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Abstract Along with traditional random mutagenesis-
driven strain improvement, cloning and heterologous
expression of Streptomyces secondary metabolite gene
clusters have become an attractive complementary
approach to increase its production titer, of which regula-
tion is typically under tight control via complex multiple
regulatory networks present in a metabolite low-producing
wild-type strain. In this study, we generated a polyketide
non-producing strain by deleting the entire actinorhodin
cluster from the chromosome of a previously generated
S. coelicolor mutant strain, which was shown to stimulate
actinorhodin biosynthesis through deletion of two antibiotic
downregulators as well as a polyketide precursor flux
downregulator (Kim etal. in Appl Environ Microbiol
77:1872-1877, 2011). Using this engineered S. coelicolor
mutant strain as a surrogate host, a model minimal polyke-
tide pathway for aloesaponarin II, an actinorhodin shunt
product, was cloned in a high-copy conjugative plasmid,
followed by functional pathway expression and quantitative
metabolite analysis. Aloesaponarin II production was
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detected only in the presence of a pathway-specific regula-
tory gene, actll-ORF4, and its production level was the
highest in the actinorhodin cluster-deleted and downregula-
tor-deleted mutant strain, implying that this engineered
polyketide pathway-free and regulation-optimized S. coeli-
color mutant strain could be used as a general surrogate
host for efficient expression of indigenous or foreign poly-
ketide pathways derived from diverse actinomycetes in
nature.

Keywords Streptomyces - Polyketide expression -
Antibiotic regulation stimulation

Introduction

It is well documented that the bacterial genus Streptomyces
produces the majority of known microbial-origin pharma-
ceutically valuable secondary metabolites [1, 17]. The
expression of these Streptomyces secondary metabolites are
tightly regulated by multiple complex regulatory networks;
however, many of these pathways were found to be present
in silent or less-expressed strains in nature [19, 23]. For the
last several decades, optimization of Streptomyces culture
and recursive random mutagenesis has been adopted as one
of the most widely practiced strategies for utilizing these
potentially valuable but tightly regulated secondary metab-
olites [6, 18, 21]. In addition, understanding the complex
molecular-level regulatory networks and their practical
application are becoming equally crucial steps for success-
ful Streptomyces strain improvement.

As an alternative and complementary strategy for Strep-
tomyces-driven novel metabolite isolation, functional
expression of the target secondary metabolite pathway in a
Streptomyces heterologous host has been applied. Several
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Table 1 Bacterial strains and

actVII, actlV loci and actll-orf4

plasmids used in this study Strain or plasmid Description Reference

Strains

S. coelicolor M145 Wild type [11]

S. coelicolor ESK101 Actinorhodin cluster deleted S. coelicolor M 145 This study

S. coelicolor ESK104 Actinorhodin cluster deleted S. coelicolor M145 This study
with AwbIAA1712A5426

Plasmids

pKC1139 E. coli-Streptomyces shuttle vector; [4]
aac(3)IV lacZo oriTry,

pKC-ACT pKC1139 derivative containing 2.7 kb and 2.9 kb This study
homologous flaking regions of actinorhodin cluster

pWHM3 E. coli-Streptomyces shuttle vector; lacZo. bla tsr [11]

pMMBL004 pWHM3 derivative containing Xbal digested apr/oriT This study
fragment from plJ773

pAloell-1 pMMBLO004 containing the actl, actlll, This study
actVII and actlV loci

pAloell-2 pMMBLO004 containing the actl, actlll, This study

pathways of pharmaceutically valuable secondary metabo-
lites were successfully expressed in relatively well-charac-
terized and genetically amenable Streptomyces surrogate
hosts, including S. coelicolor, S. lividans, and S. avermitilis
[7, 8, 20, 22, 24]. Recently, the genomes of these strains
were further engineered to maximize production of foreign
metabolites by deleting the endogenous secondary
metabolic gene clusters and/or preventing the diversion of
precursors into competing secondary metabolic pathways
[2, 16]. In addition, a genome-minimized Streptomyces
industrial mutant strain was also successfully used for for-
eign metabolite pathway expression as a heterologous
expression host [14], implying that the development of
versatile and efficient Streptomyces surrogate hosts is
critical for future actinomycetes natural product develop-
ment.

Recently, we isolated previously unidentified regulatory
genes involved in antibiotic biosynthetic regulation, includ-
ing two global antibiotic downregulatory genes (a whiB-
like protein A gene, whblA, and a tetR family transcriptional
regulatory gene, SCO1712), using reverse engineering
approaches via comparative transcriptomics between a
wild-type and a metabolite-overproducing industrial mutant
strain [10, 15]. Sequential targeted gene disruption of these
two antibiotic downregulator genes as well as polyketide
precursor flux downregulating SCO5426 led to a significant
synergistic increase in the production of a type II polyke-
tide antibiotic actinorhodin (ACT) in this triple knock-out
S. coelicolor mutant [13]. Here, we deleted the entire ACT
cluster from the chromosome of this triple knock-out S.
coelicolor mutant strain to generate a polyketide pathway-
deleted and secondary metabolite regulation-stimulated S.
coelicolor mutant strain. Using this S. coelicolor mutant as

@ Springer

a surrogate host, a model minimal type II polyketide named
aloesaponarin II derived from the ACT shunt pathway
could be functionally overexpressed using a conjugative
high-copy shuttle plasmid. These results demonstrated that
this engineered polyketide pathway-free and regulation-
optimized S. coelicolor strain might become a general sur-
rogate host for efficient expression of indigenous or foreign
polyketide pathways derived from diverse actinomycetes
genome mining.

Materials and methods
Bacterial strains and growth condition

The strains and plasmids used in this study are listed in
Table 1. S. coelicolor M145 was cultured in a modified RS
liquid medium [11] at 30°C for 5 days. S. coelicolor strains
harboring pKC-ACT were cultured at 37°C. All Streptomy-
ces strains were cultured with 50 pg/ml of apramycin or
50 pg/ml thiostrepton when needed. E. coli strains were
cultured at 37°C in Luria broth or on Luria agar, supple-
mented with the appropriate antibiotics when needed
(50 pg/ml ampicillin; 50 pg/ml kanamycin; 50 pg/ml apra-
mycin; 50 pg/ml chloramphenicol).

Construction of ACT cluster-deleted mutants

A gene replacement plasmid pKC-ACT, which was derived
from pKC1139 and contained an apramycin resistance
marker, was constructed for deletion of the ACT cluster.
The plasmid pKC-ACT was constructed by cloning 2.7-kb
and 2.9-kb fragments homologous to the SCO5070-5072
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Fig. 1 a Schematic representation of the actinorhodin (ACT) biosyn-
thetic gene cluster used to generate the ACT cluster deleted strain.
Dashed box represents genes for aloesaponarin II biosynthesis. #s7:
thiostrepton®. b The phenotypes of ACT cluster-deleted streptomyces
strains on the modified R5 plates for 5 days. Left plate shows S. coeli-

and SCO5088-5092 regions of the ACT cluster, and clon-
ing the 1 kb tsr fragment. Each of the fragments was indi-
vidually amplified using the polymerase chain reaction
(PCR) (BioRad, USA) with ACT disl primer pairs, ACT
dis2 primer pairs, and tsr primer pairs. All PCR primer
sequences used in this study are summarized in supplemen-
tal table 1. All fragments were sequenced and introduced
into pKC1139 digested with HindllI-EcoRI. The resulting
plasmid was introduced into S. coelicolor M145 and S. coe-
licolor triple knock-out (AwbIAA1712A5426) mutant strain
by conjugation. Thiostrepton resistance mutants were
selected and sub-cultured four times in modified RS broth
media with 50 pg/ml thiostrepton at 37°C. The collected
spores from modified RS plates containing thiostrepton
were cultured in modified RS broth without thiostrepton at
37°C. After four repeats of subculture, several double
crossover mutants were identified based on the phenotypes
of thiostrepton sensitivity and loss of ACT blue pigment
production. The correct deletion of the ACT gene cluster
from the mutant chromosome was further verified via PCR
amplification of the deleted-junction and its sequencing
analysis.

color ESK101 harboring pMMBLO004 (bottom left), pAloell-1 (bottom
right), and pAloell-2 (top). Right plate shows S. coelicolor
AwbIAA1712A5426 ESK104 harboring pMMBLO04 (bottom left),
pAloell-1 (bottom right), and pAloell-2 (top)

Construction of aloesaponarinll expression vector

The constructed pMMBLO004, derived from pWHM3, was
used for aloesaponarin II expression (Table 1). It was con-
structed for conjugation by ligation of a Xbal digested
apr®/oriT fragment from plJ773 [9] using the E. coli-
Streptomyces shuttle vector pWHM3 (Fig. 2a). The pAlo-
ell-1 vector contains an additional 8.8-kb PsfI fragment
including actl, actlll, actVII, and actlV loci isolated from
pANT12 [12]. The actlI-orf4 fragment containing its own
promoter was PCR-amplified from the S. coelicolor M145
chromosome, and its sequence was verified. The EcoRI
digested actlI-orf4 fragment was introduced into the pAlo-
ell-1 vector, which was designated pAloell-2. All con-
structed vectors were introduced into Streptomyces by
conjugation, and thiostrepton and apramycin were used for
selection.

HPLC analyses of aloesaponarin II and its carboxylic form

Twenty milliliters of the cultures in triple-baffled flasks
was acidified to pH 3 with 1 M citric acid and then
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extracted with an equal volume of 10% MeOH/CHCI,4
[12]. The resulting emulsion was re-extracted with the
same solvent. The 5-day-old solid cultures of ESK101 and
ESK104 grown on two 30-ml modified R5 agar plates
containing apramycin and thiostrepton were ground with
100 ml of ddH,O using a blender. Then 250 ml of 10%
MeOH/CHCI; was added to the acidified emulsion and
reextracted with the same solvent. The total extracts were
dissolved in 1 ml of MeOH. Aloesaponarin II compounds
were visualized on thin-layer chromatography (TLC)
plates (Whatman, Inc., USA), which were developed with
a solvent system containing cyclohexane and ethyl acetate
(1:1) as described previously [3, 12]. The compounds on
the TLC plates were visualized based on their normal pig-
mentation and by their fluorescence under long-wave UV
irradiation at 365 nm. The purified aloesaponarin II and
its acid form on the TLC plate were also confirmed by
ESI/MS (Varian, USA) and used as standards for HPLC
analysis. The concentration of aloesaponarin II and its
acid form (g;o = 3,100) [5] were measured using a UV—
visible spectrophotometer (Shimazu, Japan). The culture
extracts were then subjected to analysis using an HPLC
system (Shimazu, Japan) for aloesaponarin II quantifica-
tion with a Cg column (5 pm, 250 mm x 4.6 mm, Agi-
lent, USA). For HPLC analysis, an isocratic mobile phase
buffer of 65% methanol, 30% water, and 5% glacial acetic
acid (final pH 2.5) was used, and the sample was moni-
tored at 410 nm.

Fig. 2 a Plasmid map of the
pMMBLO004, pAloell-1
(pPMMBLO004 containing Pstl
fragment), pAloell-2 (pAloell-1
containing actll-orf4). rep: rep-
licon; ori: origin of replication;
bla: B-lactamase®; #sr: thiostrep-
ton®; apr: apramycin®; oriT: ori-
gin of transfer. b Schematic
represent of the the aloesapona-
rin II biosynthetic pathway. Sol-
id and dotted arrows represent
presumed enzymatic and sponta-
neous steps, respectively. 3,8-
DMAC: 3,8-dihydroxy-1-meth-
yl-anthraquinone-2-carboxylic
acid (B) 0O 0 o)

7 CaA—SJ\/”\
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Results and discussion

Deletion of the actinorhodin gene cluster from S. coelicolor
wild-type and mutant strains

To generate actinorhodin (ACT) non-producing S. coelicolor
strains, the entire ACT biosynthetic gene clusters were deleted
from the S. coelicolor wild-type M 145 and the ACT-overpro-
ducing triple knock-out (AwbIAA1712A5426) S. coelicolor
mutant using a temperature-sensitive suicide vector pKC1139,
respectively (Fig. 1a). As previously reported, the triple knock-
out (AwbIAA1712A5426) S. coelicolor mutant displayed about
fourfold higher ACT-specific productivity compared with
the wild-type strain [13]. As described in Materials and
methods, S. coelicolor AACT (ESK101) and S. coelicolor
AACTAwbIAA1T12A5426 (ESK104) strains were precisely
engineered, which was confirmed by PCR analyses and direct
sequencing of the junction fragment. The expected PCR-
amplified size of the 0.5-kb band was observed both in ESK
101 and ESK104 strains, but not in the wild-type and triple
knock-out strains (Suppl. Fig. 1). Moreover, the junction frag-
ments amplified by PCR were further verified to be correct by
direct sequencing in both strains (Supp. Fig. 2). As expected,
both S. coelicolor mutant strains failed to produce a deep-blue
pigment ACT, while the bald phenotype observed in the triple
knock-out mutant strain was similar to the ESK101 strain
(Fig. 1b). Based on both genotypic and phenotypic character-
ization, the entire ACT biosynthetic gene clusters were shown

pAloell-1
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to be successfully deleted from the chromosomes of S. coeli-
color ESK101 and ESK104 strains.

Cloning and functional expression of the minimal
polyketide aloesaponarin II pathway

It was previously reported that an 8.8-kb PstI fragment con-
taining the actl, actlll, and actVII loci from the ACT bio-
synthetic cluster cloned into the high-copy number
Streptomyces vector plJ350 led to a highly fluorescent ACT
shunt product called aloesaponarin II in a polyketide non-
producing S. parvulus [12], suggesting that the six ORFs
present in these loci are the minimal number of type II
polyketide genes needed to generate a stable and detectable
shunt product (Fig. 2a). As shown in Fig. 2b, aloesaponarin
II was derived from one acetyl-CoA starter unit and seven
malonyl-CoA extender units. In order to express this mini-
mal polyketide aloesaponarin II biosynthetic pathway in
S. coelicolor ESK101 and ESK104 strains, an 8.8-kb PstI
fragment containing the actl, actlll, and actVII loci was
sub-cloned into a E. coli-Streptomyces conjugative high-
copy number shuttle plasmid pMMBLO004, resulting in
pAloell-1 (Fig. 2a). The pMMBLO004 was constructed from

the Streptomcyes high-copy number plasmid, pWHM3,
after insertion of the conjugative Xbal fragment containing
apr®/oriT. The main advantage of using the pMMBLO004
system is the ability to transfer the target plasmid via conju-
gation directly from the E. coli donor to the Streptomyces
recipient without unexpected mutations related to second-
ary metabolite productivity during protoplast formation and
regeneration.

S. coelicolor ESK101/pAloell-1 and ESK104/pAloell-1
strains were grown in either liquid or solid culture, but all
the strains failed to produce any detectable amount of
aloesaponarin II (Figs. 1b, 3), presumably because of the
lack of a pathway-specific activator in the cluster. Since the
bi-directional promoter located in the cloned aloesaponarin
II biosynthetic cluster was shown to be activated only in the
presence of actl/I-ORF4, an ACT pathway-specific activator
gene, we decided to clone the 1-kb EcoRI fragment con-
taining the entire act/I-ORF4 gene and its promoter into the
pAloell-1 construct, resulting in pAloell-2 (Fig. 2a).
Unlike the strains containing pAloell-1, the S. coelicolor
ESK101/pAloell-2 and ESK104/pAloell-2 strains grown
on solid plates started to produce typical dark-yellowish
aloesaponarin II pigments (Fig. 1b). To further verify

A
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Fig. 3 HPLC chromatograms of the S. coelicolor ESK101 containing pMMBLO004 (fop), pAloell-1 (middle), and pAloell-2 (bottom) with ESI-MS

analysis data
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Table 2 Productions of aloesaponarin II and 3,8-DMAC in recombi-
nant S. coelicolor strains

Total of 3,8-DMAC
and aloesaponarin II (mg/g)

Strains

Liquid culture®

ESK101/pMMBL004 ND¢
ESK104/pMMBL004 ND
ESK101/pAloell-1 ND
ESK104/pAloell-1 ND
ESK101/pAloell-2 3.76
ESK104/pAloell-2 7.45
Solid culture®

ESK101/pAloell-2 3.67

ESK104/pAloell-2 22.15

% Average values of triplet liquid cultures
b Average values of two-independent plate cultures
¢ ND not detected

aloesaponarin II production, total plate-grown extracts from
S. coelicolor ESK101/pAloell-2 and ESK104/pAloell-2
were applied to thin-layer chromatography (TLC) as well
as HPLC. Highly fluorescent orange spots were detected
only in the S. coelicolor ESK101/pAloell-2 and ESK104/
pAloell-2 strains, but not in the S. coelicolor ESK101/
pMMBLO004, ESK104/pMMBL004, ESK101/pAloell-1, or
ESK104/pAloell-1 strains (data not shown), of which the
TLC Rf value was similar to the previously reported TLC
Rf value of aloesaponarin II [3]. The same extracts exhib-
ited two distinctive peaks in the reverse phase HPLC col-
umn assay (Fig. 3). The molecular weights of aloesaponarin
II and its carboxylated form, 3,8-DMAC (3,8-hydroxy-1-
methyl-anthraquinone-2-carboxylic acid), were determined
to be 254 and 298, respectively, in the ESI-MS analyses
(Fig. 3), suggesting that the minimal polyketide pathway
with its own pathway-specific regulatory gene should be
sufficient to produce the target polyketide compounds in
our engineered S. coelicolor strains.

Comparative production of aloesaponarin II in engineered
S. coelicolor strains

The S. coelicolor ESK104/pAloell-2 and ESK104/pAloell-
2 strains were cultured in liquid media to produce aloesa-
ponarin II along with the S. coelicolor strains containing
pMMBLO004 or pAloell-1. While all the strains exhibited
comparable growth patterns in 5-day liquid cultures, the
S. coelicolor ESK104/pAloell-2 strain exhibited the high-
est aloesaponarin II-specific productivity (7.4 mg/g DCW),
which was about twofold higher than that of the S. coeli-
color ESK101/pAloell-2 (3.7 mg/g DCW) (Table 2). These
results suggest that the deletion of polyketide downregulat-
ing genes such as wblA/SCO1712/SCO5426 led to signifi-
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cant stimulation of aloesaponarin II biosynthesis. Since
S. coelicolor ESK104/pAloell-1 failed to produce any
detectable amounts of aloesaponarin II, a pathway-specific
regulatory gene such as act/I-ORF4 is essential for Strepto-
myces heterologous expression. Moreover, the 5-day modi-
fied RS plate culture extract from S. coelicolor ESK104/
pAloell-2, which was showing much darker-yellowish pig-
ments, exhibited sixfold higher aloesaponarin II-specific
productivity (22.2 mg/g DCW) than that obtained from the
liquid culture extract of the same ESK101/pAloell-2 strain
(Fig. 1b; Table 2), implying that a functional polyketide
pathway could be better expressed in an engineered Strep-
tomyces strain grown under a solid culture condition. In
conclusion, a wblIA/SCO1712/SCO5426-deleted S. coeli-
color mutant strain without an ACT biosynthetic gene clus-
ter was successfully generated for functional expression of
a model minimal type II polyketide aloesaponarin II. The
results of this work suggest that this engineered polyketide
pathway-free and regulation-optimized S. coelicolor strain
might be used as a general surrogate host to maximize func-
tional expression of indigenous or foreign polyketide path-
ways derived from diverse actinomycete genome mining.
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