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control strain to a metabolic pull which deregulated flux through
the L-lysine biosynthesis pathway.

The PatA Pathway Supports 5AVA Accumulation in
B. methanolicus
In the next step, two versions of the PatA pathway (Figure 1D)
derived from either E. coli or B. megaterium were tested in strains
MGA3(pTH1mp-cadA)(pBV2xp-AVAEc) named MGA3_PatAEc

and MGA3(pTH1mp-cadA)(pBV2xp-AVABm) named MGA3
_PatABm (Table 4), respectively. The optimal temperature of
PatA derived from E. coli is 60◦C, which means that it is a
thermostable enzyme that should be active at 50◦C, which is
a temperature used for the production experiment. PatA was
shown to have a broad substrate range including cadaverine
and, in lower extent, spermidine, but not ornithine (Samsonova
et al., 2003). This property was used by Jorge et al. (2017) who
have shown in their study that it is possible to use PatA and
PatD derived from E. coli to establish conversion of cadaverine
to 5AVA, confirming experimentally the broad substrate range
of those two enzymes. The B. megaterium-derived PatA was
characterized only superficially with regard to its substrate
spectrum and not optimal temperature or thermostability (Slabu
et al., 2016); however, its host organism is known to have a wide
temperature range for growth up to 45◦C (Vary et al., 2007).
The multiple-sequence alignment with E. coli-derived enzymes
showed identity of 63 and 38% for PatA and PatD, respectively
(Okada et al., 1979). Both E. coli and B. megaterium-derived
versions of the pathway are functional in B. methanolicus, with
the combined PatAD activity of 7 ± 4 mU and 170 ± 37 mU
mg−1 (Table 5). Final 5AVA titers of 23.7± 2.7 and 8.3± 4.1 mg
L−1 (Table 5) were achieved, which is considerably lower than
5AVA titers of 0.9 g l−1 obtained by wild-type C. glutamicum
strain transformed with plasmids for expression of ldcC (coding
for lysine decarboxylase) and patDA (Jorge et al., 2017).
For both producer strains, the concentration of unconverted
cadaverine is similar: 1.7 ± 0.1 mg l−1 and 1.5 ± 0.2 mg l−1

for MGA3_PatAEc and MGA3_PatABm, respectively (Table 5).
While Km for cadaverine has not been assessed, it has been
shown to be 811 mg l−1 for putrescine for E. coli-derived PatA;
assuming similar Km for cadaverine, it may explain why full
conversion of cadaverine has not occurred (Samsonova et al.,
2003). Due to relatively high Km for putrescine of PatA, we
decided to test how supplementation with external cadaverine
affects 5AVA accumulation. In fact, for both MGA3_PatAEc

and MGA3_PatABm, 5AVA titers increased to 31.8 ± 2.3
and 77.7 ± 5.5, respectively, when the growth medium was
supplemented with 500 mg l−1 cadaverine (Table 5). These
results indicate that the enhancement of precursor supply
is one potential target for subsequent metabolic engineering
efforts to increase 5AVA titers. Another important consideration
for activity of transaminase is availability of keto acid that
acts as amino group acceptor. It was shown that E. coli
and B. megaterium-derived PatA can use either pyruvate
or 2-oxoglutarate as amino group acceptors (Slabu et al.,
2016); the intracellular concentrations of those compounds in
B. methanolicus MGA3 cells are 3.2 and 2.7 mM, respectively
(Brautaset et al., 2003). Knowing that Km for 2-oxoglutarate

for E. coli-derived PatA is 19.0 mM (Samsonova et al.,
2003), recovery of the keto acids may be a limitation for
5AVA accumulation. This issue could be potentially solved
by heterologous production of alanine dehydrogenase or L-
glutamate oxidase which catalyzes reactions where pyruvate or
2-oxoglutarate is produced (Böhmer et al., 1989; Sakamoto et al.,
1990; Slabu et al., 2016).

Use of the Puo Pathway Leads to 5AVA Production in
B. methanolicus
Lastly, a pathway that relies on an activity of the monooxygenase
putrescine oxidase (Puo, EC 1.4.3.10) was tested (Figure 1E).
Puo catalyzes the oxidative deamination of cadaverine in
lieu of cadaverine transamination catalyzed by PatA. It was
shown that different putrescine oxidases can use cadaverine
as their substrate with 9–14% of their maximal activity shown
when putrescine is a substrate (Desa, 1972; Okada et al.,
1979; van Hellemond et al., 2008; Lee et al., 2013). Moreover,
putrescine oxidases derived from K. rosea (Micrococcus rubens)
and Rhodococcus are thermostable and optimal activity of
P. aurescens-derived Puo is at 50◦C (Desa, 1972; van Hellemond
et al., 2008; Lee et al., 2013). The disadvantage of this pathway
is that it requires O2, the supply of which may be difficult
to control. Furthermore, due to formation of hydrogen
peroxide in the reaction catalyzed by Puo, the oxidative stress
may increase when this pathway is active. In order to avoid
detrimental effect of hydrogen peroxide accumulation, catalase
was overproduced in the recombinant strains containing the
Puo pathway: MGA3(pTH1mp-katA)(pBV2xp-AVAKr) named
MGA3_PuoKr , MGA3(pTH1mp-katA)(pBV2xp AVAPa) named
MGA3_PuoPa, and MGA3(pTH1mp-katA)(pBV2xp-AVARq)
named MGA3_PuoRq (Table 4). To achieve sufficient levels
of the pathway precursor, cadaverine, we have decided not to
rely on plasmid-based production of lysine decarboxylase and
to add cadaverine to the growth medium, instead. The tested
recombinant strains with the Puo pathway did not produce
5AVA, which is consistent with no Puo-PatD activity detected
in crude extracts (Table 5). The Puo pathway was shown to be
active in C. glutamicum where titer of 0.1 ± 0.0–0.4 ± 0.0 g l−1

5AVA was achieved (Haupka et al., 2020).

CONCLUSION

In the search for 5AVA production from the sustainable
feedstock methanol, we have screened five pathways toward
5AVA biosynthesis in B. methanolicus. No 5AVA production was
observed for DavBA, Puo, and SpuI pathways. However, the
pathways relying on RaiP and PatA activities were functional
in shake flask cultures of B. methanolicus, which led to 5AVA
production from methanol for the first time, respectively, up to
16.15 ± 1.62 mg l−1 or 23.7 ± 2.7. RaiP and PatA pathways are
targets for further optimizations which could increase the 5AVA
titers in the constructed strains. For instance, the improvement
of substrate utilization and H2O2 availability or decomposition
efficiency might contribute to the increase in the yield of 5AVA.
Moreover, our study shows that the availability of supplemented
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cadaverine has high impact on 5AVA titer when the PatA pathway
is employed. Another factor that needs to be considered is
tolerance to 5AVA, which was shown to be low (Haupka et al.,
2021). Recently, adaptative laboratory evolution experiments
resulted in the selection of a mutant strain of B. methanolicus
that displays tolerance to approximately 46 g l−1 5AVA (Haupka
et al., 2021), which could be employed as a platform to develop
high-titer 5AVA production strains. This shows that methanol
has the potential to become a sustainable feedstock for the
production of 5AVA.
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Natural polyketides play important roles in clinical treatment, agriculture, and animal
husbandry. Compared to natural hosts, heterologous chassis (especially Actinomycetes)
have many advantages in production of polyketide compounds. As a widely studied
model Actinomycete, Saccharopolyspora erythraea is an excellent host to produce
valuable heterologous polyketide compounds. However, many host factors affect
the expression efficiency of heterologous genes, and it is necessary to modify the
host to adapt heterologous production. In this study, the CRISPR-Cas9 system was
used to knock out the erythromycin biosynthesis gene cluster of Ab (erythromycin
high producing stain). A fragment of 49491 bp in genome (from SACE_0715
to SACE_0733) was deleted, generating the recombinant strain Ab1ery in which
erythromycin synthesis was blocked and synthetic substrates methylmalonyl-CoA and
propionyl-CoA accumulated enormously. Based on Ab1ery as heterologous host,
three genes, AsCHS, RgTAL, and Sc4CL, driven by strong promoters Pj23119,
PermE, and PkasO, respectively, were introduced to produce novel polyketide by
L-tyrosine and methylmalonyl-CoA. The product (E)-4-hydroxy-6-(4-hydroxystyryl)-3,5-
dimethyl-2H-pyrone was identified in fermentation by LC-MS. High performance liquid
chromatography analysis showed that knocking out ery BGC resulted in an increase
of methylmalonyl-CoA by 142% and propionyl-CoA by 57.9% in Ab1ery compared to
WT, and the yield of heterologous product in Ab1ery:AsCHS-RgTAL-Sc4CL was higher
than WT:AsCHS-RgTAL-Sc4CL. In summary, this study showed that Ab1ery could
potentially serve as a precious heterologous host to boost the synthesis of other valuable
polyketone compounds using methylmalonyl-CoA and propionyl-CoA in the future.

Keywords: CRISPR-Cas9, Saccharopolyspora erythraea, polyketide, Acyl-CoA, heterologous expression,
metabolic pathway
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INTRODUCTION

Knockout and cloning of long fragment DNA, especially those
containing large gene clusters, is particularly important for
synthetic biology and chemical biology research (El-Sayed et al.,
2017; Shao et al., 2018). Although homologous recombination
has been applied to knock out single or multiple genes in
the genome, it is difficult to remove long fragment DNA
sequences in the genome, such as biosynthetic gene clusters,
before the emergence of CRISPR-Cas9 technology (Komor
et al., 2016; Park et al., 2016; Su et al., 2016). For example,
a new yeast strain with a single chromosome was created
by using CRISPR-Cas9 that achieved the deletion of long
redundant repetitive sequences in chromosome and the accuracy
of chromosome fusions (Shao et al., 2019). And then CRISPR-
Cas9 was applied in Streptomyces as a more efficient tool
for genome editing (Cobb et al., 2015; Tong et al., 2015).
Researchers established a highly efficient CRISPR-Cas9 genome
editing plasmid pKCcas9dO for the genetic manipulation of
Streptomyces, with an editing efficiency of 60–100%. The system
has been applied for single gene deletions such as actII-
orf4 redD, glnR, and knocking out large gene clusters such
as antibiotic biosynthetic gene clusters (ACT, 21.3 kb), red
pigment synthesis gene clusters (31.6 kb), and Ca2+-dependent
antibiotics (82.8 kb) (Huang et al., 2015). The advances of
genetic engineering tools and strategies accelerated the programs
that introduce designed metabolic pathways in the strains
for industrial production. Novel and efficient DNA splicing
methods including BioBrick assembly (Storch et al., 2015),
Gibson assembly (Gibson et al., 2009; Arturo et al., 2013),
TAR clone (Ross et al., 2014), etc., facilitate multi-fragment,
large gene cluster assembly (Zhang W. et al., 2017) and
the manipulation of genes involved in metabolic pathways
(Guo et al., 2015).

Saccharopolyspora erythraea is a Gram-positive bacterium and
a model representative of Actinobacteria. It is widely used in
industry for large-scale production of Erythromycin A (ErA), and
has great value of research (Moffitt, 1998; Kim and Cerniglia,
2005). At the end of the last century, scholars discovered
the location of erythromycin biosynthetic gene clusters, from
SACE_0713 to SACE_0734, with a total length of about 56 kb and
containing 21 erythromycin synthesis-related genes (Thompson
et al., 1982; Tomich, 1988; Reeves et al., 1999). After the
whole genome sequencing of S. erythraea finished in 2007
(Oliynyk et al., 2007), its genetic modification has become
more convenient. Traditional genetic modification relies on its
own homologous recombination machinery, and the genes are
knocked in or out through homology arms mediated double
exchange (Ferain et al., 1996; Tsai et al., 2011). However, it is
difficult and inefficient to edit the gene in S. erythraea which
has high GC content. With the emergence and continuous
optimization of the CRISPR-Cas9 system, we have better tools
for gene editing. In previous work, we have successfully applied
CRISPR-Cas9 in S. erythraea (Liu W. et al., 2018; Liu et al.,
2019).

Heterologous production of natural products has attracted
more attention in terms of microbial technology and the

discovery of new active compounds (Cleto and Lu, 2017; Liu
Y. et al., 2018; Huo et al., 2019). Not only can it produce
more valuable compounds and higher yield in more suitable
heterologous hosts (Horbal and Luzhetskyy, 2016; Tan et al.,
2017), but it can also dig out new compounds through
biosynthetic engineering and metabolic engineering (Zhang et al.,
2016; Lopatniuk et al., 2017; Reynolds et al., 2017). Due to the
differences of transcription and metabolic regulation, precursor
supply, etc. between different hosts, the yield of heterologous
expression is not sufficient (Zhang J. J. et al., 2017; Horbal
et al., 2018). Therefore, it can be increased by various methods
such as medium optimization, precursor feeding, adding strong
promoter (Cortina et al., 2012), and deleting some known
metabolic biosynthetic gene clusters (Mao et al., 2017). There
are abundant propionyl-CoA (PP-CoA) or methylmalonyl-CoA
(MM-CoA) in S. erythraea which can be used to synthesize
valuable compounds (Li et al., 2013; Karničar et al., 2016; Cho
et al., 2018). Polyketides are widely found in bacteria, fungi,
and plants and have a variety of biological activities, such as
antibiotics (Erythromycin), immunosuppressants (Rapamycin)
(Calne et al., 1989), anti-tumor (Doxorubicin), and insecticidal
Agent (Nanchangmycin) (Sun et al., 2003), etc. In recent
years, studies on polyketone compounds increased (Yu et al.,
2012; Lim et al., 2016; Parvez et al., 2018). Chalcone synthase
(CHS) (EC2.3.1.74), a plant-derived type III polyketide synthase,
can use malonyl-CoA or MM-CoA and 4-coumaryl-CoA, 4-
Hydroxyphenylpropionyl-CoA, or benzoyl-CoA as substrates to
produce phlorizin and chalcone (Morita et al., 2001). Because
of its broad substrate specificity, it has been widely expressed
in heterologous hosts such as Escherichia coli (Wu et al., 2013)
and Saccharomyces cerevisiae (Lyu et al., 2017; Wang et al.,
2019).

In this study, we constructed a temperature-sensitive
plasmid pKECas9-erysgRNAII-HA, using two sgRNAs to
specifically target SACE_0715 and SACE_0733 sites of the
erythromycin biosynthetic gene cluster, and knocking out
about 49.5 kb genomic sequence by providing a homologous
repair template spanning the two targets, which blocked the
synthesis of erythromycin. It was detected by HPLC that the
erythromycin synthesis precursor MM-CoA was accumulated
in a large amount compared with the WT. On this basis, a
secondary metabolic pathway was constructed by introducing
the heterologous genes CHS from Aquilaria sinensis (Gao
et al., 2015), TAL from Rhodotorula glutinis (Wu et al., 2014),
and 4CL from Streptomyces coelicolor (Hsiao and Kirby,
2008). These genes were constructed in integrative plasmid
pSET152 by tandem, and driven by stronger promoters
Pj23119, PermE, and PkasO to increase the heterologous
expression. The route of research is shown in Figure 1, using
L-tyrosine as the starting substrate and MM-CoA accumulated
in the Ab1ery to synthesize a new secondary metabolite
(E)-4-hydroxy-6-(4-hydroxystyryl)-3,5-dimethyl-2H-pyrone
(BNY-type pyrone), a kind of non-natural small molecule with
novel structure catalyzed by plant polyketone polymerase. It
can be used as a precursor to synthesize pyrone drugs and has
a broad application prospect in the future (Abe et al., 2002;
Gao et al., 2015).
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FIGURE 1 | Schematic diagram of the reconstruction of secondary metabolic pathway and the synthesize route of novel metabolites BNY-type pyrone.

MATERIALS AND METHODS

Strains, Plasmids, and Growth
Conditions
All recombinant strains and plasmids used in this study are
listed in Supplementary Table 2. E. coli DH5α was used for
construction of recombinant plasmids. E. coli were cultured at 30
or 37◦C in Luria-Bertani broth (LB) medium (Tryptone 10 g/L,
Yeast extract 5 g/L, NaCl 10 g/L), and apramycin (50 µg/mL)
was added for plasmid cloning when required. In order to
select the apramycin-resistant mutant strain of S. erythraea after
transformation, 25 µg/mL or 50 µg/mL apramycin was used.
The S. erythraeawild-type strain (NRRL23338), the erythromycin
high-yield strain (Ab), and the Ab1ery strain were grown on
R2YE agar plates (Liao et al., 2015). For seed stock preparation,
the strain was cultivated in a 250 mL flask containing 30 mL
tryptic soy broth (TSB), shaken at 220 rpm for 48 h at 30◦C.
With the same culture conditions, 0.5 mL of the seed culture
was inoculated into a 500 mL flask containing 100 mL of TSB
medium with 0.5 g glycine, and strain samples were harvested
for preparation of protoplast at the indicated time points (48 h).
PEG-mediated transformations of protoplasts were performed as
previously described (Liu Y. et al., 2018).

Recombinant plasmid construction was performed using a
Hieff Clone Multi One Step Cloning Kit (Yeasen, Shanghai,
China). Plasmid extraction was performed using an Endofree
Mini Plasmid Kit II (Tiangen, Beijing, China). S. erythraea
mutant was verified by colony polymerase chain reaction
(PCR). Sequencing validation of all plasmid constructs (support
information) was performed using Phanta Max SupperFidelity
DNA polymerase (Vazyme, Nanjing China) and was confirmed
by sequencing (Majorbio, Shanghai, China). Restriction enzymes,
polymerases, and kits were used according to the supplier’s
instructions (Takara, Japan).

Construction of ery BGC Knock-Out and
Heterologous Expression Plasmids
The analysis of sgRNA in the ery BGCs knock-out plasmid was
referred to previous studies (Doench et al., 2014). Two sgRNAs
were selected to target ery BGC and their transcription were
driven by Pj23119 and PkasO promoters, respectively. The gRNA
backbone was added to form sgRNAII, which was constructed
into pUC57 vector for preparation.

The knock-out element was recombined and cloned into the
XbaI + HindIII restriction site, and pKECas9 vector was used
as a backbone (Liu Y. et al., 2018). The complete knock-out
cassette consisting of ery BGC sgRNAII and the homology arms
(KOery-UHA, KOery-DHA) flanking the target was obtained
by overlapping PCR, and the cloning kit was used to construct
the ery BGC knockout vector by the following steps: (1) The
pUC57-erysgRNAII plasmid was used as a template to obtain the
(XbaI) H-erysgRNAII-O fragment; the O-UHA-O and O-DHA-
HindIII-H fragment were amplified from S. erythraea genomic
DNA. (2) The (XbaI) H-erysgRNAII-O and O-UHA-O fragments
were used to generated (XbaI) H-erysgRNAII-UHA-O by the
first round of overlapping PCR. Then the (XbaI) H-erysgRNAII-
UHA-O and O-DHA-HindIII-H were used to the second
round of overlapping PCR, amplified to obtain the H-XbaI-
erysgRNA-UHA-DHA-HindIII-H fragment. (3) The pKECas9
plasmid was digested with XbaI + HindIII to obtain the linear
vector, homologous recombination with (XbaI) H-erysgRNAII-
UHA-DHA-H (HindIII) fragment to construct the pKECas9-
erysgRNAII-UHA-DHA plasmid (Supplementary Figure 3a).
The positive clones were confirmed by PCR using the pKECas9-
test-F, pKECas9-test-R primer pair.

The heterologous genes AsCHS, RgTAL, and Sc4CL were
driven by the Pj23119 (Huang et al., 2015), PermE (Bibb
et al., 1985), and PkasO (Wang et al., 2013; Phelan et al.,
2017), respectively, and promoters were cloned into the
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XbaI + EcoRV site of the pSET152 vector. Firstly, three
fragments including Pj23119-AsCHS commercially synthesized
by Ruimian (Shanghai, China), PermE-RgTAL, and PkasO-
Sc4CL maintained in our laboratory were amplified and
their sequences were provided in Supporting Information.
Next, Pj23119-AsCHS and PermE-RgTAL were fused by
overlapping PCR to obtain Pj23119-AsCHS-PermE-RgTAL, then
combining with PkasO-Sc4CL to generate (XbaI) H-Pj23119-
CHS-PermE-TAL-PkasO-4CL-H (EcoRV). Finally, the (XbaI)
H-Pj23119-AsCHS-PermE-RgTAL-PkasO-Sc4CL-H (EcoRV)
linear fragment was cloned into pSET152 (XbaI, EcoRV)
to complete construction, see schematic (Supplementary
Figure 3b). Six positive clones were screened with M13 primer
pairs and the No. 2 was selected for expansion culture to extract
plasmid (Supplementary Figure 6a). Then corresponding
primers were used to confirm that all three gene expression
cassettes were present; the fragment Pj23119-AsCHS was
1235 bp, PermE-RgTAL was 2273 bp, and PkasO-Sc4CL was
1696 bp (Supplementary Figure 6b). The primers used to
amplify DNA fragments are shown in Supplementary Table 3.

Ab1ery Erythromycin Bioactivity
Analysis
Growth trends were analyzed by a microplate reader (BioTek
Reader) (Liu et al., 2019). Cell density measurements at OD600
were acquired every 8 or 12 h and were analyzed using GraphPad
Prism 7 software package (GraphPad Software). According to
the previous method, the titer of erythromycin in Ab1ery and
control Ab fermentation were quickly analyzed by turbidimetry
of antibiotic microorganisms. Ab1ery and Ab were inoculated
into 500 mL shake flasks containing 30 mL of ABPM8 industrial
medium at 30◦C, 220 rpm for 7 days. After fermentation was
completed, broth was centrifuged at 12000 × g, 10 min, and
the supernatant was extracted for subsequent analysis. Bacillus
subtilis was inoculated in LB medium and cultured overnight at
37◦C, 220 rpm, then transferred to new LB medium growth to
OD580 was 0.4. Then, 200 µL above B. subtilis was added to a
sterile 90 mm dish containing 20 mL of bioactivity assay medium
(Supporting methods), then distributed to a 96-well cell culture
plate by an 8-channel pipette, and each well was 135 µL. Adding
15 µl erythromycin standard and fermentation supernatant to
the 96-well plate incubated at 37◦C, 200 rpm for 2.5–3 h, set
three replicates for each sample and measurement of OD580
was analyzed by microplate reader. Making sure the OD580 of
blank control was not more than 0.5 and fitting the curve with
OD580-logC to determine the linear range and standard curve.

The above fermentation was filtered through a 0.22 µm
disposable organic phase filter, and the filtrate was accurately
analyzed by HPLC to calculate the titer of erythromycin.
The analysis conditions were following: solvent B phase (55%
acetonitrile) and solvent A phase (1L Milli-Q H2O, 8.7 g
K2HPO4, pH 8.2), the flow rate was 1.0 mL/min, and the column
maintained at 40◦C. UV spectra were acquired at 215 nm (Liu Y.
et al., 2018). The peak area value and the standard concentration
value were used to fit the standard curve, then the ErA titer of the
sample was calculated.

Determination of Three Intracellular
CoAs Concentration
Intracellular PP-CoA and MM-CoA of Ab1ery, Ab, and WT
strains were extracted and assayed by HPLC. Strains were
inoculated into 30 mL TSB medium at 30◦C and cultured
at 220 rpm for 48 h. The cells were washed twice with PBS
and collected by centrifugation at 12000 × g, 10 min, then
resuspended in 800 µL lysate (10% trichloroacetic acid and 90%
2 mM dithiothreitol). The mixture was freeze-thawed 2–3 times
at –80◦C and 4◦C, centrifuged at 15,000× g for 10 min, then the
supernatant was transferred to an activated, equilibrated Sep-Pak
column (1 ml, 50 mg tC18; Milford, MA, United States). After 3–
5 min for adsorption, the column was washed with 1 ml ddH2O
and eluted with 400 µL of 40% acetonitrile. SpeedVac (Thermo
Fisher, Waltham, MA, United States) was used for lyophilization.
It was dissolved by 100 µL of pure acetonitrile for HPLC analysis.
The analytical conditions were mobile phase A (75 mM KH2PO4,
pH 5.5) and mobile phase B (80% 75 mM aqueous KH2PO4, pH
5.0, mixed with 20% acetonitrile). Separation using a reversed-
phase C18 column, flow rate 1 mL/min, column temperature
30◦C, detector 254 nm, mobile phase distribution as follows:
4 min (when Buffer B reached 11% from 10%), 7 min (Buffer
B reached 13% from 11%), 10 min (Buffer B reaches 15% from
13%), 15 min (Buffer B reaches 18% from 15%), 20 min (Buffer
B reaches 23% from 18%), 23 min (Buffer B Results 28% from
23%), 28 min (Buffer B reaches 33% from 28%), 30 min (Buffer
B reaches 39% from 33%), 50 min (Buffer B reaches 48% from
39%), 55 min (Buffer B reached 54% from 48%), and 65 min
(Buffer B decreased from 54 to 10%), maintaining 10% phase B
for 5 min, and stopping data collection at 70 min (Xu et al., 2017).
Three independent experiments were performed to calculate the
standard deviation.

RNA Extraction and qRT-PCR Analysis
The strain was grown in 30 mL TSB medium to the late stage
of the exponential phase, and collected by centrifugation at
12,000× g for 10 min at 4◦C. Total RNA was isolated and purified
from the strain by RNA Prep Pure Cell/Bacteria Kit DP430
(TIANGEN) kit, and the RNA quality was assessed by 1% agarose
gel electrophoresis and concentration was quantified by Synergy
Mx multi-plate reader (BioTek, Winooski, VT, United States).
Then, 1.0 µg total RNA with PrimeScript RT Reagent Kit and
gDNA Eraser (Takara, Japan) kit were performed to synthesize
cDNA which has removed genomic DNA. The resulting cDNA
was diluted to final concentration of 50 ng/µL as the template,
and real-time quantitative PCR analysis of mRNA levels was
performed with 10 µL SYBR Premix Ex Taq GC (Takara) and
the volume was 20 µL. All samples were prepared in triplicate
to obtain CT values, and the relative gene expression levels were
calculated using the comparative CT method (2−11Ct) (Jinek
et al., 2012; Liu et al., 2019). The qPCR assays were carried
out by CFX96 Real-Time System (Bio-Rad) under conditions
as following: 95◦C for 5 min, then 40 cycles (95◦C for 10 s,
60◦C for 20 s, 72◦C for 30 s), with a final extension cycle
at 72◦C for 10 min with sigA (SACE_1801) as the reference
gene (Liao et al., 2015). The transcription levels of heterologous
genes were determined by absolute quantification, and the copy
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FIGURE 2 | Knock-out of erythromycin biosynthetic gene cluster. (A) Erythromycin Biosynthetic Gene cluster (from SACE_0713 to SACE_0734) and the target of
sgRNAs (SACE_0715 and SACE_0733). (B) Schematic of knock-out Erythromycin biosynthetic gene cluster. (C) Agarose gel electrophoresis of PCR products from
Ab1ery using test primer pairs (eryHKO-tF, eryHKO-tR). The size of PCR products is 3083 bp. (D) Sequencing of Ab1ery BGC recombinant strain. 49491 bp
sequence in ery BGC is knocked out.

number of constructed plasmid was diluted into gradient of
2 × 107, 2 × 106, 2 × 105, 2 × 104, 2 × 103, 2 × 102,
2 × 101, 2 × 100 as template for Q-PCR. Three replicates
were set for each sample, and the copy number of heterologous
genes were calculated by plotting the standard curve with the
Ct value and the copy number logarithm as the horizontal and
vertical coordinates. All primers in this work were described in
Supplementary Table 3.

HPLC and LC-MS Analysis of
Fermentation
Ab1ery:CT4, WT:CT4, Ab1ery, and WT strains were transferred
to a 250 mL flask containing 30 mL TSB medium and cultured at
37◦C, 220 rpm for 7 days. The fermentations were centrifuged
at 8000 × g to collect the supernatant, and concentrated. Then,
2 ml of the concentrate was filtered through a 0.22 µm disposable
organic phase filter, and the filtrate was analyzed by HPLC.
The analysis conditions were as follows: HPLC system (Waters
2695, water 2489 UV/visible light detector) equipped with a
Thermo Hypersil BDS C18 column maintained at 35◦C. The
productions were analyzed at 277 nm, respectively, with mobile
phase A (25 mM HCOONH4, pH 3.0) and mobile phase B

(acetonitrile) at a flow rate 1.0 mL/min, mobile phase distribution
as follows: 5 min (when Buffer B reached 10% from 2%), 20 min
(Buffer B reached 40% from 10%), 25 min (Buffer B reached
2% from 10%). LC-ESIMS spectra were measured with a HPLC
system (Agilent 1260) coupled to a 6530C Q-TOF LC-MS System
(Agilent, Waldbronn, Germany). LC separation was carried out
with a ZORBAX SB-C18 column (4.6 × 250 mm, 5 µm) at
30◦C. For elution, H2O (solvent A) and acetonitrile (solvent B)
were applied as the mobile phases at a flow rate of 1 mL/min.
A gradient was used that the amount of solvent B as follows: 0–
7 min (reached 60% from 5%), 9.5–12 min (reached 5% from
60%), 12–20 min (maintained 5%). The mass spectrometer was
operated in the positive electrospray ionization (ESI) mode, the
gas temperature and voltage were 300◦C and 3.5 KV, nebulizer
was 35 psig, collision energy 20 V.

RESULTS

CRISPR-Cas9 Strategy for ery BGC
Knock Out
Firstly, we used the Ape software to choose all sgRNAs that
score more than 0.5 in sequence of ery BGC. In order to
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TABLE 1 | Details of two sgRNAs for knock-out of ery BGC.

No. ery-sgRNA (Seq.) PAM Loc Dir Score 5′G 3′GG Matches >15nt

1 GGCGAGGTCGGCGAGCCGGG cGG 3513 > 0.692 0 1 1 1

2 GCACCGGCTTGAACAGCCGG cGG 52743 > 0.856 1 1 1 1

Seq, sgRNA sequence 5′ to 3′; Loc, location. Dir, direction, >indicates sgRNA on the sense strand, <indicates sgRNA on the antisense strand.

reduce the possibility of off-target as much as possible, two
optimal sgRNAs were selected after using the BLAST function
at the NCBI to confirm no sequence matches were found in
the whole genome. The targets of the erythromycin biosynthesis
gene cluster (ery cluster, SACE_0713-SACE_0734) were shown
in Figure 2A, and provided details information of the entire ery
BGC (Supplementary Figure 1 and Supplementary Table 1).
The details of sgRNAs were shown in Table 1. Subsequently,
we combined the two sgRNAs to sgRNAII under the control
of Pj23119 and PkasO promoters, respectively, cloned into the
PKEcas9 vector with the homology arms (KOery-UHA, KOery-
DHA) on both sides of the target, and then the plasmid was
transferred into E. coli DH5α. The primer pairs pKECas9-
test-F, pKECas9-test-R were used to screen positive clones by
colony PCR, and the results were shown in Supplementary
Figure 2a. We expanded the positive clone and extracted
plasmids for further verification using different primer pairs.
The results of agarose gel electrophoresis indicated that the
size of each band was correct (Supplementary Figure 2b)
and the construction of plasmid pKECas9-erysgRNAII-HA was
succeeded (Supplementary Figure 2c).

After we transformed plasmid into Ab protoplasts, a single
colony growing on the selective plates was randomly selected
and subjected to PCR analysis to verify whether ery BGC has
been knocked out. Successful deletion of the 49.5 kb DNA
fragment will result in an amplification product at size 3083 bp;
otherwise, no band should show up since it is too big to amplify.
As shown in Figure 2C, among 17 clones, we found several
PCR products at the right size. To further confirm, the PCR
products were subjected to DNA sequencing. In Figure 2D,
the sequencing results of No.9 showed that all core genes from
SACE_0716 (eryCIV) to SACE_0732 (eryBI) in ery BGC were
knocked out, and the 3′ end of the eryCV was 310 bp, and the
5′ end of ermE was 670 bp, which deleted 49491 bp sequence
in ery BGC. In conclusion, using CRISPR-Cas9, we are able
to successfully construct the S. erythraea strain in which the
entire ery BGC has been removed (Figures 2B,D). This strain
was designated Ab1ery and cultured at 42◦C several times, and
lost the temperature-sensitive gene editing plasmid, which is
convenient for subsequent research. Growth curves showed that
knocked-out BGC reduced the metabolic pressure of Ab1ery and
made it grow better before 120 h, but biomass decreases slightly
in later stages of culture (Supplementary Figure 4).

Strain Ab1ery Lost the Ability of
Erythromycin Synthesis
In order to test whether deletion of ery BGC will lead to the
loss of erythromycin synthesis, 12 colonies from the subcultured
Ab1ery strain were cultured (Figure 3A), and the biological

activity method was used to determine the ability of erythromycin
production with Ab as a control (Supplementary Table 8).
The erythromycin synthesized by S. erythraea was not a single
compound but included six isomers, ErA, ErB, ErC, ErD,
ErE, and ErF, of which ErA was the highest antibacterial
activity and the most widely used element. The biological
activity method cannot determine the yield of ErA and the
measurement results were not accurate which can only function
as a reference, so the lowest yield Ab1ery and Ab(control)
were chosen and cultured in industrial fermentation medium for
7 days. Then the culture was sampled and centrifuged to collect
the supernatant. The high-performance liquid chromatography
(HPLC) was used to determine the yield of ErA (Figure 3B),
which is nearly 1.5 g/L in Ab and barely detectable in Ab1ery.
Therefore, these data indicated that Ab1ery has lost ability
to synthesize ErA.

To further prove, we analyzed the transcription level of
erythromycin biosynthetic gene cluster in Ab1ery. The total
RNA was extracted at 48 h and reverse-transcribed into cDNA
as a template, after which the transcription level of ery BGC was
determined by QPCR. The sigA (SACE_1801) was selected as
reference gene and Ab was used as control. The primers designed
from SACE_0713 to SACE_0734 in ery BGC were used to detect
the transcription levels of each gene, information of primers in
Supplementary Table 3. The results of the transcription level
analysis were shown in Figure 3C and Supplementary Table 4,
which indicate that the transcripts of genes for SACE_0713
to SACE_0734 were all downregulated. Furthermore, we found
that a few gene transcriptions were still detected. The situation
of contamination with wild type S. erythraea or cells that still
contain ery BGC was ruled out by repeated experiments. We
speculated that there were background signal errors or non-
specific binding of primers and several genes such as SACE_0727
and SACE_0731 had multiple copies in genome of Ab compared
to WT (Karničar et al., 2016), so there was still a small amount
of transcription.

Accumulation of MM-CoA and PP-CoA in
Ab1ery Strain
The biosynthesis of erythromycin is divided into two stages,
the synthesis of 6-dEB (6-deoxyerythromycin-B) and post-
synthesis modification. The 6-dEB was synthesized by a series
of polyketide synthase using one unit of PP-CoA and six
units of MM-CoA (Zhang J. J. et al., 2017). S. erythraea
produced abundant MM-CoA and PP-CoA, which were used
for the synthesis of erythromycin and maintaining own
metabolism. When ery BGC was knocked out, synthesis of
erythromycin will be blocked, and cells will accumulate a
large amount of MM-CoA and PP-CoA. To verify that, we
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FIGURE 3 | Strain Ab1ery lost the ability of erythromycin synthesis. (A) Agarose gel electrophoresis of PCR products from subcultured Ab1ery to screen single
colony using test primer pairs (eryHKO-tF, eryHKO-tR). The PCR products is 3083 bp. (B) Production of ErA in Ab and Ab1ery grown in fermentation medium.
(C) Transcriptional analysis of erythromycin BGC expression of Ab1ery and Ab at 48 h. Relative transcript levels were obtained individually after normalization to the
sigA (SACE_1801) internal reference gene. Gene expression values observed in the control strain (Ab) were set as 1.0. Error bars indicate the standard deviations
from three independent replicates.

cultured Ab1ery, Ab, and WT in TSB for 48 h before
extracting intracellular CoAs and determining concentration
by HPLC. We measured the contents of MM-CoA and PP-
CoA in the recombinant strain. The HPLC results (Figure 4A
and Supplementary Figure 5) showed that compared with WT
and Ab, MM-CoA and PP-CoA were significantly accumulated
in Ab1ery. The concentration of MM-CoA in Ab1ery was
about 1.5 times of Ab (162%) and WT (142%), whereas the
concentration of PP-CoA increased 220 and 57.9% than Ab and
WT (Figure 4B).

Heterologous Genes Were Introduced
Into Ab1ery to Reconstruct Secondary
Metabolic Pathways
The above experiments indicated that the mutant strain Ab1ery
was successfully constructed, in which the entire ery BGC
has been deleted and the substrate CoAs were accumulated.

Next, we would like to use Ab1ery as a heterologous host
to synthesize BNY-type pyrone using MM-CoA and L-tyrosine
as substrates. RgTAL encodes tyrosine ammonia lyase which
catalyzed L-tyrosine to 4-coumaric acid, Sc4CL encodes 4-
coumarate-CoA ligase which synthesized to 4-coumaroyl-CoA,
and AsCHS encoded chalcone synthase which catalyzed 1 unit of
4-coumaryl-CoA and 2 units of MM-CoA to BNY-type pyrone.
In order to improve the efficiency of heterologous expression and
ensure that AsCHS, RgTAL, and Sc4CL can be independently and
completely expressed, they were driven by three strong promoters
respectively, and constructed into the pSET152 vector (Figure 5A
and Supplementary Figure 6d). According to the synthetic route,
chalcone synthase catalyzing 4-coumaryl-CoA and MM-CoA to
BNY-type pyrone was the rate-limiting step, therefore AsCHS was
driven by the strongest promoter Pj23119, then Sc4CL was driven
by PkasO and PermE for RgTAL. The sequencing results showed
that the plasmid was successfully constructed (Supplementary
Figure 6e).
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FIGURE 4 | Determination of CoAs concentration by HPLC. (A) HPLC analysis of intracellular coenzyme A in WT (i), Ab (ii), and Ab1ery (iii). The peak 1 is MM-CoA
(methylmalonyl-CoA) which peak time in spectrum is 17.6 min, and 2 is PP-CoA (propionyl-CoA) which peak time is 35.9 min. (B) Comparison of peak area of
MM-CoA and PP-CoA between Ab1ery (purple), Ab (green), and WT (gray).

FIGURE 5 | Confirm of pSET152-Pj23119-AsCHS-PermE-RgTAL-PkasO-Sc4CL plasmids. (A) Schematic diagram of heterologous genes expression cassette
(Pj23119-AsCHS-PermE-RgTAL-PkasO-Sc4CL) in pSET152. (B) qRT-PCR analysis expression of AsCHS, RgTAL, and Sc4CL in Ab1ery:CT4 with Ab1ery as
control. (C) qRT-PCR analysis expression of AsCHS, RgTAL, and Sc4CL in WT:CT4 with WT as control. Transcript levels were obtained individually after drawing a
standard curve using Ct value and copy number logarithm as the horizontal and vertical coordinates with a serial copy number gradient plasmid as a control. Error
bars indicate the standard deviations from three independent replicates.

The plasmid pSET152-Pj23119-AsCHS-PermE-RgTAL-
PkasO-Sc4CL was transformed into Ab1ery and WT
protoplasts. Positive colonies Ab1ery:AsCHS-RgTAL-Sc4CL

(Ab1ery:CT4), WT:AsCHS-RgTAL-Sc4CL(WT:CT4) were
identified (Supplementary Figure 6c). The expression of
heterologous genes was confirmed by reverse-transcription PCR
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using Ab1ery and WT as control. The copy numbers of the
three genes were calculated by absolute quantification (Figures
5B,C). This analysis showed that Ab1ery:CT4 had the AsCHS
copy number about 28000, the RgTAL copy number about 500,
and the Sc4CL copy number about 3000, while WT:CT4 had
the AsCHS copy number about 39000, the RgTAL copy number
about 1100, and the Sc4CL copy number about 5000, the copy
number of gene was consistent with the strength of its promoter.
These data indicated that all genes were successfully transcribed.

BNY-Type Pyrone Was Synthesized in
Reconstructed Strain
Agarose gel electrophoresis and QPCR analysis showed that
three heterologous genes were successfully transferred into the
Ab1ery and had a high level of transcription. To further prove
the role of heterologous genes, we analyzed the metabolites.
Ab1ery:CT4, WT:CT4, Ab1ery, and WT were inoculated in TSB
medium fermentation for 7 days, cultures were centrifuged to
collect the supernatant, then it was concentrated by a freeze
dryer and measured by HPLC (Figure 6A and Supplementary
Figure 8a). The results showed that compared with the negative
control, three new peaks were observed in the HPLC spectrum
of Ab1ery:CT4 and WT:CT4, and the peaks at 7.5 and 9.6 min
were intermediate products 4-coumaric acid and cinnamic
acid, 8.5 min was the target product, of which the yield in

Ab1ery:CT4 was much higher than WT:CT4. In vitro enzyme
activity experiments showed that AsCHS can synthesize two
products using MM-CoA and 4-coumaroyl-CoA, but it may
be different in vivo. Therefore, we analyzed the structure of
the target product by LC-MS, which the LC-ESIMS spectrum
gave a molecular ion peak [M + H]+ at m/z 259 and was
synthesized by two MM-CoA and 4-Coumaroyl-CoA (Figure 6B
and Supplementary Figure 8c). Besides, their growth phenotypes
were analyzed in TSB medium and growth curves showed
that heterologous genes had no significant effect on their
growth (Figure 6C). In summary, exogenous genes can play
a role in Ab1ery, and Ab1ery can use the large amount
of MM-CoA accumulated in the cell after knocking out ery
BGC to produce more products, which has greater advantage
than WT strains.

DISCUSSION

Heterologous expression of natural product biosynthetic
pathways is widely used in synthetic biology field. It can not
only dig hidden metabolites, identify the function of genome
biosynthetic gene clusters (BGCs), but also enhance yield of
valuable compounds in more suitable hosts (Huo et al., 2019).
In addition to the level of expression of heterologous genes,
the choice of host and its genetic background are critical

FIGURE 6 | HPLC and LC-MS determination of heterologous gene expression products. (A) HPLC spectra of Ab1ery (i), WT:CT4 (ii), and Ab1ery:CT4 (iii).
Compared with control, three new peaks appeared after introduction of the heterologous genes, 1 is intermediate product 4-coumaric acid, 2 is the target product,
and 3 is the by-product cinnamic acid (b) LC-ESIMS spectrum of 2 and the molecular ion peak [M + H]+ is m/z 259.0956. (C) Growth curve for the Ab1ery (control),
WT (control), Ab1ery:CT4, and WT:CT4.
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for heterologous pathways to work (Zhang et al., 2010). By
inhibiting competitive pathways, knocking out non-essential
genes, or removing the toxicity of byproducts, the metabolic
pathways of heterologous hosts can be altered, and precursor
supply can be increased to achieve higher yields (Liu W.
et al., 2018). The rapid development of molecular engineering
technologies, including CRISPR-Cas9 and the advancement of
synthetic biotechnology (Guo et al., 2015; Zhang W. et al., 2017),
have effectively promoted the optimization of heterologous hosts.

Many secondary metabolites in actinomycetes belong to
polyketones, which have a variety of biological activities. As
a representative of engineering actinomycetes, S. erythraea has
been widely studied, contains a large amount of PP-CoA and
MM-CoA, and is suitable as a heterogeneous host for polyketides
production. Therefore, we modified S. erythraea through chassis
engineering, applied the CRISPR-Cas9 strategy to knock out large
fragments of the genome to change its metabolic pathways. Two
sgRNAs were designed to target SACE_0715 and SACE_0733
respectively. Q-PCR analysis of transcription level and HPLC
analysis of fermentation showed that Ab1ery lost the ability to
synthesize erythromycin, and we found that the concentration
of MM-CoA in Ab1ery increased 220% and PP-CoA increased
162%. Therefore, Ab1ery has advantages as a host to synthesize
heterogenous polyketide.

For further verification, we introduced heterologous genes
in Ab1ery to reconstruct metabolic pathway. We selected
type III polyketide synthase AsCHS, RgTAL, and Sc4CL,
cloned into pSET152 plasmid, and used three constitutive
strong promoters to enhance expression. New polyketide
compounds were synthesized using MM-CoA and L-tyrosine as
substrates in new metabolic pathway. The absolute quantification
was used to analyze the transcription level of heterologous
genes, the result showed all three genes were successfully
expressed both in Ab1ery:CT4 and WT:CT4. HPLC and LC-
MS data showed that the yield of product in Ab1ery:CT4
is higher than WT:CT4 (Figure 6A and Supplementary
Figure 8b). Combined with the growth curve analysis, the
biomass of Ab1ery decreases faster than Ab1ery:CT4 in
later stages (Figure 6C). We speculate it may be due to
blocking the ery BGC that initiates synthesis at the later
stage, resulting in substrate accumulation. When the exogenous
synthesis pathway is introduced, the substrate (PP-CoA and
MM-CoA) accumulation pressure is reduced. Therefore, the
growth of the reconstituted strain Ab1ery:CT4 in the later
stage returned to a state approximately to the original
strain, and also produced more products. Ab1ery have great
advantages in production of polyketone compounds with MM-
CoA as the substrate. Genome sequence analysis suggests
that PCC pathway play a main role in providing MM-
CoA and there are multiple loci such as SACE_0026-0028
and SACE_3398-3400 encode biotin-dependent carboxylases
catalyzing carboxylation of PP-CoA to MM-CoA in S. erythraea.
In future research, we want to enhance the metabolic pathway
from PP-CoA to MM-CoA to improve the accumulation of

MM-CoA. Besides, heterologous expression of other valuable
polyketide such as spinosad which used both PP-CoA and
MM-CoA as precursor in Ab1ery is a feasible idea or
activate silent gene clusters in its genome to discover new
products.

In this study, we used the CRISPR-Cas9 system to achieve
knock-out of long fragment gene clusters in S. erythraea,
deleting the erythromycin biosynthesis gene clusters and
accumulating precursor CoAs. Hence, S. erythraea became an
excellent heterologous host that was beneficial for production
of polyketides. We introduced heterologous genes type III
polyketide synthase AsCHS, RgTAL and Sc4CL to reconstruct
secondary metabolic pathway and synthesize new products
which characterizes the ability of Ab1ery as a heterologous
host. Our results highlight the advantages of Ab1ery as a
heterologous host and the potential to produce more valuable
exogenous polyketides.
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The compounds 5-aminovalerate and δ-valerolactam are important building blocks that
can be used to synthesize bioplastics. The production of 5-aminovalerate and
δ-valerolactam in microorganisms provides an ideal source that reduces the cost. To
achieve efficient biobased coproduction of 5-aminovalerate and δ-valerolactam in
Escherichia coli, a single biotransformation step from L-lysine was constructed. First,
an equilibrium mixture was formed by L-lysine α-oxidase RaiP from Scomber japonicus. In
addition, by adjusting the pH and H2O2 concentration, the titers of 5-aminovalerate and
δ-valerolactam reached 10.24 and 1.82 g/L from 40 g/L L-lysine HCl at pH 5.0 and 10mM
H2O2, respectively. With the optimized pH value, the δ-valerolactam titer was improved to
6.88 g/L at pH 9.0 with a molar yield of 0.35 mol/mol lysine. The ratio of 5AVA and
δ-valerolactam was obviously affected by pH value. The ratio of 5AVA and δ-valerolactam
could be obtained in the range of 5.63:1–0.58:1 at pH 5.0–9.0 from the equilibrium
mixture. As a result, the simultaneous synthesis of 5-aminovalerate and δ-valerolactam
from L-lysine in Escherichia coli is highly promising. To our knowledge, this result
constitutes the highest δ-valerolactam titer reported by biological methods. In
summary, a commercially implied bioprocess developed for the coproduction of 5-
aminovalerate and δ-valerolactam using engineered Escherichia coli.

Keywords: 5-aminovalerate, δ-valerolactam, L-lysine HCl, equilibrium mixture, H2O2

INTRODUCTION

Over the years, mounting global environmental, climate change, economic concerns, and fossil fuel sources
are leading to a shift in the production of traditional bulk chemicals toward more green, renewable,
economic, and sustainable routes (Wang A. et al., 2020; Gordillo Sierra and Alper, 2020;Wendisch, 2020).
In many cases, the need has been partially met by biorefineries, in which microbial cell factories convert
renewable feedstock resources into high-value and useful chemicals (Gao et al., 2020; Klenk et al., 2020;
Youn et al., 2020; Zhang et al., 2021). While many chemicals are being developed via biotechnology,
polyamide monomers are an important class of compounds (Li et al., 2020; Prell et al., 2020; Osire et al.,
2021). 5-Aminovalerate (5AVA) and δ-valerolactam are attractive monomers for the production of
biopolyamides, serving as raw materials for clothes, architecture, and disposable goods.
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Plastics are mainly derived from petroleum feedstock.
Bioplastics have attracted enormous interest because of their
main degradability (Ben Abdallah et al., 2020). The annual
output of bioplastics is predicted to exceed 2.43 million tons
in 2024 (Haupka et al., 2020). Among microbial bioplastics,
biopolyamides are widely applied in chemical, automotive, and
textile industries (Ligon et al., 2017). The monomers of
polyamides are primarily dicarboxylic acids, diamines, lactams,
and ω-amino acids (Radzik et al., 2019). Examples of these main
platform chemicals range from succinate (Zhang et al., 2009),
glutarate (Zhao et al., 2018), to adipate (Wang F. et al., 2020) for
dicarboxylic acids; from putrescine, cadaverine (Rui et al., 2020;
Xue et al., 2020), to 1,6-hexanediamine for diamines; from
δ-valerolactam (Zhang et al., 2017a), to ε-caprolactam
(Thompson et al., 2020) for lactams; from 3-hydroxybutyrate
(Atakav et al., 2021; Mierziak et al., 2021; Schmid et al., 2021), 2-
hydroxybutyrate (Tian et al., 2021), to 3-hydroxyhexanoate
(Harada et al., 2021) for hydroxyl acids; and from 4-
aminobutyrate, 5AVA (Cheng et al., 2021b), to 6-
aminocaproate (Turk et al., 2016) for ω-amino acids. In this
respect, also 5AVA (Adkins et al., 2013) and δ-valerolactam (Xu
et al., 2020) are attractive C5 platform chemicals for the
production of biopolyamides from renewable biomass.

Four metabolic routes of 5AVA from L-lysine have been
developed so far. The first route is the 5-
aminovaleramide–mediated pathway that involves L-lysine 2-
monooxygenase (DavB) and δ-aminovaleramidase (DavA) (Joo
et al., 2017). The engineering WL3110 strain with overexpression
of DavA and DavB generated 3.6 g/L 5AVA (Park et al., 2013).
Shin et al. reported that 33.1 g/L of 5AVA was successfully
formed by promoter optimization (Shin et al., 2016). The
second route is the cadaverine-mediated pathway that does
not require oxygen involves L-lysine decarboxylase (LdcC),
putrescine transaminase (PatA), and γ-aminobutyraldehyde
dehydrogenase (PatD) (Haupka et al., 2020). Haupka et al.
reported that 3.7 g/L 5AVA was reached, with a yield of
0.09 g/g in shake flasks (Haupka et al., 2020). The third route
is 2-keto-6-aminocaproate (2K6AC)–mediated pathway that
involves L-lysine α-oxidase (RaiP) from Scomber japonicus (S.
japonicus) and H2O2 (Pukin et al., 2010). Pukin et al. found that
13.4 g/L 5AVA was enzymatically produced by RaiP from
Trichoderma viride (Pukin et al., 2010). Interestingly, Cheng
et al. proposed that the titer of 5AVA could be improved to
29.12 g/L by adding 4% (v/v) ethanol and 10 mM H2O2 (Cheng
et al., 2018b). Independently, a three-step route based on RaiP,
α-ketoacid decarboxylase (KivD) from Lactococcus lactis, and
aldehyde dehydrogenase (PadA) from Escherichia coli (E. coli)
was established in E. coli with 5AVA titer up to about 52.24 g/L
(Cheng et al., 2021b).

Lactams are important chemicals used in the manufacture of
commercial polyamides. However, there are few reports on the
direct bioproduction of lactams from engineered
microorganisms. Zhang et al. confirmed that 1.1 g/L
γ-butyrolactam was formed from L-glutamate by identifying a
newly 2-pyrrolidone synthase ORF26 from Streptomyces
aizunensis, with a yield of 0.14 g/g (Zhang et al., 2016). Then,
Zhang et al. further revealed the catalytic promiscuity of ORF26,

which cyclized ω-amino acids to produce of γ-butyrolactam,
δ-valerolactam, and ε-caprolactam (Zhang et al., 2017b).
However, the titers of δ-valerolactam and ε-caprolactam
achieved were relatively low; 705 mg/L δ-valerolactam and
2.02 mg/L ε-caprolactam were produced, respectively. Chae
et al. reported that β-alanine CoA transferase could activate
ω-amino acids to produce 54.14 g/L γ-butyrolactam, 29 mg/L
δ-valerolactam, and 79.6 μg/L ε-caprolactam, respectively (Chae
et al., 2017). In addition, a novel route for δ-valerolactam was
discovered through the direct oxidative decarboxylation of
L-pipecolic acid by DavB in Xu et al.’s research (Xu et al.,
2020). 90.3 mg/L δ-valerolactam was achieved from L-pipecolic
acid by DavB expressed in E. coli (Xu et al., 2020). However, the
titer of δ-valerolactam generated was rather low (Table 1).

Escapin from Aplysia californica (A. californica) is an L-amino
acid oxidase, which could oxidize L-lysine to produce an
antimicrobial equilibrium mixture (Kamio et al., 2009). This
equilibrium mixture contains cyclic form Δ1-piperidine-2-
carboxylase (P2C), 2-hydroxy-piperidine-2-carboxylase
(2HP2C) and Δ2-piperidine-2-carboxylase (2P2C) and linear
form 2K6AC, 6-amino-2-hydroxy-hex-2-enolate (6A2HH2E),
and 6-amino-2,2-dihydroxy-caproate (6A2DHC) (Ko et al.,
2008). P2C was proved to be the dominant component of this
enzymatic product at any pH using mass spectroscopy and NMR.
Interestingly, this equilibrium shifts to produce relatively more
2P2C at more alkaline conditions, 2K6AC, 6A2HH2E, and
6A2DHC under more acidic conditions (Ko et al., 2008). The
equilibriummixture could react with H2O2 to produce 5AVA and
δ-valerolactam, and its ratios are affected by pH (Kamio et al.,
2009). However, the titers of 5AVA and δ-valerolactam and its
ratios were not mentioned in their studies.

In this study, 5AVA and δ-valerolactam were coproduced
from an equilibrium mixture by adjusting pH and H2O2 in E. coli
(Figure 1). The α-amino group of L-lysine was oxidized by RaiP
from S. japonicus to form the equilibrium mixture. 2K6AC, P2C,
and 2P2C in this equilibrium mixture were oxidized to generate
5AVA, δ-valerolactam, and δ-valerolactam, respectively. In
addition, the ratio of 5AVA and δ-valerolactam could be
regulated by pH. The route of coproduction of 5AVA and
δ-valerolactam was first proposed in this study. As a result, a
promising strategy for coproducing 5AVA and δ-valerolactam in
a single biotransformation step by adjusting the pH and H2O2

was established.

MATERIALS AND METHODS

Strains and Plasmids
The strains and plasmids used in this work are listed in Table 2.
The raiP from S. japonicus (Accession No. MG423617) was
inserted into pET21a to generate plasmid pET21a-raiP with
NdeI and BamHI restriction sites (Cheng et al., 2018b). The
gene katE from E. coliMG1655 (Accession No. AAT48137.1) was
inserted into pET21a-raiP to generate plasmid pET21a-raiP-katE
with SalI and XhoI restriction sites. The engineered E. coli ML03
for knocking out lysine decarboxylase gene cadA was from our
previous study (Cheng et al., 2018a). In addition, the plasmid
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pET21a, pET21a-raiP, and pET21a-raiP-katE were transformed
into E. coli BL21 (DE3) or E. coliML03 to obtain the strains BL21-
pET21a, BL21-raiP, BL21-raiP-katE, ML03-pET21a, ML03-raiP,
and ML03-raiP-katE, respectively.

Cultivation Conditions
The engineering strains were streaked onto Luria–Bertani (LB)
agar plates with 100 mg/L Amp at 37°C for overnight.
Engineering strains used for biotransformation in the shake

flask were cultured in LB medium with 100 mg/L Amp. After
the OD600 reached 0.6, 0.2 mM of isopropyl β-D-thiogalactoside
(IPTG) and 6.5 g/L of L-lysine HCl were added. The pH was
controlled at 5.0, 6.0, 7.0, 8.0, and 9.0 by NH3·H2O and 10%
H2SO4 at 30°C after 12 h. H2O2 was added after 12 h.

Enzyme Assays
RaiP activity was determined as Cheng et al. reported (Cheng
et al., 2018b). Briefly, the reaction buffer contained 30 mM

FIGURE 1 | Schematic diagram of coproduction routes of 5AVA and δ-valerolactam from L-lysine in this study. RaiP, L-lysine α-oxidase; 5AVA, 5-aminovalerate;
P2C, Δ1-piperidine-2-carboxylase; 2HP2C, 2-hydroxy-piperidine-2-carboxylase; 2P2C, Δ2-piperidine-2-carboxylase; 2K6AC, linear form 2-keto-6-aminocaproate;
6A2HH2E, 6-amino-2-hydroxy-hex-2-enolate; 6A2DHC, 6-amino-2,2-dihydroxy-caproate.

TABLE 1 | Production of 5AVA and δ-valerolactam in microbes.

Host strain Strategy 5AVA
titer (g/L)

Yield
(g/g)

δ-Valerolactam
(g/L)

Yield
(g/g)

Substrate/feedstock References

E. coli Enzymatic catalysis 63.20 0.62 — — L-lysine Li et al. (2016)
C. glutamicum Fermentation 0.26 0.007 — — Rice straw hydrolysate Sasikumar et al.

(2021)
C. glutamicum Fermentation 5.10 0.13 — — Glucose and alternative carbon

sources
Jorge et al. (2017)

C. glutamicum Fermentation 3.70 0.09 — — Glucose Haupka et al. (2020)
C. glutamicum Fed-batch fermentation 33.10 0.10 — — Glucose Shin et al. (2016)
C. glutamicum Fed-batch fermentation 12.51 0.10 — — Miscanthus hydrolysate Joo et al. (2017)
E. coli Whole-cell

biotransformation
240.70 0.70 — — L-lysine Wang et al. (2016)

E. coli Whole-cell
biotransformation

29.12 0.44 — — L-lysine HCl Cheng et al. (2018b)

E. coli Whole-cell
biotransformation

52.24 0.38 — — L-lysine HCl Cheng et al. (2021b)

E. coli Whole-cell
biotransformation

— — 0.24 0.06 L-lysine Xu et al. (2020)

E. coli Whole-cell
biotransformation

10.24 0.26 6.88 0.17 L-lysine HCl This study
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L-lysine, 26.5 mM phenol, 0.5 mM 4-aminoantipyrine, and
10 units/ml catalase. Quinoneimine dye formed was measured
at 505 nm using SpectraMax M2e. One unit of enzyme activity
was defined as the amount of enzyme that catalyzes the formation
of 1 μM of H2O2 per minute (Cheng et al., 2018b). The activity of
KatE was determined according to Liu et al. (2017); 0.1 ml diluted
crude enzyme was incubated with 1 ml 60 mM H2O2 at 30°C for
10 min. The absorbance of a yellow complex formed by
molybdate and H2O2 was immediately measured at 405 nm
(Liu et al., 2017). One unit of catalase activity was defined as
the amount of enzyme decomposing of 1 μmol H2O2 per min.

Biotransformation
Biotransformation was performed in a 5.0-L fermenter. The
medium consisted of 55 g/L of glucose, 0.004 g/L of
CoCl2·6H2O, 0.02 g/L of Na2SO4, 1.6 g/L of MgSO4·7H2O,
0.0064 g/L of ZnSO4, 0.0006 g/L of Cu2SO4·5H2O, 1.6 g/L of

(NH4)2SO4, 0.00756 g/L of FeSO4·7H2O, 2 g/L of citric acid,
7.5 g/L of K2HPO4·3H2O, and 250 μl of antifoam 289. The pH
was controlled at 7.0 by the automatic addition of NH3·H2O and
10% H2SO4 at 30°C. After the OD600 reached 20, 0.2 mM IPTG
was added to the broth. When the OD600 reached 80, the pH was
controlled at 5.0, 6.0, 7.0, 8.0, and 9.0 by the automatic addition of
NH3·H2O and 10%H2SO4. L-lysine HCl was added to at an initial
concentration of 40 g/L. H2O2 was added after 24 h.

Lysine, 5-Aminovalerate, and
δ-Valerolactam Analysis by
High-Performance Liquid Chromatography
Lysine, 5AVA, and δ-valerolactam were monitored and
quantitated by high-performance liquid chromatography
(HPLC). For monitoring L-lysine and 5AVA, samples were
derived with phenyl isothiocyanate (PITC) with an Agilent
Eclipse XDB-C18 column (4.6 mm × 150 mm × 5 μm), as
described by Cheng et al. (2018b). To monitor δ-valerolactam,
a Chirex®3126 (D)-penicillamine LC column (4.6 × 250 mm,
Phenomenex, USA) was used (Xu et al., 2020).

RESULTS AND DISCUSSION

Construction of a Synthetic Route for the
Simultaneous Synthesis of 5-Aminovalerate
and δ-Valerolactam in E. coli
A synthetic route for the concurrent synthesis of 5AVA and
δ-valerolactam from L-lysine was constructed from an
equilibrium mixture (Figure 1). The designed route for the
coproduction of 5AVA and δ-valerolactam consists of two
steps: 1) the deamination of α-amino group in L-lysine to
generate an equilibrium mixture by RaiP from S. japonicus,
with this equilibrium mixture containing P2C, 2HP2C, 2P2C,
2K6AC, 6A2HH2E, and 6A2DHC; 2) the decarboxylation of
2K6AC, P2C, and 2P2C in this equilibrium mixture to
produce 5AVA and δ-valerolactam via H2O2, respectively.
First, a plasmid pET21a–raiP was constructed and introduced
into E. coli BL21(DE3) to obtain the strain BL21–raiP. As shown

FIGURE 2 | Feasibility for the coproduction of 5AVA and δ-valerolactam
in a single biotransformation step. pH was controlled at 7.0. 6.5 g/L of L-lysine
HCl was added as the substrate. Statistics were performed by two-tailed
Student’s t-test. *p < 0.05. All experiments were performed a minimum
of three independent sets.

TABLE 2 | Strains and plasmids used in this study.

Strain or plasmid Description Sources

Strains
DH5α Wild type Novagen
BL21 (DE3) Wild type Novagen
ML03 E. coli BL21 (DE3) △cadA Cheng et al. (2018a)
BL21-pET21a E. coli BL21 (DE3) harboring plasmid pET21a Cheng et al. (2018b)
BL21-raiP E. coli BL21 (DE3) harboring plasmid pET21a-raiP Cheng et al. (2018b)
BL21-raiP-katE E. coli BL21 (DE3) harboring plasmid pET21a-raiP-katE This study
ML03-pET21a E. coli ML03 harboring plasmid pET21a This study
ML03-raiP E. coli ML03 harboring plasmid pET21a-raiP Cheng et al. (2018b)
ML03-raiP-katE E. coli ML03 harboring plasmid pET21a-raiP-katE This study

Plasmids
pET21a-raiP pET21a carries an L-lysine α-oxidase gene (raiP) from S. japonicus, AmpR Cheng et al. (2018b)
pET21a-raiP-katE pET21a carries an L-lysine α-oxidase gene (raiP) from S. japonicus and a catalase gene (katE) from E. coli, KanR This study
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