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INTRODUCTION

Streptomycetes have a great potential to produce many 
biologically active secondary metabolites (also known 
as natural products) (Berdy, 2005; Hwang et al., 2014). 
The production of secondary metabolites is highly de-
pendent on the availability of biosynthetic precursors, 

most of which are products of primary metabolism 
(Olano et al., 2008; van Keulen et al., 2011). Changes 
in primary metabolism can result in knock-on effects 
on secondary metabolism. For example, although all 
Streptomyces strains harbour the similar primary met-
abolic pathways, their abilities to yield a same second-
ary metabolite are quite different (Kallifidas et al., 2018; 
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Abstract

Streptomyces is well known for synthesis of many biologically active sec-

ondary metabolites, such as polyketides and non-ribosomal peptides. 

Understanding the coupling mechanisms of primary and secondary metabo-

lism can help develop strategies to improve secondary metabolite production 

in Streptomyces. In this work, Streptomyces albus ZD11, an oil-preferring 

industrial Streptomyces strain, was proved to have a remarkable capability 

to generate abundant acyl-CoA precursors for salinomycin biosynthesis with 

the aid of its enhanced β-oxidation pathway. It was found that the salinomycin 

biosynthetic gene cluster contains a predicted 3-hydroxyacyl-CoA dehydro-

genase (FadB3), which is the third enzyme of β-oxidation cycle. Deletion of 

fadB3 significantly reduced the production of salinomycin. A variety of experi-

mental evidences showed that FadB3 was mainly involved in the β-oxidation 

pathway rather than ethylmalonyl-CoA biosynthesis and played a very impor-

tant role in regulating the rate of β-oxidation in S. albus ZD11. Our findings 

elucidate an interesting coupling mechanism by which a PKS biosynthetic 

gene cluster could regulate the β-oxidation pathway by carrying β-oxidation 

genes, enabling Streptomyces to efficiently synthesize target polyketides and 

economically utilize environmental nutrients.
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Peng et al., 2018; Wang et al., 2013). In Streptomyces, 
to achieve efficient synthesis of a target secondary 
metabolite, it is necessary to understand intrinsic link 
between its biosynthetic pathway and primary metab-
olism, so as to optimize the related primary metabolic 
pathways and provide sufficient precursors for the bio-
synthesis of target secondary metabolite.

Polyketides are a large family of structurally di-
verse secondary metabolites exhibiting a vast array 
of biological and pharmacological activities such as 
antibacterial, antifungal, anticholesterol, antipara-
sitic, anticancer and immunosuppressive properties 
(Staunton & Weissman,  2001). Polyketide backbones 
are always assembled from starter and extender 
units derived from carboxylated acyl-coenzyme A 
(acyl-CoA) precursors, such as acetyl-CoA, malonyl-
CoA (M-CoA), (2S)-methylmalonyl-CoA (MM-CoA), 
(2S)-ethylmalonyl-CoA (EM-CoA) and propionyl-CoA 
(P-CoA), via sequential Claisen-like condensation re-
actions catalysed by polyketide synthases (PKSs) 
(Chan et al., 2009). These precursors are mainly de-
rived directly or indirectly from acetyl-CoA generated 
by glycolysis and fatty acid oxidation pathways.

In general, most Streptomyces strains preferen-
tially utilize sugar as carbon source for cell growth 
and polyketide biosynthesis. This process mainly re-
lies on the glycolytic pathway. Previous studies had 
found that oils, which are cheaper than other carbon 
sources, could also be employed as the main carbon 
source to produce polyketide antibiotics in several in-
dustrial Streptomyces strains (Efthimiou et al.,  2008; 
Li et al.,  2009; Wang, Liu, et al.,  2017; Wang, Shan, 
et al., 2017). As the main component of oil, exogenous 
triglycerides (TAGs) can be hydrolysed into glycerol 
and free fatty acids (FFAs) via a series of secreted li-
pases (Alvarez & Steinbuchel, 2002). The majority of 
absorbed FFAs are finally broken down into acetyl-CoA 
through β-oxidation pathway, which always consists 
of five enzymatic steps (Figure S1) (Schulz, 1991). In 
Escherichia coli, FFAs are activated by thioesteri-
fication with CoA derivatives and subsequently un-
dergo oxidation by an acyl-CoA synthetase (FadD, 
EC 6.2.1.3) (Black et al., 1992). After that, a four-step 
cycle begins with the generation of an unsaturation at 
the α-β position by acyl-CoA dehydrogenase (FadE, 
EC 1.3.8.7/8) (Cox et al.,  2019; Fujita et al.,  2007; 
Ghisla & Thorpe,  2004). The next step is carried out 
by enoyl-CoA hydratase (ECH, EC 4.2.1.17), which hy-
droxylates the carbon chain at β-position to produce β-
hydroxyacyl-CoA. Its β-hydroxy group is subsequently 
oxidized by 3-hydroxyacyl-CoA dehydrogenase 
(3HCDH, EC1.1.1.35) to yield the β-keto group using 
NAD+ as a cofactor (Cox et al., 2019; DiRusso, 1990; 
Elena Volodina1, 2014; Fujita et al., 2007). Interestingly, 
single 3-hydroxyacyl-CoA dehydrogenase can not 
only function as a dimer but also associate with the 
enoyl-CoA hydratase to form a complex to catalyse 

the reaction. Moreover, a 3HCDH domain and an ECH 
domain can form a multifunctional protein (FadB) to 
catalyse two-step reaction in β-oxidation cycle (Elena 
Volodina1,  2014; Menendez-Bravo et al.,  2017; Yang 
et al.,  1988). Previous studies showed that a puri-
fied 3-hydroxyacyl-CoA dehydrogenase (FadB2) in 
Mycobacterium tuberculosis catalysed not only the de-
hydration of (3S)-hydroxybutyryl-CoA to acetoacetyl-
CoA at pH 10 but also the reverse reaction, converting 
acetoacetyl-CoA to (3S)-hydroxybutyryl-CoA in a lower 
pH range of 5.5–6.5 (Taylor et al., 2010). This type of 
protein often has conserved catalytic residues, such as 
Ser, His and Asn (Cox et al., 2019; Kim et al., 2014). The 
final step of β-oxidation cycle, catalysed by β-ketoacyl-
CoA thiolase (FadA, EC 2.3.1.9/16), is the cleavage 
of β-ketoacyl-CoA to an acetyl-CoA and an acyl-CoA 
shortened by two carbon atoms (Yang et al.,  1990). 
The shortened acyl-CoA re-enters the β-oxidation 
cycle, whereas acetyl-CoA enters the Krebs cycle and 
the fatty acid synthetic pathway or is transformed into 
the acyl-CoA precursors for polyketides biosynthesis 
(Chan et al., 2009).

Since the β-oxidation pathway is closely related to 
the supply of polyketide precursors, previous stud-
ies proposed several strategies to control the syn-
thesis of downstream polyketides by manipulating 
the content of TAGs pool (Banchio & Gramajo, 1997; 
Hobbs et al.,  1997; Wang et al.,  2020). For example, 
the overexpression of fatty acyl-CoA synthetase in 
Streptomyces coelicolor could guide more acyl-CoAs 
into the β-oxidation cycle, resulting in more production 
of acetyl-CoA. The genomic analysis of S. coelicolor 
revealed many potential β-oxidation gene homologues, 
including three fadAB gene clusters (Menendez-Bravo 
et al.,  2017). Deletion of these fadAB homologues 
could significantly impair the β-oxidation process and 
increase intracellular TAGs accumulation, which then 
reduced the production of acetyl-CoA.

Salinomycin produced by Streptomyces albus is 
a polyether antibiotic, which has been widely used 
as a food additive to prevent intestinal coccidiosis in 
poultry (Fuchs et al., 2010; Gumila et al., 1997; Kuo 
et al., 2012). Using a typical type I PKS (Figure S2A), 
the biosynthesis of salinomycin polyketide backbone 
requires one acetyl-CoA, five M-CoAs, six MM-CoAs 
and three EM-CoAs molecules as the biosynthetic pre-
cursors (Jiang et al., 2012). Most genes in the salino-
mycin biosynthetic gene cluster (BGC) are positively 
regulated by SlnR, which is a pathway-specific reg-
ulator (Zhu et al., 2017) (Figure S2B). Streptomyces 
albus ZD11 was derived from an industrial strain 
which preferred to use soybean oil as carbon source 
and could produce up to 8 g/L salinomycin in shake 
flasks (Zhu et al., 2017). Our previous study revealed 
the remarkable enrichment of genes related to TAGs 
metabolism in S. albus ZD11 according to compara-
tive genomic analysis (Li et al., 2020). For example, 
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there are up to 101 predicted β-oxidation genes in S. 
albus ZD11, including 24 acyl-CoA synthetase genes, 
39 acyl-CoA dehydrogenase genes, 17 enoyl-CoA 
hydratase genes, seven 3-hydroxyacyl-CoA dehydro-
genase genes, 12 β-ketoacyl-CoA thiolase genes and 
also two genes encoding ECH-3HCDH multifunc-
tional protein. In addition, the transcriptomic profiling 
showed that the expression levels of genes involved 
in fatty acid catabolic and synthetic pathways were 
significantly increased when using soybean oil as a 
sole carbon source in S. albus ZD11. It supports an 
inference that high efficiency of soybean oil utilization 
could provide abundant precursors for cell growth and 
high yield of salinomycin (Li et al.,  2020). However, 
the way how these mentioned genes work together to 
make the β-oxidation pathway work efficiently is still 
unclear.

To clarify the relationship between the working ef-
ficiency of β-oxidation pathway and the high yield 
of salinomycin in S. albus ZD11, we focused on the 
3-hydroxyacyl-CoA dehydrogenases in this study. 
By deletion of eight predicted 3-hydroxyacyl-CoA 
dehydrogenase genes in S. albus ZD11 (Table  S1), 
it was confirmed that FadB1 (DUI70_0391), FadB2 
(DUI70_0803) and FadB3 (DUI70_0275, also known 
as SlnP) were important for salinomycin production. 
Among them, fadB3 locating inside the salinomycin 
BGC plays the most important role. The evidences 
from various experiments in this study suggest that the 
contribution of FadB3 to the high yield of salinomycin is 
mainly realized by enhancing fatty acid β-oxidation in 
S. albus ZD11. Our work showed for the first time that 
the Streptomyces strain could efficiently synthesize the 
polyketide with the help of additional β-oxidation genes 
carried by its PKS BGC.

EXPERIMENTAL PROCEDURES

Media and cultivation conditions

All experiments were performed with the strains and 
vectors listed in Table S2. Different vectors were propa-
gated in E. coli cultured in Luria-Bertani (LB) medium at 
37°C. To prepare spores, S. albus ZD11 and its deriva-
tive strains were cultivated on ISP4 agar plates (BD) 
for 10 days at 30°C. The Streptomyces strains were 
cultivated in tryptic soy broth (TSB) medium (3%) for 
24 h growth at 30°C and 220 rpm to obtain high-quality 
genomic DNA for whole-genome sequencing and 
genotype confirmation. The industrial seed medium 
(soybean powder, 3%; glucose, 4%; yeast extract, 1%; 
CaCO3, 0.1%) was used for seed cultivation for 29 h at 
30°C and 220 rpm. Then, the seed cultures (10%) were 
inoculated into ionic medium (Li et al.,  2020; Zhang 
et al.,  2017) (NaCl, 0.5%; KCl, 0.5%; [NH4]2SO4, 2%; 
MgSO4, 0.02%; K2HPO4, 0.02%; CaCl2, 0.01%; CaCO3, 

2%) with soybean oil (oil medium) or glucose (glucose 
medium) containing an equimolar amount of carbon 
(2.7 M) for 5-day growth at 32°C and 180 rpm. When 
appropriate, apramycin, spectinomycin, kanamycin or 
chloramphenicol was added to the medium at a final 
concentration of 50, 50, 50 or 25 μg/ml, respectively.

Construction of gene disruption 
mutants and analysis of the phenotypes

A previously constructed fosmid library was used to gen-
erate the SGD and MGD mutants of S. albus ZD11 (Zhu 
et al., 2017). The fosmids listed in Table S3 were used to 
construct the gene disruption mutants using the PCR-
targeting system (Gust et al., 2003; Zhu et al., 2017). 
fadB2 and fadB9 were displaced by the spectinomycin 
and apramycin disruption cassette, respectively, as de-
scribed previously (Wang, Liu, et al., 2017; Wang, Shan, 
et al., 2017). Other six fadBs were displaced by a 81 bp 
scar. The exconjugants were inoculated onto the ISP4 
plates for two rounds of non-selective growth before 
selection by replica plating for sensitive colonies. In ad-
dition, the ΔfadB2ΔfadB1 mutant was constructed by 
deleting the fadB1 in the ΔfadB2 mutant. fadB3 and 
fadB4 were knocked out in the ΔfadB2ΔfadB1 mutant 
to construct the ΔfadB2ΔfadB1ΔfadB3 mutant and the 
ΔfadB2ΔfadB1ΔfadB4 mutant, respectively. All the 
mutants were confirmed by PCR, RT-qPCR and DNA-
sequencing. Salinomycin yield was measured accord-
ing to the method previously reported (Li et al., 2020). 
Five ml of fermentation broth was harvested at the end 
of fermentation (120 h) and then centrifuged for 10 min 
to remove the supernatant. After washing with equal 
volume methanol, the collected mycelia were dried in 
an oven at 80°C for 24 h to determine the dry weight.

RNA-seq analysis and quantitative real-
time RT-PCR (RT-qPCR) assay

For total RNA extraction, S. albus ZD11 and its related 
mutants were grown in an ionic medium with soybean 
oil or glucose (0.45 M) as the sole carbon source. 
Three replicates of mycelia were collected at 36 h from 
the media and stored at −80°C until RNA extraction. 
Total RNA isolation and RNA-seq were performed ac-
cording to a previous report (Wang, Liu, et al.,  2017; 
Wang, Shan, et al., 2017). RT-qPCR was performed on 
a Mastercycler ep gradient S instrument (Eppendorf, 
Hamburg, Germany) using ChamQ STBR qPCR 
Master Mix (Vazyme, China) according to the manufac-
turer's guidelines. The expression level of target gene 
was internally normalized to housekeeping gene hrdB 
(DUI70_1421) and quantified by the 2−△△CT method 
(Livak & Schmittgen,  2001). Technical triplicates of 
three biological repeats were performed per condition.



      |  2893
bs_bs_banner

SYNTHESIS OF SALINOMYCIN REGULATES β-OXIDATION

Phylogenetic analysis of 3-hydroxyacyl-
CoA dehydrogenase orthologous

Firstly, domain compositions of nine 3-hydroxyacyl-CoA 
dehydrogenases were analysed based on Pfam data-
base (https://pfam.xfam.org). All relative amino acids 
sequences of the proteins were obtained from GenBank 
in FASTA format. The alignment was then generated by 
CLUSTALW (Larkin et al.,  2007) using manual adjust-
ments. Neighbour-joining tree was constructed using 
MEGA11 (Tamura et al., 2021) and then landscaped by 
the iTOL (Interactive Tree of Life) online software (https://
itol.embl.de/) (Letunic & Bork, 2016). 272 PKS BGCs in 
Streptomyces were collected from the MIBiG database 
(Kautsar et al., 2020). The amino sequences of predicted 
3-hydroxyacyl-CoA dehydrogenase orthologous within 
the corresponding BGCs were downloaded to construct 
the phylogenetic tree according to the above method.

Protein expression and purification

The nucleotide sequence of fadB3 was amplified from 
the genomic DNA of S. albus ZD11 and cloned into 
pET28a to generate the recombinant vector pETFadB3. 
Escherichia coli BL21(DE3)/pKJE7 was chosen for het-
erologous expression of FadB3. The overnight culture of 
recombinant E. coli BL21(DE3)/pKJE7 was inoculated 
into 1000 ml liquid LB medium with appropriate antibiotics 
and grown to an OD600 of 0.5–0.6 at 37°C. Then the strain 
was induced 16 h at 16°C by the addition of isopropyl-β-
D-thiogalactopyranoside (IPTG) and L-arabinose to final 
concentration of 0.1 and 2.5 mM, respectively. The cells 
were harvested by centrifugation and resuspended in 
the lysis buffer (0.5 M NaCl, 10 mM imidazole, 1 mM DTT, 
40 mM Tris–HCl, pH 7.6) and followed by cell disruption 
by sonication. After the recovery of supernatant by cen-
trifugation, soluble FadB3 with double His6 tag was puri-
fied using nickel-nitrilotriacetic acid (Ni-NTA) resin. The 
resulting resins were first washed with the washing buffer 
(300 mM NaCl, 150 mM imidazole, 1 mM DTT, 40 mM 
Tris–HCl, pH 7.6), and the target protein was then eluted 
with the elution buffer (300 mM NaCl, 500 mM imidazole, 
1 mM DTT, 40 mM Tris–HCl, pH 7.6). The purified protein 
was confirmed by SDS-PAGE analysis. The enzyme was 
then dialyzed against 40 mM Tris–HCl buffer, pH 7.6, con-
taining 150 mM NaCl and 10% glycerol. Purified FadB3 
was concentrated and stored at −80°C for further use.

In vitro biochemical assays and product 
analysis by HPLC

Enzyme activity was measured by monitoring the conver-
sion between acetoacetyl-CoA and (3S)-hydroxybutyryl-
CoA using HPLC. When (3S)-hydroxybutyryl-CoA 
was used as the substrate, the reaction mixture 

(100 μl) contained 50 mM NAD+, 25 μM FadB3, 25 μM 
(3S)-hydroxybutyryl-CoA, 10 mM MgCl2 and 1 mM 
1,4-dithiothreitol (DTT) in 40 mM Tris–HCl buffer (pH 7.6). 
When acetoacetyl-CoA was used as the substrate, the 
reaction mixture contained 50 mM NADH, 25 μM FadB3, 
25 μM acetoacetyl-CoA, 10 mM MgCl2 and 1 mM DTT 
in 40 mM Tris–HCl buffer (pH 7.6). All the above reaction 
mixtures were incubated at 30°C for different time and 
then quenched with two volumes of methanol. The su-
pernatants were then subjected to HPLC analysis, which 
was carried out with an Agilent 1260 infinity system, using 
a ZORBAX Eclipse XDB-C18 column (4.6 × 150 mm, 
5 μm). For the detection of two substrates after reaction, 
elution was performed at 0.8  ml min−1 with a mobile-
phase mixture consisting of a linear gradient of 50 mM 
ammonium acetate (pH 4.7) and methanol ([v/v]: 70:30, 
0–25 min; 20:80, 25–30 min; 95:5, 30–38 min) (detection 
wavelength: 259 and 340 nm).

Computational methods of 
protein docking

The predicted protein structure of FadB3 was ob-
tained from Robetta Server (Kim et al., 2004) (http://
robet​ta.baker​lab.org), using an improved deep 
learning based on modelling method RoseTTAFold 
(Figure  S10). The model of FadB3 has high confor-
mation reliability based on the Ramachandran plot 
(Figure  S11). Then the substrates were docked into 
FadB3 as the initial simulation structures by a flex-
ible protein docking program AutoDock Vina (Trott 
& Olson, 2010). All simulations were performed with 
GROMACS 5.0 (Abraham et al., 2015) using an am-
ber99sb force field. The force field parameters of the 
substrates (AA-CoA, HB-CoA, HCO-CoA and OCO-
CoA) were constructed by Gaussian (Bahram & El-
Shehawy, 2015) and ACPYPE (Vranken, 2012). The 
Berendsen thermostat and Parrinello-Rahman pres-
sure coupling were applied to the system to maintain 
the constant temperature of 310 K and the constant 
pressure of 1.0  bar. Periodic boundary conditions 
were used in all simulations. The long-range electro-
static interaction with a cut-off distance of 1.2 nm was 
calculated by the particle mesh Ewald summation for 
the separation of the direct and reciprocal space. The 
cut-off of non-bonded van der Waals interaction was 
set at a distance of 1.2 nm. Bond lengths were con-
strained by the linear constraint solver algorithm (Hess 
et al., 1997). A docked substrate–protein binding con-
figuration was first placed in a 10 × 10 × 10 nm3 box. 
Then water molecules were added as the solvents. 
Sodium and chloride ions were also included in the 
system to maintain electrical neutrality. Simulations 
were carried out with a time step of 2  fs. The sys-
tem was equilibrated by 50,000 steps of energy mini-
mization, as well as 1 ns MD simulation in the NVT 

https://pfam.xfam.org
https://itol.embl.de/
https://itol.embl.de/
http://robetta.bakerlab.org
http://robetta.bakerlab.org
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ensemble and 2  ns in the NPT ensemble. Stable 
configurations were obtained after 50 ns (or 100 ns in 
some systems) of MD balance. Configurations in this 
study were visualized by VMD (Humphrey et al., 1996) 
and Pymol (DeLano, 2002).

Heterologous biosynthesis of 
daunorubicin (DNR) in S. albus ZD11

The 40.64 kb daunorubicin BGC consisting of 37 genes 
was directly cloned from the genomic DNA of S. coerule-
orubidus into a linear p15A vector using RecET direct 
cloning and got the vector p15A-DNR. After inserting the 
cassette for conjugation and PhiC31 site-specific recom-
bination (oriT-phiC31) into the p15A using Redαβ recom-
bination, the E. coli–Streptomyces shuttle vector pDNR1 
was obtained (Wang et al., 2016). The vector pDNR2 was 
obtained by replacing chloramphenicol resistance gene 
with apramycin resistance gene (aac[3]IV) in pDNR1. 
Then the promoter (172 bp) of dnrI in pDNR2 was re-
placed by a strong constitutive promoter kasOp* (Wang 
et al., 2013) to generate the vector pDNR3. The shunt 
pathway genes, dnrH, dnrX and dnrU (Hutchinson, 1997; 
Shrestha et al., 2019), were deleted from pDNR3 to gen-
erate the vector pDNR4. The S2 mutant (ΔsalΔfadB3) 
was constructed based on the S1 mutant (Δsal), which 
was constructed in our previous study (Dong et al., 2021). 
pDNR4 was respectively transferred into the S1 and S2 
mutant to construct the S3 (ΔsalΔfadB3::pDNR4) and 
S4 (Δsal::pDNR4) mutants.

About 100 μl of fermentation broth was extracted 
using 900 μl of methanol for 12 h and centrifuged at 
12,000 rpm for 10  min. The supernatant was filtered 
through 0.22-μm filters and the yield of daunorubicin was 
detected by HPLC, using a ZORBAX Eclipse XDB-C18 
column on the Shimadzu LC-20AT system. The biomass 
was determined by dry weight measurement mentioned 
above. For the detection of DNR, elution was performed 
at 1 ml min−1 with a mobile-phase mixture consisting of 
a linear gradient of 10 mM ammonium acetate in water 
(phase A) and acetonitrile (phase B). Elution was per-
formed as follows: a linear gradient from 20% to 50% 
solvent B from 0 to 15 min, a linear gradient from 50% to 
90% solvent B from 15 to 18 min and 90% solvent B from 
18 to 22 min (detection wavelength: 254 nm).

RESULTS

Multiple analysis revealed the importance 
of 3-hydroxyacyl-CoA dehydrogenases in 
the β-oxidation pathway of S. albus ZD11

To investigate the distinctiveness of β-oxidation path-
way in S. albus ZD11, we carried out a comparative 
genomic analysis between S. albus ZD11 and three 

commonly used Streptomyces strains (S. coelicolor 
A3[2], S. albidoflavus J1074 and S. lividans TK24), 
which can utilize both glucose and oil as the carbon 
sources (Kuo et al.,  2012). According to the COG 
(Clusters of Orthologous Groups) database and the 
KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database (Huerta-Cepas et al.,  2019; Kanehisa & 
Goto, 2000), it was found that not only the total num-
ber of β-oxidation genes but also the amount of genes 
involved in every single step of β-oxidation pathway 
were significantly higher in S. albus ZD11 than those 
in the other three strains (Figure  1A,B). Next, the 
result of transcriptomic analysis indicates that the 
genes belonging to the β-oxidation pathway exhib-
ited higher expression levels when S. albus ZD11 
was cultured in the soybean oil medium compared 
to the glucose medium (Figure 1C). Interestingly, al-
though the total number of 3-hydroxyacyl-CoA dehy-
drogenase genes (abbreviated to fadBs) is minimal 
among the five reaction steps of the β-oxidation 
pathway in S. albus ZD11, the sum of FPKM values 
(Fragments Per Kilobase per Million) of these genes 
is the highest when the strain was cultured in the 
soybean oil medium. Among them, the FPKM value 
of fadB3 was the highest, and that of fadB7 was the 
lowest and less than the lower limit of gene expres-
sion level (FPKM value <10) defined in this study. 
The transcriptional levels of five of the nine fadBs 
were significantly upregulated in the soybean oil me-
dium (Figures 1D and S3). Surprisingly, fadB3 was 
found to locate inside the biosynthetic gene clus-
ter of salinomycin and was positively regulated by 
the pathway-specific regulator SlnR (Figure  S2B). 
According to our previous study, the transcriptional 
level of fadB3 was decreased over 90% in the slnR 
deletion mutant and was significantly increased in 
the slnR overexpression mutant compared to that in 
the WT strain (Jiang et al., 2012).

According to the analysis of conserved domains 
base on Pfam database (Mistry et al., 2021), the nine 
predicted 3-hydroxyacyl-CoA dehydrogenases were 
divided into four classes (Figure 1E). In the first class, 
FadB1 and FadB2 consist of an N-terminal crotonase-
like family/enoyl-CoA hydratase domain (pfam00378), a 
central 3-hydroxyacyl-CoA dehydrogenase-NAD bind-
ing domain (3HCDH_N, pfam02737) and C-terminal 
3-hydroxyacyl-CoA dehydrogenase domain (3HCDH, 
pfam00725). These two proteins showed high identi-
ties to the known fatty acid oxidative multifunctional 
enzyme SCO6732 (84.49%) and SCO6026 (88.59%) 
from S. coelicolor (Menendez-Bravo et al., 2017), im-
plying FadB1 and FadB2 are the multifunctional pro-
teins with both ECH and 3HCDH activities. In the 
second class, FadB3 and FadB9 have two 3HCDH_N 
domains and two 3HCDH domains. The domain com-
position of FadB5 was similar to the second class, 
which had a 3HCDH_RFF (pfam18321, a 3HCDH_N 
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missing the catalytic residues and an NAD [H] bind-
ing cleft) instead of 3HCDH_N at the N-terminal part. 
The last class includes FadB4, FadB6, FadB7 and 
FadB8, which consist of only one 3HCDH_N domain 
and one 3HCDH domain. According to the previous re-
ports (Cox et al.,  2019; Menendez-Bravo et al.,  2017; 
Taylor et al.,  2010), the members in the last class of 
3-hydroxyacyl-CoA dehydrogenase perhaps function 
by assembling into a dimer. In addition, phylogenetic 
analysis showed that all 3HCDH_N-3HCDH units from 
the four classes of 3-hydroxyacyl-CoA dehydrogenase 
could be classified into two clades (Figure 1F). Clade 
I contains eight 3HCDH_N-3HCDH units located in 
FadB3, FadB4, FadB6, FadB7, FadB8 and FadB9, 
respectively. Clades II contains three 3HCDH_N-
3HCDH units belonging to FadB1, FadB2 and FadB5. 

It suggests that the function of members in each group 
might be more similar.

FadB3 presents a core status among the 
3-hydroxyacyl-CoA dehydrogenases in S. 
albus ZD11

To investigate the role of predicted 3-hydroxyacyl-CoA 
dehydrogenases in S. albus ZD11, we tried to knock 
out each 3-hydroxyacyl-CoA dehydrogenase gene by 
PCR targeting (Zhu et al.,  2017) and constructed a 
series of single-gene deletion (SGD) mutants, except 
fadB8 because of its low transcriptional level under 
the existing fermentation conditions. Compared to the 
WT strain, the salinomycin yields of eight SGD mutants 

F I G U R E  1   Multiple analysis of the genes predicted to involve in the β-oxidation pathway of S. albus ZD11. (A) Quantities of predicted 
β-oxidation genes in S. albus ZD11, S. albidoflavus J1074, S. coelicolor A3(2) and S. lividans TK24. (B) Quantities of genes involved in 
each step of β-oxidation pathway. (C) The sum of FPKM values of genes in each step of β-oxidation pathway when the S. albus ZD11 WT 
strain was cultured in the medium using soybean oil or glucose as sole carbon source. (D) The fold changes in expression levels of nine 
3-hydroxyacyl-CoA dehydrogenase genes in the oil medium relative to those in the glucose medium. RNA fold change is the normalized 
log2 ratio of FPKM values (FPKMoil/FPKMglucose). (E) Analysis of the domain composition of nine 3-hydroxyacyl-CoA dehydrogenases. (F) 
Phylogenetic tree of the 3HCDH_N-3HCDH units from nine 3-hydroxyacyl-CoA dehydrogenases. Phylogenetic tree was reconstructed 
using the neighbour-joining algorithm implemented in MEGA11. Scale bar represents 0.1 estimated sequence divergence. D1 and 
D2, respectively, represent the N-terminal and C-terminal 3HCDH_N-3HCDH units located in the corresponding 3-hydroxyacyl-CoA 
dehydrogenases.
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were all decreased. The ΔfadB1, ΔfadB2, ΔfadB3 
and ΔfadB4 mutants showed more significant reduc-
tion in salinomycin production than the other SGD mu-
tants. Among them, the ΔfadB3 mutant exhibited the 
least yield of salinomycin (Figure  2A). Moreover, the 
biomass of each SGD mutant was almost the same as 
that of the WT strain, indicating that knockout of each 
3-hydroxyacyl-CoA dehydrogenase gene alone did not 
affect cell growth (Figure S4A).

To figure out how these 3-hydroxyacyl-CoA dehydro-
genases work together in S. albus ZD11, the expression 
levels of remaining fadBs in each SGD mutant were 
measured. As shown in Figure 2C, the expression level 
of each remaining fadB gene in the ΔfadB3 mutant 
was more or less upregulated. At the same time, the 
expression level of fadB3 was upregulated in almost all 
other SGD mutants except the ΔfadB1 mutants. This 
indicates that fadB3 could be upregulated to recover 
the loss of other fadB genes and vice versa, suggest-
ing its central role among the fadBs in S. albus ZD11.

Then several multi-gene deletion (MGD) mutants 
were constructed in order to further analyse the effect 
of FadB1, FadB2, FadB3 or FadB4 on salinomycin pro-
duction. As shown in Figure 2B, the salinomycin yield 
of the ΔfadB2ΔfadB1 mutant was less than that of the 
ΔfadB1 mutant or the ΔfadB2 mutant. Compared to 
the ΔfadB2ΔfadB1 mutant, the ΔfadB2ΔfadB1ΔfadB3 
mutant showed a remarkable drawdown in salinomy-
cin yield, while the ΔfadB2ΔfadB1ΔfadB4 mutant ex-
hibited a relative less reduction. These results further 
determined the critical role of FadB3. In addition, these 
MGD mutants presented no obvious reduction in bio-
mass compared to the WT strain, implying that the re-
maining fadBs in the mutants are still able to keep the 
β-oxidation pathways working properly for primary me-
tabolism in S. albus ZD11 (Figure S4B).

The 3-hydroxyacyl-CoA 
dehydrogenase orthologous located 
inside the PKS BGCs show no inevitable 
connection with the biosynthesis of EM-
CoA

Since fadB3 locates within the salinomycin BGC, 
previous studies suggested that FadB3 might partici-
pate in the biosynthesis of EM-CoA precursor (Jiang 
et al., 2012; Lu et al., 2016), but there was no experi-
mental evidence to confirm this. To investigate the as-
sociation between the β-oxidation genes within PKS 
BGCs and the biosynthesis of corresponding polyke-
tides, we collected 272 PKS BGCs from the MIBiG 
database (Kautsar et al., 2020) (Appendix S1). It was 
found that more than half of these BGCs do not contain 
the predicted β-oxidation genes and 10 of such BGCs 
are considered to use EM-CoA as the biosynthetic 
precursor. On the contrary, there are 126 PKS BGCs 
containing the predicted β-oxidation genes, and 30 of 
them harbour at least one 3-hydroxyacyl-CoA dehydro-
genase gene. 11 of the 30 BGCs are supposed to use 
EM-CoA as the biosynthetic precursor, implying that 
the 3-hydroxyacyl-CoA dehydrogenase genes located 
within the BGCs, at least, might be not just related to 
the biosynthesis of EM-CoA (Figure  3A). Except the 
3-hydroxyacyl-CoA dehydrogenase genes, the genes 
predicted to encode acyl-CoA synthetase, acyl-CoA 
dehydrogenase or enoyl-CoA hydratase are also 
found in these PKS BGCs (Figure 3B, Appendix S1). 
And the acyl-CoA synthetase genes account for the 
highest proportion. Phylogenetic analysis showed 
that the 3HCDH_N-3HCDH units from the thirty-
one 3-hydroxyacyl-CoA dehydrogenase orthologous 
could be classified into three clades (Figure  3C). Six 
3-hydroxyacyl-CoA dehydrogenases (including FadB3 

F I G U R E  2   Deletion of the fadBs decreased the salinomycin production of S. albus ZD11. (A) The relative salinomycin yields of the SGD 
mutants. (B) The relative salinomycin yields of the MGD mutants. Error bars indicate the SD for samples tested in triplicate. (C) Expression 
level analysis of the remaining 3-hydroxyacyl-CoA dehydrogenase genes in each SGD mutant as compared to the WT strain. hrdB 
transcription was monitored and used as the internal control. Each fold change was calculated by RT-qPCR using the 2−△△CT method. The 
data are presented as the average of three parallel samples.
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in S. albus ZD11) containing two 3HCDH_N-3HCDH 
units all belong to clade III, indicating their closer evo-
lutionary relationships. These results demonstrate that 

the 3-hydroxyacyl-CoA dehydrogenase orthologous 
found in the PKS BGCs are not necessarily associated 
with EM-CoA biosynthesis.

F I G U R E  3   Relationship between the PKS BGCs and the β-oxidation genes within these BGCs. (A) Distribution of the PKS BGCs 
collected from the MIBiG database. (B) Distribution of the PKS BGCs containing β-oxidation genes. (C) Phylogenetic tree of 3HCDH_N-
3HCDH units from the 3-hydroxyacyl-CoA dehydrogenases located in the 30 PKS BGCs. Phylogenetic tree was reconstructed using the 
neighbour-joining algorithm implemented in MEGA 11. Scale bar represents 0.1 estimated sequence divergence. D1 unit and D2 unit 
represent the N-terminal and C-terminal 3HCDH_N-3HCDH units located in the corresponding 3-hydroxyacyl-CoA dehydrogenases. Black 
dots represent the 3-hydroxyacyl-CoA dehydrogenase from the PKS BGCs using EM-CoA as a biosynthetic precursor.
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FadB3 prefers to catalyse the 
conversion of 3-hydroxyacyl-CoA to the 
3-ketoyl acid to enhance the β-oxidation 
pathway in S. albus ZD11 

3-Hydroxyacyl-CoA dehydrogenase is the penul-
timate enzyme in β-oxidation cycle and revers-
ibly catalyses the conversion of 3-hydroxyacyl-CoA to 
3-ketoacyl-CoA. To evaluate its catalytic activity, fadB3 
was cloned from S. albus ZD11 and heterologously ex-
pressed in E. coli BL21 (DE3) to get the purified pro-
tein (Figure  4A). According to the previous reports, 
the activity of 3-hydroxyacyl-CoA dehydrogenase 
was usually measured by NAD+/NADH-dependent 
dehydrogenase reaction using acetoacetyl-CoA or 
(3S)-hydroxybutyryl-CoA as the short-chain acyl-CoA 
substrate (Elena Volodina1, 2014; Taylor et al., 2010). 
As shown in Figure  4B, under the condition of 
pH  7.6 which is within the range of physiological pH 
in Streptomyces cell, FadB3 could catalyse the con-
version of (3S)-hydroxybutyryl-CoA to acetoacetyl-
CoA much better than the reverse reaction. After 
90 minutes of catalysis, more than two-thirds of (3S)-
hydroxybutyryl-CoA was transformed to acetoacetyl-
CoA, but only few acetoacetyl-CoA was converted to 
(3S)-hydroxybutyryl-CoA. Since one of the pathways 
involved in EM-CoA biosynthesis is started with con-
verting acetoacetyl-CoA to (3S)-hydroxybutyryl-CoA 
(Figure  S1), our result gave the evidence that FadB3 
prefers to participate in the β-oxidation pathway rather 
than the synthesis of EM-CoA.

To validate the catalytic results above and figure out 
the possibility of long-chain acyl-CoAs catalysed by 
FadB3, we thus turned to computational approaches 
to gain mechanistic insight into the enzymatic proper-
ties of FadB3. As the docking results of short-chain 

acyl-CoAs showed, AA-CoA and HB-CoA were dock-
ing with FadB3-D1 (N-terminal 3HCDH_N-3HCDH 
unit of FadB3) and FadB3-D2 (C-terminal 3HCDH_N-
3HCDH unit of FadB3), respectively. Two representa-
tive binding conformations were selected due to their 
stability for further analysis (Figure  S5A,B). RMSF 
(Root Mean Square Fluctuation) and RMSD (Root 
Mean Square Deviation) showed that FadB3 could 
combine with short-chain acyl-CoAs appropriately 
and stably (Figures  S6 and 5A,B). Analysis of the 
conformation structures revealed that the short-chain 
acyl-CoAs were probably positioned near the resi-
dues Thr18, Thr229, His130 and Lys264 in FadB3-D1 
(Figures  6A,B and S7A,C). And Asn480, His430, 
Asn433 and Pro515 could stabilize the short-chains 
probably in FadB3-D2 (Figures 6C,D and S7B,D). As 
shown in Figure S8, sequence alignment showed that 
His130 in FadB3-D1 and His430 in FadB3-D2 were 
conserved compared to His143 in FadB2 from M. tu-
berculosis and His140 in PaaH1 from Ralstonia eutro-
pha, which were reported as the conserved catalytic 
residues (Cox et al., 2019; Kim et al., 2014). Therefore, 
there is a great possibility that short-chain acyl-CoAs 
could be catalysed in FadB3-D1 and FadB3-D2 ac-
cording to the results of MD simulations, which can 
be mutually verified with above experimental results 
(Figure  4B). Then the substrates were extended to 
long-chain acyl-CoAs based on the validity of MD 
simulations. Because the main fatty acids of soybean 
oil is oleic acid, (3S)-hydroxy-9Z-octadecenoyl-CoA 
and (9Z)-3-oxooctadecenoyl-CoA were chosen as 
the long-chain substrates of FadB3. Representative 
binding conformations between long-chain acyl-CoAs 
and FadB3 were also selected due to their stability 
for further mechanistic study. Our results showed that 
the interaction energy between long-chain acyl-CoAs 

F I G U R E  4   Evaluation of the catalytic 
activity of FadB3. (A) SDS-PAGE gel 
image of the purified FadB3 (64.9 kDa). 
Lane 1: purified FadB3 with N-terminal 
and C-terminal His6 tag. Lane M: protein 
marker. Adobe Photoshop (PS) CC 2018 
was used for image editing. (B) FadB3 
catalysed the NAD+/NADH-dependent 
reaction between (3S)-hydroxybutyryl-
CoA (HB-CoA) and acetoacetyl-CoA 
(AA-CoA). The contents of acetoacetyl-
CoA and (3S)-hydroxybutyryl-CoA were 
determined by HPLC analysis (high 
performance liquid chromatography).
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and FadB3 was mainly van der Waals and with no 
obvious difference comparing with short-chain acyl-
CoAs (Figure  S9). However, FadB3-D2 could com-
bine with long-chain acyl-CoAs more stable than 
FadB3-D1 according to the less fluctuation of RMSD 
in FadB3-D2 (Figure  5C,D), which might be due to 

the flexible long carbon chains. Furthermore, the pos-
sible catalytic residue Asn480 was observed in the 
conformation of long-chain acyl-CoAs with FadB3-D2 
(Figures 6E,F and S7E,F). However, any possible cat-
alytic residues could not be found at the binding site 
when long-chain acyl-CoAs were combined with the 

F I G U R E  5   RMSD of acyl-CoAs 
located in different domains of FadB3. 
(A) acetoacetyl-CoA (AA-CoA). (B) 
(3S)-hydroxybutyryl-CoA (HB-CoA). 
(C) (3S)-hydroxy-9Z-octadecenoyl-CoA 
(HCO-CoA). (D) (9Z)-3-oxooctadecenoyl-
CoA (OCO-CoA).

F I G U R E  6   Binding configurations of substrates and FadB3. (A) FadB3-D1 combines with AA-CoA; (B) FadB3-D1 combines with HB-
CoA; (C) FadB3-D2 combines with AA-CoA; (D) FadB3-D2 combines with HB-CoA; (E) FadB3-D2 combines with HCO-CoA; (F) FadB3-D2 
combines with OCO-CoA.
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FadB3-D1. In conclusion, these results indicate that 
FadB3-D2 can not only bind short-chain acyl-CoAs 
but also long-chains acyl-CoAs. Based on the above 
analysis, FadB3 can bind short-chain and long-chain 
acyl-CoAs with different preferences, suggesting its 
ability to act as a key 3-hydroxyacyl-CoA dehydro-
genase to catalyse oxidation of both short-chain and 
long-chain acyl-CoAs in the β-oxidation process, but 
the oxidation of short-chain acyl-CoAs may occur 
more easily.

Heterologous biosynthesis of 
daunorubicin (DNR) further confirmed the 
key role of FadB3 played in the β-oxidation 
pathway of S. albus ZD11

Since FadB3 could also catalyse the conversion 
from acetoacetyl-CoA to (3S)-hydroxybutyryl-CoA 
with lower efficiency in vitro, whether the significant 

reduction in salinomycin yield of ∆fadB3 mutant is 
more influenced by β-oxidation or EM-CoA biosynthe-
sis is still uncertain. To explain that, a daunorubicin 
(DNR) BGC was cloned from Streptomyces coerule-
orubidus and heterogeneously expressed in S. albus 
ZD11. DNR is synthesized by a type II PKS. This 
PKS assembles 10 precursors consisting of one P-
CoA starter unit and nine M-CoA extender units into 
the anthracyclinone skeleton of DNR (Blumauerova 
et al., 1977; Malla et al., 2010) (Figure 7A). Most of the 
genes in the DNR BGC are regulated by a pathway-
specific regulator DnrI (Tang et al., 1996). The S2 mu-
tant (ΔsalΔfadB3) based on a S1 (Δsal) mutant that 
cannot produce salinomycin anymore (Figure  S2C) 
(Dong et al., 2021) was constructed in this study. The 
vector (pDNR4) carrying an engineered DNR BGC 
was integrated into the chromosome of S2 or S1 mu-
tants, respectively. As shown in Figure 7B,C, the S4 
(ΔsalΔfadB3::pDNR4) mutant produced 47% of DNR 
less than the S3 (Δsal::pDNR4) mutant when using 

F I G U R E  7   Heterologous biosynthesis of daunorubicin in S. albus ZD11. (A) Engineering the promoter of dnrI (a pathway-specific 
regulator gene) and blocking the shunt pathways in DNR BGC. (B) HPLC analysis of the yield of daunorubicin in the S1 (Δsal), S2 
(ΔsalΔfadB3), S3 (Δsal::pDNR4) or S4 (ΔsalΔfadB3::pDNR4) mutant. 1# and 2# peaks represent 13-dihydrodaunorubicin and DNR, 
respectively. (C) The production of daunorubicin in the S3 and S4 mutants. Error bars indicate the SD for samples tested in triplicate.
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soybean oil as sole carbon source. We suggest that 
the β-oxidation pathway lacking fadB3 decreases the 
generation of acetyl-CoA, which in turn reduces M-
CoA production in S4 mutant and leads to a reduc-
tion in DNR production compared to the S3 mutant. 
Since biosynthesis of DNR does not use EM-CoA 
as a precursor, this result further confirmed the key 
role of FadB3 played in the β-oxidation pathway of S. 
albus ZD11.

DISCUSSION

In Streptomyces, understanding the coupling mecha-
nisms of primary and secondary metabolism could 
enable the development of strategies to improve the 
production of target secondary metabolites. Genomic 
and transcriptomic analysis indicates that S. albus 
ZD11 has a remarkable capability to generate abun-
dant acyl-CoA precursors for salinomycin biosynthesis 
with the help of its enhanced β-oxidation pathway. In 
this work, 3-hydroxyacyl-CoA dehydrogenase that is 
the penultimate enzyme in the β-oxidation cycle was 
carefully studied. We found that a 3-hydroxyacyl-CoA 
dehydrogenase gene (fadB3) carried by the salino-
mycin BGC played a very important role in adjusting 
the rate of β-oxidation in S. albus ZD11. Deletion of 
fadB3 significantly reduced the production of salino-
mycin. The evidences from in vitro enzymatic activity 
detection, protein–substrate docking and heterologous 

expression of DNR BGC all proved that FadB3 mainly 
involved in the β-oxidation pathway rather than EM-
CoA biosynthesis.

Since fadB3 is positively regulated by the pathway-
specific regulator SlnR, it should start to function only 
after the biosynthesis of salinomycin is initiated. As 
mentioned earlier, the amount of 3-hydroxyacyl-CoA 
dehydrogenase genes is minimal among the five 
steps of β-oxidation pathway in S. albus ZD11, sug-
gesting 3-hydroxyacyl-CoA dehydrogenase might be 
the rate-limiting step. Thus, we proposed a mech-
anism of how salinomycin biosynthesis regulates 
the rate of fatty acid oxidation in S. albus ZD11. As 
shown in Figure 8, when salinomycin synthesis was 
initiated, fadB3 was then highly expressed, which 
relieved the rate limitation caused by the lack of 
3-hydroxyl-CoA dehydrogenases. This would result 
in more generation of acetyl-CoAs, most of which 
were subsequently converted to various acyl-CoA 
precursors for salinomycin biosynthesis (Figure S1). 
On the contrary, when the strain did not synthesize 
salinomycin, fadB3 would not be activated to ex-
press, and the remaining 3-hydroxyacyl-CoA dehy-
drogenases would enable the β-oxidation pathway to 
operate at a relatively low rate to economically utilize 
nutrients in the environment.

Here, we report a very interesting mechanism by 
which a secondary metabolic pathway reversely regu-
lates the primary metabolic processes. The PKS BGCs 
could regulate the β-oxidation pathway by carrying the 

F I G U R E  8   Schematic diagram of the proposed regulatory mechanism of the salinomycin biosynthesis on the β-oxidation pathway in S. 
albus ZD11.
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β-oxidation genes, enabling Streptomyces strains to 
efficiently synthesize polyketides. By analysing more 
PKS BGCs, we found such mechanism might be wide-
spread. Nearly 50% of the investigated PKS BGCs 
contain predicted β-oxidation genes, including the 
genes encoding acyl-CoA synthetase, acyl-CoA de-
hydrogenase, 3-hydroxyacyl-CoA dehydrogenase or 
enoyl-CoA hydratase, suggesting that they may play 
the similar roles like FadB3.

Although we used computational approaches to 
confirm that FadB3 could bind short-chain and long-
chain acyl-CoAs with different preferences, it is still un-
clear how FadB3 catalyses the acyl-CoAs with different 
chain length. Besides, the protein–substrate docking 
predicted several key catalytic sites in FadB3, and it 
has not been experimentally verified, which is worth to 
study in our future work. It is also worth noticing that the 
existing methods for protein function prediction cannot 
accurately distinguish 3-hydroxyacyl-CoA dehydroge-
nase and 3-hydroxybutyryl-CoA dehydrogenase. Thus, 
functions of the other predicted 3-hydroxyacyl-CoA 
dehydrogenase in S. albus ZD11 still remain uncertain 
and need further study in the future.
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