increased from 0.40 mg/g in P3-A3 to 2.96 mg/g in P3-A2 (Figure 3A).
This result indicated that ppzP is a rate-limiting step, and increasing its expression level can
promote the production of endophenazine A.
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Figure 3. Influence of overexpression of ppzP on the titer of endophenazines. (A) The concentration
of endophenazine A in strain P3-A2 and P3-A3. (B) HPLC profiles of P3-A2 and P3-A3 strains
fermentation broth and purified compound B. (C) The UPLC-MS result of compound B. (D) The
structure of compound B. P3-A2: overexpression of ppzP in P3-Al; P3-A3: integration of pPBBRIMCS
plasmid in P3-Al.

3.3. Purification and Structural Identification of the Compound B

In addition to endophenazine A, another compound B in the strain P3-A2 was also
detected (Figure 3B). Then, the purified compound B was analyzed by UPLC-MS and NMR.
The m/z value of compound B is 309.1253 [M + H]*, suggesting that the molecular formula
of compound B is C1gH14N>O3 and the calculated value is 309.1234 (Figure 3C). The proton
and carbon chemical shifts of compound B are shown in Figure S2 and Table S5. The 'H
NMR (400 MHz, DMSO-d6) spectra showed peaks at 4 8.56 (dd, ] = 7.0, 1.4 Hz, H2), 8.06
(dd, ] =8.7,7.0 Hz, H3), 8.45 (dd, ] = 8.7, 1.4 Hz, H4), 7.85 (dd, ] = 6.8, 1.3 Hz, H6), 7.95
(dd, ] =8.8, 69 Hz, H7), 8.12 (dd, ] = 8.7, 1.4 Hz, H8), 3.99 (d, ] = 7.2 Hz H12), 5.71 (m,
H13), 3.86 (s, H15), 4.68 (s, -OH15), and 1.76 (s, H16). The 3C NMR (100 MHz, DMSO-d6)
spectra showed peaks at 6 137.9 (C1), 131.9 (C2), 127.4 (C3), 134.5 (C4), 142.2 (C4a), 144.3
(C5a), 130.4 (Co), 133.6 (C7), 130.9 (C8), 138.5 (C9), 139.1 (C9a), 127.4 (C10a), 166.0 (C11),
28.4 (C12), 120.2 (C13), 138.9(C14), 66.1 (C15), and 13.7 (C16). The structure of compound B
was finally determined to be endophenazine A1 (Figure 3D).

3.4. HMBPP Is the Precursor for the Synthesis of Endophenazine Al

Endophenazine Al was first isolated from Kitasatospora sp. HKI 714 [33], but its
synthesis mechanism has not been elucidated. Since endophenazine A and endophenazine
Al are similar in structure, we first assumed that endophenazine Al is an intermediate,
which can be further reduced to endophenazine A, or endophenazine A might be unstable
and can be oxidized to endophenazine Al. To test this hypothesis, we cultured strain P3-A0
in KB medium containing endophenazine A and endophenazine A1, respectively. However,
the concentration of endophenazine A and endophenazine A1 did not decrease significantly
after 60 h of incubation (Figure 4A,B). These results showed that endophenazine Al and
endophenazine A cannot interconvert in P. chlororaphis P3. Our other assumption was that
the leakage of intermediate might cause endophenazine Al. In the MEP pathway, the
intermediate HMBPP is almost the same as the isoprene unit of the endophenazine Al,
so HMBPP may be the precursor of endophenazine Al. In order to investigate the effect
of HMBPP concentration on the production of endophenazine Al, we co-expressed ispG
and ispH with ppzP to obtain strains P3-A4 and P3-AS5, respectively. Compared with strain
P3-A2, the concentration of endophenazine Al in strain P3-A4 increased by 62%, and the
titer/DCW of endophenazine Al was increased from 4.63 mg/g in P3-A2 to 7.32 mg/g in
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P3-A4. On the contrary, strain P3-A5 hardly synthesized endophenazine Al (Figure 4C).
The overexpression of the ispG gene had less effect on cell growth, while overexpression
of the ispH gene had a significant inhibition on cell growth (Figure 4D). The above results
revealed that HMBPP is the precursor for the synthesis of endophenazine Al, which
provides different metabolic engineering strategies for subsequent improvement in the
production of endophenazine A and endophenazine Al.
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Figure 4. The synthesis of endophenazine Al in P. chlororaphis P3. (A) The stability of endophenazine
Al in P. chlororaphis P3. (B) The stability of endophenazine A in P. chlororaphis P3. (C) The production
of endophenazine Al in strain P3-A2, P3-A4, and P3-A5. (D) The growth curve of P3-A2, P3-A4, and
P3-A5. P3-A2: overexpression of ppzP in P3-Al; P3-A4: co-overexpression of ppzP and ispG in P3-Al;
P3-Ab5: co-overexpression of ppzP and ispH in P3-Al.

3.5. Modification of Metabolic Pathways to Increase the Production of Endophenazine A

To improve the production of endophenazine A, a rational strategy was designed
to drive the carbon flux to the biosynthesis of endophenazine A. Firstly, the rate-limiting
gene idi and ppzP was co-expressed in P3-Al to get the strain P3-A6. As seen in Figure 5A,
the production of endophenazine A in P3-A6 was 90.61 mg/L, which was 24.89 times
higher than that in P3-Al, and the titer/DCW of endophenazine A was increased from
0.47 mg/g in P3-Al to 10.04 mg/g in P3-A6. To minimize the leakage of HMBPP, ispH was
co-expressed with ppzP and idi in strain P3-Al obtaining the strain P3-A7. The production
of endophenazine A was 94.14 mg/L in P3-A7, which is 3.9% higher than P3-A6 (Figure 5A).
The overexpression of these genes had no significant effect on cell growth (Figure 5B). To
further increase the production of endophenazine A, P3-A7 was cultured in the optimized
Y medium, in which the concentration of endophenazine A was 279.43 mg/L, and the
titer/DCW of endophenazine A was increased from 9.42 mg/g in KB medium to 13.75mg/g
in KB medium (Figure 5C). The reason may be that rich nutrients lead to high biomass
(Figure 5D).
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Figure 5. Effects of metabolic regulation and medium optimization on endophenazine A concentra-
tion (A,C) and cell growth (B,D) in P. chlororaphis P3. P3-Al: introduction of ppzP in the chromosome
of P3; P3-A2: overexpression of ppzP in P3-A1; P3-A6: co-overexpression of ppzP and idi in P3-Al;
P3-A7: co-overexpression of ppzP, idi, and ispH in P3-Al.

3.6. Modification of Metabolic Pathways to Increase the Production of Endophenazine Al

It has been proven that endophenazine Al was a shunt pathway of endophenazine A.
Therefore, we attempted to increase the production of endophenazine Al by reducing the
consumption of HMBPP and promoting the synthesis of HMBPP. The ispH gene is known
to be necessary for bacterial growth and survival and cannot be deleted [34]. Therefore,
we could not delete the ispH gene to block carbon flux from HMBPP to DMAPP. Previous
results proved that overexpression of the idi gene promoted the flow of carbon flux to
produce DMAPP, so we knocked out the idi gene in strain P3-A2 and obtained the strain
P3-A8 to reduce the accumulation of DMAPP and increase the accumulation of HMBPP. As
shown in Figure 6A, the production of endophenazine Al in P3-A8 was 63.6 mg/L, which
increased by 41% compared with P3-A2, and the titer/DCW of endophenazine Al was
increased from 4.63 mg/g in P3-A2 to 6.34 mg/g in P3-A8. Then, in order to increase the
supply of precursor HMBPP, the ispG gene was co-overexpressed with ppzp in strain P3-A8
to get P3-A9, resulting in the production titer of 79.24 mg/L endophenazine A1, which
was 24% higher than that of strain P3-A8, and the titer/DCW of endophenazine A1 was
increased from 6.34 mg/g in P3-A8 to 7.45 mg/g in P3-A9 (Figure 6A). At the same time,
these gene manipulations had no significant effect on cell growth (Figure 6B). Finally, the
titer of endophenazine A1 in the Y medium of strain P3-A9 increased to 189.2 mg/L, which
was 2.4 folds in the KB medium, and the titer/DCW of endophenazine Al was increased
from 7.45 mg/g in KB medium to 9.81 mg/g in KB medium (Figure 6C). The reason may
be similar to the high production of endophenazine A (Figure 6D).
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Figure 6. Effects of metabolic regulation and medium optimization on endophenazine Al production
(A,C) and cell growth (B,D) in P. chlororaphis P3. P3-A2: overexpression of ppzP in P3-Al; P3-AS8:
deletion of idi in P3-A2; P3-A9: co-overexpression of ppzP and ispG in P3-A8.

4. Discussion

Endophenazine A is a C-prenylation phenazine catalyzed by prenyltransferases PpzP
from S. anulatus 9663 or EpzP from S. cinnamonensis DSM 1042; the conversion rate of
PpzP is higher than that of EpzP10 [35]. Although the production of endophenazine A
was not reported in these two Streptomyces, the highest yield of endophenazine A was
achieved in the engineered S. coelicolor M512, which heterologously expressed the whole
gene cluster of endophenazine was only 20 mg/L [14]. Due to the fast growth and clear
genetic background of P. chlororaphis P3 [36], the high yield of precursor compound PCA
and endogenous MEP pathway, we designed an artificial biosynthetic pathway to produce
endophenazine A in P. chlororaphis P3.

Besides endophenazine A, endophenazine Al was synthesized (Figure 3B). Daniel et al.
isolated endophenazine Al in Kitasatospora sp. HKI 714, which showed antibacterial ac-
tivity against Mycobacterium fortuitum and Mycobacterium aureus [33]. Later, it was re-
ported that endophenazine Al and endophenazine A were also detected in Kitasatospora
sp. MBT66 [37,38]. However, the synthesis mechanism of endophenazine A1l was unclear.
In this study, we found that endophenazine Al and endophenazine A are relatively sta-
ble in the culture of P. chlororaphis P3 and cannot be converted to each other, indicating
that endophenazine Al is not an intermediate in the synthesis of endophenazine A and
endophenazine A cannot be oxidized to form endophenazine A1l (Figure 4A,B). Then, we
found that overexpression of the ispG gene enhanced the accumulation of endophenazine
A1, while overexpression of the ispH gene reduced the production of endophenazine Al
(Figure 4C). These results are consistent with previous studies in which the overexpression
of the ispG gene led to the enhancement of HMBPP, while overexpression of the ispH gene
led to the reduction of HMBPP [31]. These results revealed that HMBPP is a key switch to
control the metabolic flux toward endophenazine A and shunt products endophenazine Al.

Accordingly, we used metabolic engineering strategies to regulate the carbon flow of
DMAPP and HMBP to achieve high production of endophenazine A and endophenazine
Al, respectively. Firstly, we overexpressed the key genes of ppzP, idi, and ispH of the
endophenazine A pathway in P3-Al, and the production of endophenazine A was sig-
nificantly increased (Figure 5A). This result is consistent with the previous report, where
the ispH gene catalyzed HMBPP into IPP and DMAPP at a ratio of 6.3:1, but it reduced
up to 1:3.1 after treatment with gene idi [39]. Subsequently, the ispG and ppzP genes
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were co-overexpressed in P3-A8, and the concentration of endophenazine Al increased
by 80% (Figure 6A). This result is consistent with previous studies in which the overex-
pression of the ispG gene led to the enhancement of HMBPP. Finally, the concentration
of endophenazine A and endophenazine Al in the engineered P. chlororaphis P3 was
279.43 mg/L and 189.2 mg/L, respectively, which were remarkably enhanced with the
stepwise metabolic engineering and medium optimization (Figure 7).

Production of Endophenazine A1 (mg/L)
Production of Endophenazine A (mg/L)

28.64

— PJAZ@
— o
P3-Al
oloy

Engincering strains Engineering strains

Figure 7. Summary of metabolic engineering of P. chlororaphis P3 and medium optimization for
stepwise increasing the titer of endophenazines. Left, concentration of endophenazine Al. Right,
concentration of endophenazine A. P3-Al: introduction of ppzP in the chromosome of P3; P3-A2:
overexpression of ppzP in P3-Al; P3-A3: integration of pBBRIMCS plasmid in P3-A1; P3-A4: co-
overexpression of ppzP and ispG in P3-A1; P3-A5: co-overexpression of ppzP and ispH in P3-A1; P3-A6:
co-overexpression of ppzP and idi in P3-A1; P3-A7: co-overexpression of ppzP, idi, and ispH in P3-Al;
P3-A8: deletion of idi in P3-A2; P3-A9: co-overexpression of ppzP and ispG in P3-A8.

Protein engineering is a widely used effective strategy to improve enzyme-substrate
specificity and catalytic efficiency. In the endophenazine A biosynthesis pathway, the
catalytic efficiency of EpzP is 14 times higher than that of the wild-type enzyme through
rational design [40]. Edward et al. realized the conversion of transketolase substrate
specificity to fatty aldehyde through directed evolution [41]. This is a reference to increase
the yield and diversity of terpenoid phenazines in the future.

5. Conclusions

In this study, two terpenoid phenazine pathways were designed and constructed
in P. chlororaphis P3, resulting in the production of 279.43 mg/L endophenazine A and
189.2 mg/L endophenazine Al, respectively, through rational metabolic engineering strate-
gies, which is the highest titers in microbial production of endophenazine A and en-
dophenazine A1l up to now. This study enriched the diversity of phenazine compounds
synthesized by P. chlororaphis P3 and laid the foundation for the future synthesis and
large-scale production of other terpenoid phenazines.
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