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Abstract

FK520 (ascomycin), a 23-membered macrolide with immunosuppressive activity, is produced by Streptomyces hygroscopicus.
The problem of low yield and high impurities (mainly FK523) limits the industrialized production of FK520. In this study, the
FK520 yield was significantly improved by strain mutagenesis and genetic engineering. First, a FK520 high-producing strain
SFK-6-33 (2432.2 mg/L) was obtained from SFK-36 (1588.4 mg/L) through ultraviolet radiation mutation coupled with strep-
tomycin resistance screening. The endogenous crotonyl-CoA carboxylase/reductase (FkbS) was found to play an important role
in FK520 biosynthesis, identified with CRISPR/dCas9 inhibition system. FkbS was overexpressed in SFK-6-33 to obtain the
engineered strain SFK-OfkbS, which produced 2817.0 mg/L of FK520 resulting from an increase in intracellular ethylmalonyl-
CoA levels. In addition, the FK520 levels could be further increased with supplementation of crotonic acid in SFK-OfkbS.
Overexpression of acetyl-CoA carboxylase (ACCase), used for the synthesis of malonyl-CoA, was also investigated in SFK-6-
33, which improved the FK520 yield to 3320.1 mg/L but showed no significant inhibition in FK523 production. To further
enhance FK520 production, FkbS and ACCase combinatorial overexpression strain SFK-OASN was constructed; the FK520
production increased by 44.4% to 3511.4 mg/L, and the FK523/FK520 ratio was reduced from 9.6 to 5.6% compared with that in
SFK-6-33. Finally, a fed-batch culture was carried out in a 5-L fermenter, and the FK520 yield reached 3913.9 mg/L at 168 h by
feeding glycerol, representing the highest FK520 yield reported thus far. These results demonstrated that traditional mutagenesis
combined with metabolic engineering was an effective strategy to improve FK520 production.
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Introduction

FK520 (ascomycin) is a 23-membered macrocyclic antibiotic
produced by Streptomyces hygroscopicus var. ascomyceticus
ATCC 14891 (Bérdy 2005). FK520 has the same macrolide
structure as tacrolimus (Kosec et al. 2012); therefore, it
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exhibits satisfactory immunosuppressive activity and has been
used for the chemical synthesis of pimecrolimus, which is
clinically applied for the treatment of atopic dermatitis
(Eichenfield et al. 2002). Although FK520 and its derivatives
are highly valued due to their pharmacological importance
and clinical applications, the low yield of FK520 produced
by the S. hygroscopicus ATCC 14891 strain substantially
limits its industrial production. Intense efforts have been made
to improve the production of FK520 in S. hygroscopicus in
recent decades, including traditional random mutagenesis (Qi
etal. 2012), medium optimization (Yu et al. 2019), exogenous
feeding strategies (Qi et al. 2014b), fermentation process con-
trol (Qi et al. 2014a), and genetic engineering (Qi et al. 2017;
Song et al. 2017). Among these approaches, traditional muta-
genesis is a powerful and easily operated method for strain
improvement in Streptomyces sp., especially for microbes
with less understanding of genomic information and metabol-
ic mechanisms. Although some FK520 high-producing strains
have been developed with titanium sapphire laser (Qi et al.
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2012), atmospheric and room temperature plasma (Yu et al.
2019), and chemical mutagens (Qi et al. 2014b), it is definitely
laborious and time-consuming to improve FK520 production
by simply relying on random mutagenesis. Thus, traditional
mutagenesis has been necessarily coupled with rational meta-
bolic engineering strategies to shorten the process of strain
breeding.

Metabolic engineering strategies have been widely used in
the improvement of natural products, especially for the pro-
duction of secondary metabolites in microbes. Currently, the
enhanced production of secondary metabolites through meta-
bolic engineering mainly focuses on adjustment of the biosyn-
thetic pathway (Wang et al. 2017a), investigation of regulatory
genes (Wei et al. 2018), improvement of precursor supply (Li
etal. 2019), and comparative metabolomics profiling analysis
(Xia et al. 2013). Among those strategies, enhanced precursor
supply has been shown to be a direct and precise way to
increase the accumulation of desired natural products. For
example, an increased supply of isobutyryl-CoA, a precursor
for the biosynthesis of ansamitocin P-3 (AP-3), led to about 4-
fold improvement of AP-3 production in Actinosynnema
pretiosum with isobutanol supplementation (Lin et al. 2011).
Additionally, an increased supply of propionyl-CoA carbox-
ylase (PCC) along with the addition of propionate was found
to be an effective way to increase the concentration of intra-
cellular methylmalonyl-CoA for rapamycin biosynthesis in
S. hygroscopicus (Jung et al. 2011). As illustrated in Fig. 1,
three important precursors are involved in the biosynthesis of
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FK520, namely, ethylmalonyl-CoA, methylmalonyl-CoA,
and malonyl-CoA. A structural analogue FK523 is produced
during the biosynthesis of FK520 in S. hygroscopicus (Dunn
and Khosla 2013). This analogue has a methyl group in the
macrolide skeleton C21 position rather than an ethyl group
(Fig. 1) and is difficult to separate from FK520 by conven-
tional separation and purification methods. It is necessary to
apply preparative high-performance liquid chromatography
(prep-HPLC) to separate FK523 from FK520 in industrial
production, leading to a high manufacturing cost. The synthe-
sis of FK523 results from the nonspecific substrate recogni-
tion of acyltransferase in the polyketide synthase (PKS) mod-
ule for ethylmalonyl-CoA or methylmalonyl-CoA. Therefore,
it is possible to decrease the production of FK523 by increas-
ing the levels of intracellular ethylmalonyl-CoA, which is
synthesized by crotonyl-CoA carboxylase/reductase (CCR)
in S. hygroscopicus. Although Wang et al. integrated an exog-
enous CCR derived from S. coelicolor into a low-yield strain
FS35 (Wang et al. 2017b), the effect of FkbS on FK523 accu-
mulation and its role in the biosynthesis of FK520 in higher
production strains are still not clearly understood. In addition,
ACCase plays an important role in converting acetyl-CoA to
malonyl-CoA. Overexpression of ACCase led to an increase
in precursor supply for actinorhodin production in
S. coelicolor (Ryu et al. 2006). However, there have been no
study reporting the enhancement of FK520 production by im-
proving the supply of malonyl-CoA in Streptomyces
hygroscopicus. Therefore, ethylmalonyl-CoA and malonyl-
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Fig. 1 Proposed biosynthetic pathway of CoA-esters involved in FK520
biosynthesis. Overexpression targets (fkbS and accA2BE) in this study are
marked with a deep gray box. In the structure of FK520, the part
consisting of malonyl-CoA was marked in red and the C21 part composed
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CoA may be recognized as promising targets for metabolic
modification to improve FK520 production and inhibit the
accumulation of FK523 in S. hygroscopicus.

In this study, we aimed to enhance FK520 production and
decrease the biosynthesis of FK523. A high-yield strain (SFK-
6-33) was obtained through traditional mutagenesis using ul-
traviolet radiation along with the streptomycin resistance
screening method. The enhanced supplementation of
ethylmalonyl-CoA and malonyl-CoA led to an increase in
FK520 production and decrease in FK523 production through
the overexpression of FkbS and ACCase together in SFK-6-
33. Finally, the scale-up fermentation showed significantly
enhanced FK520 production by the genetically engineered
strain supplemented with glycerol. This example of combin-
ing classical mutagenesis and metabolic engineering for in-
creasing desirable product yields and lowering impurity levels
presents a cost-effective method for industrialized production
of FK520.

Materials and methods
Strains, plasmids, primers, and culture conditions

All strains and plasmids used in this study are listed in Table 1.
The primers used are listed in Table S1. The original strain
S. hygroscopicus SFK-36 was generated from
S. hygroscopicus var. ascomyceticus ATCC 14891. The
slant/plate medium, seed medium, and culture conditions for
S. hygroscopicus were prepared according to previously de-
scribed methods (Yu et al. 2019). The seed culture was trans-
ferred into fermentation medium containing glycerol (80.0
g/L), soybean meal (40.0 g/L), KH,PO, (0.2 g/L), FeSOy,:
7H,0 (0.01 g/L), and ZnSO,47H,0 (0.01 g/L) at pH 6.5 and
incubated at 28 °C and 200 rpm for 8 days in shaking flasks.
For the fed-batch culture, aliquots of glycerol stock (500 g/L)
were prepared, and 10 g/L of glycerol was added into the
fermentation medium in flasks once a day. Scale-up fermen-
tation of S. hygroscopicus in a 5-L fermenter was conducted as
reported previously (Yu et al. 2019).

Traditional mutagenesis of S. hygroscopicus

Spores of S. hygroscopicus suspended in phosphate-buffered
saline (PBS, 0.05 mol/L, pH 7.0) were prepared for the ultra-
violet (UV) or N-methyl-N'-nitro-N-nitrosoguanidine (NTG)
mutation treatments. For UV mutation, 2 mL of spore suspen-
sion (107 spores/mL) was placed into a sterilized plate and
then subjected to UV radiation (254 nm, 15 W power) for
80 s at a distance of 30 cm. After mutation, spores were placed
in a dark room for 30 min for dark repair. The UV-irradiated
spores were diluted 10-fold and then plated onto a plate me-
dium containing streptomycin at 0.4, 0.8, or 1.6 mg/L. For

NTG mutation, NTG (final concentration at 1 mg/mL) was
added into the spore suspension (107 spores/mL) at 28 °C and
200 rpm for 2 h. The NTG-treated spores were diluted and
spread onto a plate medium containing streptomycin at 0.4 or
0.8 mg/L. After mutagenesis, 60 mutant strains were random-
ly selected and inoculated into the fermentation medium in
shaking flasks at 200 rpm for 8 days. The mutant with the
highest FK520 yield was obtained for the next round of mu-
tagenesis. Additionally, the stability of these high-producing
mutants obtained in each round of mutagenesis was detected
by natural selection.

Genetic manipulation

All plasmids constructed in this study were introduced
into S. hygroscopicus SFK-6-33 according to the
Escherichia coli—Streptomyces conjugation method re-
ported previously (Bierman et al. 1992; Kieser et al.
2000). The genomic DNA of S. hygroscopicus and
S. coelicolor were obtained with a DNeasy Blood &
Tissue Kit (Qiagen, Germany) according to the manufac-
turer’s instructions. All primers used are listed in Table S1
in Supplementary Materials. To investigate the importance
of CCR encoded by fkbS for FK520 biosynthesis in
S. hygroscopicus, plasmid pSET-dCas9-fkbS was con-
structed to inhibit the expression of fkbS. Since the se-
quence of fkbS was reported incompletely (Wu et al.
2000), sgRNA was designed based on the partial known
sequence of fkbS and amplified with primers fkbS-D-F/
fkbS-D-R. The fragment was then inserted into the Spel/
EcoRI sites of pSET-dCas9 using the ClonExpress 11 One
Step Cloning Kit (Vazyme Biotech, China) according to
the instructions provided by the manufacturer. Two genes,
fkbS and ccr, both encoding CCR were amplified using
primers fkbS-F/fkbS-R and ccr-F/ccr-R from the genomic
DNA of S. hygroscopicus and S. coelicolor, respectively.
The overexpression plasmids pSET-fkbS and pSET-ccr
were obtained by inserting these two genes into the
Ndel/Ascl sites of pSET152. Plasmid pSET-2fkbS with
two copies of fkbS was constructed based on pSET-fkbS.
The fragment containing promoters PermE* and fkbS was
cloned from pSET-fkbS with primers fkbS-F-2/fkbS-R-2
and then inserted into the Ascl/Notl sites of pSET-fkbS.
To construct pSET-3fkbS with three fkbS copies, another
PermE*-fkbS fragment was amplified by fkbS-F-3/fkbS-R-
3 and then inserted into the Nofl/EcoRV sites of pSET-
2fkbS. The DNA fragment accA2BE, composed of three
genes encoding acetyl-CoA carboxylase (ACCase), name-
ly, accA2, accB, and accE, was obtained by amplification
from plasmid PLCB1-A2BE using primers A2BE-F/
A2BE-R. Then, accA2BE was cloned into the Ndel/Ascl
sites of pSET152 to construct the overexpression plasmid
pSET-A2BE. To realize the integration of multiple copies
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Table 1 Strains and plasmids

used in this study Relevant features Source or

reference

Strain or plasmid

Strains

S. hygroscopicus

SFK-36 Mutant strain obtained through ARTP-induced mutagenesis of the Yu et al.
original strain S. hygroscopicus ATCC 14891 (2019)
SFK-6-33 Parent strain, a mutant isolated through several rounds of This study
mutagenesis induced by ultraviolet irradiation combing with
streptomycin resistance screening model
SFK-pSET(-) SFK-6-33 integrated with pSET152 This study
SFK-OfkbS SFK-6-33 integrated with pSET-tkbS This study
SFK-OfkbS-2 SFK-6-33 integrated with pSET-2fkbS This study
SFK-OfkbS-3 SFK-6-33 integrated with pSET-3fkbS This study
SFK-OcerC SFK-6-33 integrated with pSET-ccr This study
SFK-dCas9(—) SFK-6-33 integrated with pSET-dCas9 This study
SFK-DtkbS SFK-6-33 integrated with pSET-dCas9-fkbS This study
SFK-OA2BE SFK-6-33 integrated with pSET-A2BE This study
SFK-OA2BE-2 SFK-6-33 integrated with PLCB1-A2BE This study
SFK-OA2BE-3 SFK-6-33 integrated with PLCBR1-A2BE This study
SFK-OASN SFK-6-33 integrated with pSET-fkbS-A2BE This study
Escherichia coli
DH5x F-, #80dlacZAM15, A (lacZYA-argF) U169, deoR, recAl, endAl,  CWBIO,
hsdR17 (rk-, mk+), phoA, supE44, M-, thi-1, gyrA96, relAl China
ET12567/PUZ8002  Methylation defective, donor strain for conjugation transfer between ~ YouBio,
E. coli and Streptomyces, Kan', Chl" China
Plasmids
pSET152 E. coli-Streptomyces shuttle vector containing ori7, $C31 Bierman
integration site (aftP), aac(3) IVand PermE*, Apr* et al.
(1992)
pSET-tkbS fkbS inserted into Ndel/Ascl sites of pSET152, under the control of ~ This study
the constitutive promoter PermE*, Apr’
pSET-2tkbS The fragment-containing promoter PermE* and fkbS inserted into This study
Ascl/Nodl sites of pSET-tkbS
pSET-3tkbS The fragment-containing promoter PermE* and fkbS inserted into This study
Notl/EcoRV sites of pSET-2kbS
pSET-ccr ccr, cloning from the genomic DNA of S. coelicolor and then This study
inserted into Ndel and Ascl site of pSET152, under the control of
the constitutive promoter PermE*, Apr*
pSET-A2BE accA2, aceB, and accE combining together and then inserted into This study
Ndel/Ascl sites of pSET152, under the control of the constitutive
promoter PermE*, Apr*
PLCBI-A2BE Multi-copy plasmid of ACCase, containing two integrases #C3/ and  Liet al.
@BT1, under the control of kasOp*, Apr* (2019)
PLCBRI1-A2BE Multi-copy plasmid of ACCase, containing three integrases $C31, Lietal.
®BT1, and R4, under the control of kasOp*, Apr (2019)
pSET-tkbS-A2BE accA2, aceB, and accE combining together and then inserted into This study
Ascl/EcoRV sites of pSET-fkbS, also under the control of the
constitutive promoter PermE*, Apr'
pSET-dCas9 pSET152 containing dCas9, under the control of the constitutive Zhao et al.
promoter PermE*, Apr® (2018)
pSET-dCas9-tkbS pSET-dCas9 containing sgRNA, under the control of the promoter This study

7223119, Apr*

of ACCase in S. hygroscopicus, plasmid PLCB1-A2BE  with three integrases (?C31, ®BTI, R4) were applied in
with two integrases (?C31, ®BTI) and PLCBR1-A2BE  this study. To overexpress the genes fkbS, accA2, accB,
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and accE together, accA2BE was amplified with primers
fkbS-A2BE-F/fkbS-A2BE-R and then inserted into the
Ascl/EcoRV sites of pSET-fkbS to generate the combina-
torial overexpression plasmid pSET-fkbS-A2BE.

The complete gene fkbS was amplified from genomic DNA
of S. hygroscopicus SFK-6-33 using the degenerate primers
flkbS-J-F/fkbS-J-R (Table S1) and then sequenced. PCR ampli-
fication was performed using PrimeSTAR GXL DNA
Polymerase (Takara, China) with the following program: 98
°C for 5 min; 30 cycles of 98 °C for 30 s and 68 °C for 1 min;
and 68 °C for 10 min.

Analysis of transcriptional levels by quantitative
real-time PCR

The comparison of transcriptional levels of the FK520 biosyn-
thetic gene cluster between S. hygroscopicus SFK-36 and
SFK-6-33 by quantitative real-time PCR (qPCR) was per-
formed according to the method reported previously. To de-
termine the transcriptional levels of the fkbS gene in SFK-6-
33, SFK-OfkbS, and SFK-DfkbS, the total RNA of these
strains was isolated from culture broth at 3, 5 and 7 d using
an Ultrapure RNA Kit (CWBIO, China). The residual DNA
was removed with RNase-free DNase I (Takara, China). The
quality of RNA samples was determined using a Nano-100
system (Hangzhou Allsheng Instruments Co., Ltd., China). In
addition, the elimination of DNA was confirmed by PCR am-
plification with primers 16S-RT-F/16S-RT-R (Table S1). The
fold changes of the fkbS gene in different samples were quan-
tified using the 22 method as described previously (Livak
and Schmittgen 2001). The 16S rRNA gene was used as the
internal control to normalize the transcriptional levels in
gPCR analysis (Yu et al. 2019). The primers used in qPCR
analysis are listed in Table S1.

Extraction and analysis of intracellular CoA-esters

Fermentation culture broth (1 mL) of S. hygroscopicus strains
SFK-6-33, SFK-OfkbS, SFK-OA2BE, and SFK-OASN was
collected at 6 days. Each sample was centrifuged at 12,000xg
for 5 min to obtain mycelium and then washed twice with PBS
buffer. The extraction of intracellular CoA-esters was carried
out using a modified method reported previously (Armando
et al. 2012; Xie et al. 2019). The mycelium was resuspended
in 1 mL of PBS buffer and lysed by adding 2 mL of formic
acid with intermittent vortexing for 30 min. The extraction
was placed on ice for 30 min and then centrifuged at
12000xg for 5 min at 4 °C to collect the supernatant. The
supernatant was instantly quenched and extracted by acetoni-
trile/methanol/0.1% glacial acetic acid (45:45:10, v/v). These
samples were analyzed using ultra-high-performance liquid
chromatography (UPLC, Waters, USA)-electrospray ioniza-
tion (ESI)-tandem mass spectrometry (MS, AB SCIEX

QTRAP 6500) as described previously with some modifica-
tions (Xia et al. 2013). The column ACQUITY UPLC HSS T3
1.8 um, 2.1 x 100 MVK, was used in this study. The mobile
phase composed of solvent A (0.1% formic acid in water) and
solvent B (35% acetonitrile/65% water) was programmed as
follows: 0—1.00 min, 98% A/2% B; 1.00-1.50 min, a linear
gradient from 98% A/2% B to 40% A/60% B; 1.50—1.70 min,
40% A/60% B; 1.70—1.71 min, a linear gradient from 40%
A/60% B to 98% A/2% B; and 1.71-2.00 min, 98% A/2% B.
The concentration of CoA-esters was quantified using multi-
ple reaction monitoring (MRM) mode in MS/MS with two
mass ions: m/z parent > m/z daughter (malonyl-CoA, 854 >
347; methylmalonyl-CoA, 868 > 361; ethylmalonyl-CoA,
882 > 375) in positive-mode UPLC-ESI-MS/MS (Fig. S1).
All authentic CoA-ester standards were purchased from
Cayman Chemical (USA).

Analysis methods

To better separate FK523 from FK520, an analytical gra-
dient elution method for HPLC was applied using an
Agilent C18 column (4.6 x 150 mm, 3.5 um), following
the program with solvent A (0.01% acetic acid/10% ace-
tonitrile/90% water) and solvent B (0.01% acetic acid in
acetonitrile): 0—25 min, 60% A/40% B; 25-35 min, a
linear gradient from 60% A/40% B to 55% A/45% B,
35-45 min, a linear gradient from 55% A/45% B to
30% A/70% B; 4547 min, a linear gradient from 30%
A/70% B to 10% A/90% B; 47-50 min, a linear gradient
from 10% A/90% B to 60% A/40% B. The UV detection
was set at 205 nm with a flow rate of 2 mL/min at 60 °C.

The biomass of each fermentation sample was determined
as packed mycelium volume (PMV) carried out using a meth-
od presented previously (Yu et al. 2019). Dry cell weight
(DCW) of different samples was measured according to the
method reported previously (Wang et al. 2017b). The residual
glycerol was quantified using HPLC with a refractive index
detector (RID-10A, Shimadzu, Japan) in a Welch Hilic-NH,
column (5 pm, 4.6 x 250 mm). The mobile phase was com-
posed of deionized water with acetonitrile (20:80, v/v) at a
flow rate of 1.0 mL/min.

Statistics

Each experiment was replicated three times, with the error
bars showing the standard deviations (SDs). To compare the
difference between the test and control data, P values were
calculated by Student’s ¢ test (P < 0.001).

The complete sequence of fkbS cloned from
S. hygroscopicus SFK-6-33 has been deposited in GenBank
with the Accession No. MN372206.
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Results

Mutation and screening for FK520 high-producing
strains

To obtain FK520 high-producing strains, S. hygroscopicus
was treated with UV radiation or NTG mutagen and screened
by the streptomycin resistance screening model. The genea-
logical tree of S. hygroscopicus SFK-6-33 is presented in Fig.
2a. Initially, spores of S. hygroscopicus SFK-36 stored in 20%
(v/v) glycerol were diluted and then spread on the plate medi-
um to restore its genetic characteristics. After multi-round of
natural selection, a stable high-producing strain SFK-1-15
(1630.3 mg/L) was chosen for traditional mutagenesis.

a

Under the selective pressure of 0.4 mg/L of streptomycin,
SFK-2-3 was obtained with UV mutagenesis, and the
FK520 production of this mutant reached 1905.1 mg/L, which
is 16.9% higher than that of SFK-1-15. However, NTG muta-
genesis combined with 0.4 mg/L streptomycin had no obvious
effect on improving the yield of FK520 in S. Aygroscopicus.
The FK520 highest yield of the mutants generated by NTG
was 1725.5 mg/L, showing no significant difference com-
pared with that of SFK-1-15. To further enhance FK520 pro-
duction, a higher streptomycin addition (0.8 mg/L) combined
with UV radiation was applied for mutant breeding. The ob-
tained mutant SFK-3-48 presented an FK520 yield of 2214.3
mg/L, attaining a 16.2% increase compared with SFK-2-3.
However, in subsequent rounds of mutagenesis, the

S. hygroscopicus SFK-36 (1588.4 mg/L)

lMulti-round natural selection

SFK-1-15 (1630.3 mg/L)
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I
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SKF-3-27 (1910.3 mg/L)
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l Natural selection
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luv +sM”
SFK-2-3 (1905.1 mg/L)

luv +SM™
SFK-:I3-48 (2214.3 mg/L)

lNTG +SM™
SFK-2-7 (1725.5 mg/L)

lNTG +SMF*
SFK-3-35 (1825.5 mg/L)
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Fig. 2 Traditional mutagenesis breeding for S. hygroscopicus. a
Genealogical tree of S. hygroscopicus SFK-6-33 with UV radiation and
streptomycin resistance screening model. SM™", 0.4 mg/L streptomycin;
SM™, 0.8 mg/L streptomycin; SM™"", 1.2 mg/L streptomycin. b The
time course of FK520 production and growth of SFK-36 and SFK-6-33 in
shaking flasks. ¢ Relative expression levels of FK520 biosynthetic gene
cluster in S. hygroscopicus SFK-6-33, compared with those of SFK-36. In
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total, seven genes fkbW, fkbU, fkbR1, fkbE, fkbB, fkbO, and fkbS were
selected to indicate the expression level of each co-transcription units.
RNA samples were collected from the culture broth of SFK-6-33 and
SFK-36 grown in a fermentation medium at 4 and 6 days, respectively.
The gene 16S rRNA was used as an internal control to normalize the
transcriptional levels. Error bars show standard deviations; ***P < 0.001
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improvement of FK520 production in each round of mutagen-
esis decreased to less than 5%, even when streptomycin addi-
tion was increased to 1.6 mg/L. Finally, a stable high-
producing mutant SFK-6-33 was obtained by UV radiation
and the streptomycin resistance screening model. The
FK520 production by SFK-6-33 reached 2432.2 mg/L, which
is 53.2% higher than that of the original strain SFK-36.

The time course of FK520 production clearly revealed that
the mutant SFK-6-33 could produce more FK520 than SFK-
36, but with no significant difference in biomass during the
fermentation process in flasks (Fig. 2b). The relative expres-
sion levels of the FK520 biosynthetic gene cluster between
SFK-6-33 and SFK-36 were also investigated by qPCR anal-
ysis. The biosynthetic gene cluster of FK520 consisting of 22
genes was divided into seven co-transcription units (Wu et al.
2000; Yu et al. 2019). As depicted in Fig. 2c, the results indi-
cated that transcriptional levels of most of the co-transcription
units were significantly increased in mutant SFK-6-33 (P <
0.001), including kbW, fkbU, fkbR1/fkbR2, fkbB/C/L/K/J/I/H,
fkbO/P/A/DIM, and fkbS/Q/N, which may closely lead to the
improvement of FK520 accumulation in S. hygroscopicus
SFK-6-33.

Identification of FkbS using the CRISPR/dCas9
inhibition system

Since the complete genomic information of S. Aygroscopicus
was unknown and the sequence of the gene fkbS encoding
CCR was reported to be incomplete (only 460 bp has been
identified), the investigation and application of endogenous
FkbS in S. hygroscopicus were limited. To determine the vital
role of FkbS in the biosynthesis of FK520, the CRISPR/dCas9
system was applied to repress the expression of fkbS. As
shown in Fig. 3a, the biomass of SFK-DfkbS showed no sig-
nificant differences after introduction of the plasmid pSET-
dCas9-fkbS, indicating that the CRISPR/dCas9 system con-
structed in S. hygroscopicus has no adverse effect on the
growth of mycelium. However, the production of FK520 by
SFK-OfkbS decreased to 841.4 mg/L due to the sharply de-
creased expression of fkbS compared with that in SFK-6-33.
These results firmly confirmed that FkbS plays an important
role in the biosynthesis of FK520. Additionally, the FK523/
FK520 impurity proportion increased to 21.8%, suggesting
that the inhibited activity of FkbS exerts no influence on the
accumulation of FK523.

Cloning fkbS with degenerate oligonucleotide
primers

Because the complete sequence of FkbS was unknown,
degenerate primers were used to amplify the fkbS fragment
from the genome of S. hygroscopicus. Amino acid align-
ments of nine CCRs from different Streptomyces spp. are

listed in Fig. 3c. It is found that the first seven amino acids
in the sequences are relatively conserved. Valine or methi-
onine is listed in the first position; thus, the corresponding
codon is RTG. While there are multiple possibilities in the
second position, the corresponding codon is set as NNN.
Codon GAN is used to represent aspartic acid or glutamic
acid in the third position. Isoleucine is located in the fourth
position among the nine genes; therefore, its corresponding
codon is ATH. The fifth amino acid is isoleucine or leu-
cine, so the codon is set as HTN. In the sixth position,
codon NNN is set to include various possibilities.
Alanine is the only amino acid in the seventh position
according to the sequence alignments; thus, its correspond-
ing codon is GCN. In general, the degenerate primer fkbS-
J-F was set as 5-RTGNNNGANATHHTNNNNGCN-3'
(R=A,G; H=A, T, C; N= A, T, C, G). The DNA fragment
of fkbS (1362 bp) was amplified from the genome of
S. hygroscopicus with primers fkbS-J-F/fkbS-J-R (Fig.
3d). Finally, the complete sequence of fkbS was determined
with sequencing, and it is consistent with the reported par-
tial sequence (Wu et al. 2000).

Overexpression of FkbS in S. hygroscopicus

FkbS, an endogenous CCR of S. hygroscopicus, can convert
crotonyl-CoA to ethylmalonyl-CoA, which is the major pre-
cursor for FK520 biosynthesis (Wu et al. 2000). To enhance
CCR activity, fkbS under the control of PermE* was integrat-
ed into SFK-6-33 through conjugal transfer to obtain the two-
copy CCR strain SFK-OfkbS. A significant increase in the
transcriptional level of fkbS was detected during fermentation
in SFK-OfkbS (Fig. 3b). For comparison, an exogenous CCR
derived from S. coelicolor was also integrated into the #C31
integration site of S. hygroscopicus SFK-6-33, generating the
engineered strain SFK-OccrC. The amino acid alignment of
FkbS and CCR is listed in Fig. S2, showing 70.8% sequence
identity. Overexpression of FkbS increased the production of
FK520 from 2432.2 to 2817.0 mg/L, representing a 15.8%
increase in FK520 yield, and decreased the FK523/FK520
impurity proportion to 6.3% as well (Fig. 3e). However, over-
expression of the exogenous CCR showed no significant ef-
fect on FK520 production and FK523 biosynthesis. The re-
sults indicated that endogenous CCR may have a better effect
than exogenous CCR for improving FK520 production in the
high-yield strain SFK-6-33. Compared with SFK-6-33, a near-
ly 40% increase in intracellular ethylmalonyl-CoA concentra-
tion was detected in SFK-OfkbS (Fig. 3f), which strongly
implied that a sufficient supply of ethylmalonyl-CoA (147.9
pmol/g DCW) could lead to enhanced FK520 biosynthesis in
S. hygroscopicus as well as reduced production of the impu-
rity FK523. Afterwards, two or three additional copies of fkbS
were introduced into SFK-6-33, respectively (Fig. S3). When
two copies of fkbS were introduced into SFK-6-33, FK520
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Fig. 3 The functional identification of FkbS and enhancement of FK520
production with overexpression of fkbS. a Changes in FK520 production
and impurity ratio of FK523/FK520 between parent strain SFK-6-33 and
engineering strain SFK-DfkbS. CRISPR/dCas9 system was used to re-
press the expression of fkbS in SFK-DfkbS. The culture broth of SFK-6-
33, SFK-DfkbS, and SFK-dCas9(—) were collected at 8 days to determine
the biomass and production of FK520 and FK523. Error bars represent
the standard deviations. b The transcriptional levels of fkbS in SFK-
DfkbS and SFK-OfkbS compared with parent strain SFK-6-33 by
qPCR. RNA samples were collected from the culture broth of these three
strains at 3, 5, and 7 days in a fermentation medium. The error bars show
the standard deviations of three independent replicates. ***P < 0.001. ¢
Amino acid alignments of partial sequence of crotonyl-CoA carboxylase/
reductases (CCR) of different Streptomyces spp. The comparison of first
seven amino acids in amino acid sequence from nine CCRs was marked
with a red box. In total, CCRs listed here were from nine different strains
including S. coelicoflavus (NCBI Accession No. WP_007387963),
S. coelicolor (NCBI Accession No. NP _630556), S. mirabilis (NCBI
Accession No. WP _037706421), S. griseofiiscus (NCBI Accession No.

production reached 2649.5 mg/L without further increase
compared with SFK-OfkbS. For the three-copy strain SFK-
O1kbS-3, the biomass decreased to 19.6% of PMV, indicating
the inhibited growth of mycelium, which led to a marked
decrease in FK520 production (1943.3 mg/L).
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WP_037654730), S. Venezuela (NCBI Accession No. AGX26728),
S. tsukubaensis (NCBI Accession No. EIF93549), S. lasaliensis (NCBI
Accession No. WP_137304740), S. NBRC 110611 (NCBI Accession No.
WP _066930901), and S. rapamycinicus (NCBI Accession No. WP_
020866310). d The amplification of gene fkbS from genome of
S. hygroscopicus SFK-6-33. 1, PCR amplification product of fkbS with
primers fkbS-J-F/ fkbS-J-R; M, 1-kb gene ruler. e Comparison of FK520
production and FK523/FK520 impurity ratio between SFK-6-33 and its
engineering strains, including SFK-OfkbS, SFK-OccrC, and SFK-
pSET(-). Crotonic acid (Cr, 1 g/L) was added into the fermentation me-
dium for SFK-6-33 and SFK-OfkbS. Each culture broth was collected for
HPLC analysis of FK520 and FK523 production at 8 days in shaking
flasks. The error bars represent the standard deviations of three biological
replicates. f Concentrations of intracellular CoA-esters of SFK-6-33,
SFK-OfkbS, and SFK-OfkbS supplemented with 1 g/L Cr. The mycelium
samples for LC-MS/MS analysis were isolated from culture broth at 6
days. The error bars show the standard deviations of three independent
experiments

Increased ethylmalonyl-CoA supply in SFK-OfkbS
supplemented with crotonic acid

According to the proposed synthesis pathway of
ethylmalonyl-CoA (Fig. 1), crotonyl-CoA could be
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catalytically converted into ethylmalonyl-CoA by FkbS for
the biosynthesis of FK520. Therefore, we tried to increase
the concentration of intracellular crotonyl-CoA by adding ex-
ogenous crotonic acid into the fermentation medium to further
increase the intracellular pool of ethylmalonyl-CoA in SFK-
O1kbS. As depicted in Fig. 3e, when SFK-OfkbS was cultured
in fermentation medium supplemented with 1.0 g/L crotonic
acid, a 1.3-fold (3063.6 mg/L) enhanced FK520 yield was
attained compared with that in SFK-6-33. Additionally, the
FK523/FK520 impurity proportion further decreased to
5.3%. In addition, an increased concentration of intracellular
ethylmalonyl-CoA (174.1 pmol/g DCW) was observed in the
SFK-OfkbS strain supplemented with crotonic acid. In con-
trast, the concentrations of malonyl-CoA and methylmalonyl-
CoA showed no significant difference in crotonic acid-
supplemented SFK-OfkbS compared with SFK-6-33. These
results suggested that crotonic acid can be converted into in-
tracellular crotonyl-CoA and then transformed into
ethylmalonyl-CoA by FkbS. The increased supply of intracel-
lular ethylmalonyl-CoA in SFK-OfkbS with crotonic acid ad-
dition could significantly increase the biosynthesis of FK520
and reduce the production of the impurity FK523.

Subsequently, the effects of different crotonic acid addi-
tions on mycelium growth and FK520 production in SFK-
OfkbS were also investigated. As shown in Fig. S4, the
highest FK520 production of 3063.6 mg/L. was obtained in
SFK-OfkbS with 1.0 g/L crotonic acid. A decrease in biomass
and FK520 yield was observed when the crotonic acid addi-
tion was more than 1.0 g/L, indicating that excessive crotonic
acid addition could inhibit the growth of mycelium.

Overexpression of ACCase in S. hygroscopicus

It has been reported that acetyl-CoA carboxylase can convert
acetyl-CoA into malonyl-CoA (Ryu et al. 2006), and the latter
is an important precursor of the FK520 macrocyclic structure
(Wu et al. 2000). Therefore, ACCase was cloned from
S. coelicolor and then integrated into SFK-6-33, generating
the recombinant strain SFK-OA2BE. As presented in Fig. 4a,
compared with that in SFK-6-33, a 2.1-fold higher (478.3
pmol/g DCW) malonyl-CoA concentration was observed in
SFK-OA2BE during fermentation in shaking flasks. The sig-
nificantly increased malonyl-CoA supply led to a 36.1% in-
crease in FK520 production (3320.1 mg/L) in SFK-OA2BE
(Fig. 4b). Interestingly, an increased intracellular
methylmalonyl-CoA concentration (99.2 pmol/g DCW) was
detected in SFK-OA2BE, which was 41.7% higher than that
in SFK-6-33. However, the concentration of ethylmalonyl-
CoA between SFK-OA2BE and SFK-6-33 showed no signif-
icant difference. It is likely that the increased malonyl-CoA
levels could increase the concentration of methylmalonyl-
CoA, but no significant increase was observed in the
ethylmalonyl-CoA supply, which may lead to a failure in

reducing the FK523/FK520 impurity ratio in SFK-OA2BE.
To further enhance the activity of ACCase, two or three copies
of A2BE were then integrated into SFK-6-33. However, the
growth of mycelium was inhibited, leading to decreased
FK520 production in S. hygroscopicus (Fig. S5).

Combinatorial overexpression of FkbS and ACCase
in S. hygroscopicus

When ACCase was overexpressed in SFK-6-33, enhanced
malonyl-CoA biosynthesis led to the increased production of
methylmalonyl-CoA; however, no obvious increase in
ethylmalonyl-CoA supply was detected. This phenomenon
indicated that some limiting factors in the ethylmalonyl-CoA
biosynthesis pathway may hinder the conversion from
malonyl-CoA to ethylmalonyl-CoA. The above results con-
firmed that overexpression of FkbS could enhance the biosyn-
thesis of ethylmalonyl-CoA. Therefore, we attempted to fur-
ther increase the intracellular pool of ethylmalonyl-CoA
through combinatorial overexpression of FkbS and ACCase
in S. hygroscopicus SFK-6-33. As illustrated in Fig. 4a, the
malonyl-CoA concentration decreased to 399.6 pmol/g DCW
in SFK-OASN, which was 16.5% lower than that in SFK-
OA2BE. The concentration of methylmalonyl-CoA also
slightly decreased to 80.7 pmol/g DCW. Nevertheless, the
supply of ethylmalonyl-CoA significantly increased to 219.9
pmol/g DCW, which was 77.8% higher than that in SFK-
OA2BE. Figure 4b shows that co-overexpression of FkbS
and ACCase could simultaneously increase the supply of
ethylmalonyl-CoA and malonyl-CoA to further enhance the
production of FK520 (3511.4 mg/L), also reducing the
FK523/FK520 impurity ratio to 5.6%.

Effect of glycerol addition on FK520 production
by SFK-OASN in shake flask culture

It has been reported that microbial secondary metabolite pro-
duction can be promoted by adding appropriate nutrients (Xia
et al. 2013). A fed-batch culture strategy for SFK-OASN was
then developed to increase FK520 production in shake flask
culture. In the fermentation medium, the initial glycerol con-
centration was 80 g/L. To determine the optimal glycerol feed-
ing strategy, 10 g/L of glycerol was added to the fermentation
medium once a day, totalling three, four, or five times (Fig. 5).
The glycerol addition started on the third day, when the resid-
ual glycerol in the culture was approximately 30 g/L. The time
course of SFK-OASN cultured in fermentation medium with-
out batch addition of glycerol is shown in Fig. 5a. Glycerol
was rapidly consumed from 80 to 32 g/L in the period of 0 to 3
days, and the consumption rate of glycerol reached 0.67 g/(L
h). During this period, the biomass increased to 19.0%, and
FK520 production reached 1038.7 mg/L. The consumption
rate of glycerol decreased to 0.38 g/(L h) in the period of 3
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Fig. 4 The concentrations of intracellular CoA-esters and production of
FK520 and FK523 in engineering strains. a Changes of concentrations of
intracellular CoA-esters in SFK-6-33 and its engineering strains. Four
strains, including parent strain SFK-6-33, SFK-OfkbS, SFK-OA2BE,
and SFK-OASN, were cultured in the fermentation medium supplement-
ed with 1 g/L crotonic acid and the samples prepared for CoA-esters
analysis by LC-MS/MS were collected at 6 days. Error bars indicate the
standard deviations. b Comparison of FK520 production and ratio of

to 5 days, and the biomass reached the highest value of 31.5%.
Subsequently, biomass decreased gradually with decreasing
residual glycerol from the fifth day, indicating that glycerol
was inadequate for the growth of SFK-OASN in the late stage
of fermentation. The FK520 yield reached 3511.4 mg/L at 8
days. Similar results were observed when the fermentation
medium was supplemented with glycerol three times (Fig.
5b) compared with no addition. However, when the culture
broth was fed for four times at a total glycerol supplement of
40 g/L, the emergence of the highest biomass was postponed
to the sixth day, reaching 34.5% (Fig. 5c). These results indi-
cated that this feeding strategy provided sufficient glycerol
supply for mycelium growth and delayed the ageing time of
mycelium as well. The FK520 yield was 3753.4 mg/L,
attaining a 6.8% increase compared with no addition. When
glycerol was added to the culture for five times (Fig. 5d), the
biomass also reached the highest value of 35.5% on the sixth
day. However, the final glycerol concentration was still higher
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than 20 g/L owing to the decreased metabolic capacity of
SFK-OASN in the late fermentation stage (7-8 days).
Excessive glycerol concentration in the late stage could inhibit
the growth and metabolism of mycelium, leading to decreased
FK520 production (3343.2 mg/L).

Scale-up fermentation in a 5-L bioreactor

The fed-batch culture of S. hygroscopicus SFK-OASN
was carried out in a 5-L fermenter. As depicted in Fig.
6, the residual glycerol decreased from 80.0 to 39.3 g/L
during the early stage of fermentation (0-72 h), reflecting
a fast consumption of glycerol in the fermenter, which is
similar to that in shaking flasks. Based on the results of
the glycerol feeding strategy in flasks, at 72 h, 10 g/L of
glycerol was added into the fermenter once a day, total-
ling four times. A total of 40 g/L of glycerol was added
into the fermenter to maintain a residual glycerol level
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Fig. 5 Effect of glycerol supplement on FK520 production of
S. hygroscopicus SFK-OASN in shaking flasks. a Time course of
FK520 production and growth of SFK-OASN in a flask containing fer-
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higher than 20 g/L in the period from 72 to 168 h. With
the consumption of glycerol, the PMV remained higher
than 30%, but the pH decreased continuously. To avoid
the inhibition of cell growth caused by low pH conditions,
the pH was maintained at approximately 5.6 by 1 mol/L
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culture, 10 g/L of glycerol was added to the fermentation medium once
a day from 3 to 5 days (b); from 3 to 6 days (c); from 3 to 7 days (d).
Fk520 production, glycerol, and PMV are the mean values of triplicate
detections

ammonia according to our previous report. Finally, 3913.9
mg/L FK520 with a 5.1% FK523/FK520 ratio was obtain-
ed at 168 h. The scale-up fermentation performed in a 5-L
fermenter confirmed that the rational strategy of feeding
glycerol in the fermentation could greatly enhance the

104 455100 5000~ 10
: 1 —=—Glycerol —-e—FK520 -4-PMV -o-pH -0-FK523/FK520
40 90+ L
8 4 35| 80+ - 40001 8
. &
30 7 . D =3
o B E S
64 _ 16043 < 30006 <
F25] > S Q
T < = 3 0
a 1> {1 504 © ST X
= 20 1s / k=] w
o o A o @
4 ] 404 > S [-20001-4
10 o N4
15 & e
| 304 e
104 ] ®
2 ] 20—' P \i 1000} 2
54 10 s
0 - 0l o == ’ —r v 7T T Tt 1t T T T & T ° 0 -0
0 24 48 72 96 120 144 168 192 216
Time (h)

Fig.6 Scale-up fermentation of S. iygroscopicus SFK-OASN cultured in
a 5-L fermenter. The aeration was kept at 1.0 vvm (air/culture volume/
min). The agitation rate was set automatically to maintain dissolved ox-
ygen levels higher than 20% during the culture process, and pH was

maintained higher than 5.6 using 1 mol/L ammonia. For the fed-batch
culture, 10 g/L of glycerol was added into the fermenter every 24 h from
72 to 144 h. Error bars show the standard deviations of three samples
collected from the fermenter
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biosynthesis of FK520 and reduce the proportion of the
impurity FK523 in S. hygroscopicus SFK-OASN.

Discussion

To date, some efforts have been made to improve FK520
production in S. hygroscopicus through traditional mutagene-
sis. For example, a titanium sapphire laser and shikimic acid
resistance screening were applied to S. hygroscopicus ATCC
14891 to generate the two high-yield strains FS35 and SA68,
with FK520 yields of 305.6 mg/L and 450.0 mg/L, respective-
ly (Qi et al. 2012; Qi et al. 2014b). In our previous work, a
stable high-producing strain SFK-36 yielding 1476.9 mg/L
FK520 was obtained though atmospheric and room tempera-
ture plasma mutagenesis combined with medium optimization
(Yu et al. 2019). In this study, classical ultraviolet radiation
coupled with streptomycin resistance mutagenesis was used
with SFK-36 to further improve FK520 production. Ribosome
engineering can introduce random mutations on ribosomes in
microbes, therefore generating drug-resistant mutants with the
enhanced production of secondary metabolites (Ochi and
Hosaka 2013). Our work is the first reported application of
ribosome engineering in S. hygroscopicus to improve FK520
accumulation. The stable high-producing strain SFK-6-33
(2432.2 mg/L) was successfully obtained from original strain
SFK-36 through traditional mutagenesis, suggesting that this
combination mutagenesis was an effective method for im-
proving FK520 production in S. hygroscopicus and providing
a parent strain with good characteristics for further genetic
modification.

Since the genomic information of S. hygroscopicus was
unknown and the biosynthesis gene cluster of FK520 was
reported to be incomplete, functional investigation of the
fkbS gene encoding CCR was restricted (Wu et al. 2000).
The CRISPR/dCas9 inhibition system contains a nuclease-
deficient Cas9, which can bind to the target gene location to
block transcription without gene cleavage. This approach is a
convenient way to repress gene expression compared with
traditional gene knockout or knockdown and has recently
been used for functional gene identification in microbes
(Wang et al. 2016; Zhao et al. 2018). In this study, the
CRISPR/dCas9 system targeting a partially reported sequence
of the fkbS gene was established to repress the expression of
fkbS in S. hygroscopicus. The significantly decreased FK520
production verified the important role of FkbS in the biosyn-
thesis of FK520. Therefore, the complete sequence of fkbS
was cloned from S. hygroscopicus using degenerate primers
and then integrated into SFK-6-33 to enhance the activity of
FkbS. A significant increase in FK520 production and de-
crease in FK523 accumulation were observed in FkbS over-
expression strain SFK-OfkbS. It has been reported that intro-
duction of an exogenous CCR cloned from S. coelicolor into
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the low-yield strain FS35 increased FK520 production from
305.6 to 361.7 mg/L (Wang et al. 2017b). However, when we
integrated this exogenous CCR into the high-producing strain
SFK-6-33, it exerted no significant influence on FK520 and
FK523 accumulation, suggesting that FkbS played a more
important role than exogenous CCR for increasing FK520
production. Differences in the amino acid sequences between
FkbS and CCR may lead to differences in catalytic activity
(Fig. S2).

Acyl-CoA precursors can be catalyzed by polyketide syn-
thase and directly participate in the synthesis of the macrolide
skeleton of antibiotics (Chen et al. 2012; Lu et al. 2016). An
increased supply of CoA-esters has been reported to promote
the accumulation of antibiotics in microbes, such as
S. coelicolor (Ryu et al. 2006), S. albus (Lu et al. 2016), and
Actinosynnema pretiosum (Lin et al. 2011). Three important
CoA esters (ethylmalonyl-CoA, methylmalonyl-CoA, and
malonyl-CoA) are involved in the biosynthesis of FK520 in
S. hygroscopicus (Fig. 1). Ethylmalonyl-CoA can be recog-
nized by acyltransferase, but the substrate specificity of acyl-
transferase is not strict, usually leading to the production of
some analogues in Streptomyces sp., such as FK523 in FK520
production (Dunn and Khosla 2013), FK523 and FK520 in
tacrolimus production (Kosec et al. 2012), and monensin B in
monensin A production (Liu and Reynolds 1999). It is diffi-
cult to separate these structural analogues due to their similar
structures and chemical properties. In this work, the
ethylmalonyl-CoA supply was increased by overexpressing
endogenous FkbS, leading to an enhanced FK520 yield
(2817.0 mg/L) in S. hygroscopicus. The FK523/FK520 impu-
rity proportion was also reduced from 9.6 to 6.3% due to
adjustment of the CoA-ester supply (Fig. 3). According to
the metabolic pathways of ethylmalonyl-CoA reported previ-
ously (Chan et al. 2009; Jung et al. 2014), there are still some
other potential targets to enhance ethylmalonyl-CoA accumu-
lation, including PCC overexpression or deletion of
ethylmalonyl-CoA mutase encoded by MeaA. However, en-
hanced PCC can also increase methylmalonyl-CoA concen-
tration by converting propionyl-CoA to methylmalonyl-CoA
(Jung et al. 2011), and may lead to the increase of impurity
FK523. In addition, the deletion of MeaA is difficult to carry
out because the sequence of MeaA in S. hygroscopicus is
unknown. It is noted that the exogenous addition of crotonic
acid could further increase the intracellular concentration of
ethylmalonyl-CoA, promoting FK520 accumulation in SFK-
OfkbS. It has been reported that the addition of precursors is
an efficient way to increase secondary metabolite production
in microbes. For example, increased rapamycin production
was obtained by adding 1 mM of propionate to a propionyl-
CoA carboxylase overexpression strain UV2-2/PCC (Jung
et al. 2011). Additionally, the malonyl-CoA supply was in-
creased in SFK-OA2BE with the integration of ACCase, lead-
ing to increased FK520 production in SFK-OA2BE.
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Interestingly, the intracellular concentration of ethylmalonyl-
CoA exhibited no increase compared with methylmalonyl-
CoA and malonyl-CoA, suggesting that an inadequate
ethylmalonyl-CoA supply may be the limiting factor for fur-
ther increasing FK520 accumulation in SFK-OA2BE.
Therefore, FkbS and ACCase were overexpressed in SFK-6-
33 to increase the supply of ethylmalonyl-CoA and malonyl-
CoA at the same time, achieving an increased FK520 produc-
tion and decreased impurity ratio simultaneously.

Above all, the stable high-producing strain,
S. hygroscopicus SFK-6-33, was obtained through multiple
rounds of traditional mutagenesis by combining ultraviolet
radiation with streptomycin resistance screening. Afterwards,
the intracellular pools of ethylmalonyl-CoA and malonyl-
CoA increased with the overexpression of FkbS and
ACCase in SFK-6-33, and the increased supply of these
CoA-esters significantly enhanced FK520 biosynthesis and
reduced the proportion of the impurity FK523. This study is
the first to report a strategy to inhibit production of the impu-
rity FK523 by adjusting the CoA-ester supply, showing a cost-
effective method for FK520 production. A fed-batch culture
strategy for SFK-OASN was also developed in a 5-L fermen-
ter, attaining the highest FK520 yield reported thus far. These
findings suggest that traditional mutagenesis coupled with
metabolic engineering is an effective method for improving
FK520 production in S. hygroscopicus.
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