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Abstract

Rapamycin is an important macrocyclic antibiotic produced by Streptomyces rapamycinicus. In the rapamycin biosynthetic
gene cluster (BGC), there are up to five regulatory genes, which have been shown to play important roles in the regula-
tion of rapamycin biosynthesis. Here, we demonstrated that the rapamycin BGC-situated LAL family regulator RapH co-
ordinately regulated the biosynthesis of both rapamycin and elaiophylin. We showed that rapH overexpression not only
resulted in enhanced rapamycin production but also led to increased synthesis of another type I polyketide antibiotic, elaio-
phylin. Consistent with this, rapH deletion resulted in decreased production of both antibiotics. Through real-time RT-PCR
combined with p-glucuronidase reporter assays, four target genes controlled by RapH, including rapL (encoding a lysine
cyclodeaminase)/rapH in the rapamycin BGC and ela3 (encoding a LuxR family regulator)/ela9 (encoding a hypothetical
protein) in the elaiophylin BGC, were identified. A relatively conserved signature sequence recognized by RapH, which
comprises two 4-nt inverted repeats separated by 8-nt, 5'-GTT/AC-Ng-GTAC-3', was defined. Taken together, our findings
demonstrated that RapH was involved in co-ordinated regulation of two disparate BGCs specifying two unrelated antibiot-
ics, rapamycin and elaiophylin. These results further expand our knowledge of the regulation of antibiotic biosynthesis in
S. rapamycinicus.

Key points

o The cluster-situated regulator RapH controlled the synthesis of two antibiotics.
e Four promoter regions recognized by RapH were identified.

e A 16-nt signature DNA sequence essential for RapH regulation was defined.
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In addition, rapamycin derivatives have been approved as
anticancer agents in the treatment of renal cell carcinoma
and lymphoid malignancies (Argyriou et al. 2012; Zhou and
Huang 2012). The immense pharmacological importance of
rapamycin and its derivatives has led to a great demand for
its economic production at an industrial scale.

In recent decades, much progress has been made in
understanding of the rapamycin biosynthetic pathway and
the mechanisms regulating this pathway (Park et al. 2010;
Schwecke et al. 1995; Yoo et al. 2017); these findings have
facilitated strain improvement for rapamycin overproduction
by metabolic engineering approaches (Park et al. 2010; Yoo
et al. 2017). Rapamycin is produced by a hybrid type I pol-
yketide synthase (PKS)/non-ribosomal peptide synthetase
(NRPS) system. The rapamycin polyketide backbone is
synthesized by three multifunctional modular PKSs, includ-
ing RapA, RapB, and RapC, using (4R,5R)-4,5-dihydrocy-
clohex-1-ene-carboxylic acid (DHCHC) as a starter unit
(Andexer et al. 2011; Aparicio et al. 1996; Gregory et al.
2004) and 14 molecules of (25)-malonyl-CoA and (25)-
methylmalonyl-CoA as extension units (Paiva et al. 1991).
The linear polyketide chain is condensed with the lysine-
derived pipecolate via the NRPS RapP, and then cyclized to
produce pre-rapamycin (Konig et al. 1997; Schwecke et al.
1995). The final product, rapamycin, is finally synthesized
after modification of pre-rapamycin by a series of post-PKS
tailoring steps (e.g., O-methylation and hydroxylation)
(Chung et al. 2001; Park et al. 2010; Yoo et al. 2017). The
rapamycin biosynthetic gene cluster (BGC), which covers a
total of 107 kb and contains 26 open reading frames (ORFs),
has been cloned (Schwecke et al. 1995). Interestingly, there
are up to five regulatory genes located in the rapamycin
BGC, namely, rapR/S, rapY, rapG, and rapH, suggesting
that the regulatory network mediating rapamycin biosynthe-
sis is complex. The functions of these five regulators have
been preliminarily identified. Among them, rapS/R, which
encodes a histidine kinase (HK) and a response regulator
(RR), forming a typical two-component system, and rap?,
which encodes a TetR-family regulator, have been identified
as repressors of rapamycin biosynthesis (Yoo et al. 2015).
rapG and rapH, which encode an AraC family regulator and
an LAL (the large ATP-binding regulators of the LuxR) fam-
ily regulator, respectively, have been shown to function as
activators of rapamycin biosynthesis (Kuscer et al. 2007).

In this study, we showed that overexpression or deletion
of the cluster-situated regulatory gene rapH not only resulted
in significantly altered rapamycin production but also obvi-
ously affected the production of another type I polyketide
antibiotic, elaiophylin. This compound is a 16-membered
macrodiolide with C2 symmetry, which has various bio-
logical activities, including antibacterial (Wu et al. 2013),
antihelmintic (Hammann et al. 1990), antitumor (Zhao
et al. 2015), and immunosuppressive activities (Gui et al.
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2019). The BGC responsible for elaiophylin biosynthesis is
located nearly 8.28 Mb away from the rapamycin BGC on
the genome of S. rapamycinicus. We also investigated the
mechanism underlying RapH-mediated crossregulation of
rapamycin and elaiophylin biosynthesis. Our findings fur-
ther expand our knowledge of the regulation of secondary
metabolism in S. rapamycinicus.

Materials and methods

Strains, plasmids, primers, and bacterial growth
conditions

All strains and plasmids used in this study are presented in
Table S1 and primers are listed in Table S2 in the supple-
mental materials. S. rapamycinicus NRRL 5491 and deriva-
tives were cultured on oat agar medium (20 g/L oat, 20 g/L
agar, pH 6.8) at 30 °C for spore preparation and on M-ISP,
(5 g/L starch, 1 g/L yeast extract, 2 g/L tryptone, 5 g/L. soya
flour, 5 g/l mannitol, 1 g/L sodium chloride, 2 g/L calcium
carbonate, 2 g/LL ammonium sulfate, 0.5 g/L valine, 20 g/L
agar) for intergenic conjugation. Seed medium (20 g/L solu-
ble starch, 1 g/L L-lysine, 1.2 g/L. K,HPO,-3H,0, 10 g/L
peptone, 6 g/L yeast extract, 10 g/L glucose, pH 6.65) and
fermentation medium (10 g/L soybean flour, 20 g/L corn
dextrin, 6 g/L yeast extract, 2 g/L peptone, 40 g/L oat, 5 g/L.
NaCl, 10 g/L glycerol, 2.5 g/L L-lysine, 40 g/L glucose,
pH 6.42), were used for S. rapamycinicus fermentation. S.
coelicolor M1146 (M145AactAredAcdaAcpk) (Gomez-
Escribano and Bibb. 2011) and derivatives were cultured
at 30 °C on MS agar medium (20 g/L soya flour, 20 g/L
mannitol, 20 g/L agar) for spore suspension preparation as
well as intergenic conjugation, and AS-1 medium (1 g/L
yeast extract, 0.2 g/L L-lysine, 0.2 g/L. L-arginine, 0.2 g/L.
L-asparagine, 5 g/L soluble starch, 2.5 g/L. NaCl, 10 g/L
Na,SO,, 20 g/L agar) was used for GUS assays. Escherichia
coli Top10 was used as the host for general DNA cloning. E.
coli ET12567/pUZ8002 (a methylation-deficient strain) or
S17-1 (a methylation-rich strain) was employed as the donor
strain in conjugal transfer between E. coli and S. rapamycini-
cus or S. coelicolor (Kieser et al. 2000). E. coli was grown at
37 °C in Luria—Bertani (LB) broth with shaking at 200 rpm
or on LB agar. Antibiotics were selectively added into the
medium at the following concentrations: apramycin (50 pg/
mL), kanamycin (50 pg/mL), chloramphenicol (50 pg/mL),
and nalidixic acid (25 pg/mL).

Construction of the ArapH mutant
The ArapH mutant with an in-frame deletion of partial

rapH ORF (encoding the RapH protein fragment from 499
to 873 aa) was constructed by the CRISPR/Cas9 genome



Applied Microbiology and Biotechnology (2022) 106:2147-2159

2149

editing technology (Huang et al. 2015b). Briefly, a DNA
fragment specifying the synthesis of a specific single guide
RNA (sgRNA™H) targeting rapH was amplified from the
template pKCCas9dO using the primer pair sgRNA-fw/rev.
The upstream and downstream homology arms (approxi-
mately 1.1 kb each) flanking the rapH DNA fragment to be
deleted were amplified from S. rapamycinicus NRRL 5491
using the primer pairs of rapH-up-fw/rev and rapH-down-
fw/rev, respectively. The above three products were ligated
together by overlapping PCR to generate sgRNA™-UD.
After digestion with Spel/HindIlI, sgRNA™".UD was
cloned into pKCCas9dO treated with the same two restric-
tion enzymes, resulting in the recombinant editing plasmid
pKCCas9-sgRNA"P#_UD. The obtained plasmid was intro-
duced into S. rapamycinicus via intergenic conjugation. The
positive exoconjugants were verified by colony PCR using
the primer pair rapH(qs)-fw/rev and DNA sequencing. The
edited strain was passaged at 37 °C on oat agar without anti-
biotics for three times to remove pKCCas9-sgRNA’P-UD,
generating the ArapH mutant.

Construction of the complemented strain ArapH/
pIB-rapH and the rapH overexpression strain WT/
pIB-rapH

Based on the integrative vector pIB139 (Wilkinson et al.
2002), the recombinant plasmid pIB-rapH with rapH over-
expression under the control of the constitutive promoter
ermEp* was constructed as follows. The rapH gene was
amplified from S. rapamycinicus genomic DNA using the
primer pair rapH-fw/rev. The PCR product was digested
with Ndel/Xbal and then cloned into pIB139 treated with
the same two restriction enzymes, generating pIB-rapH. The
correctness of the recombinant plasmid was verified by DNA
sequencing. The obtained plasmid was introduced into the
wild-type strain (WT) and the ArapH mutant by conjugal
transfer, respectively, resulting in the rapH overexpression
strain WT/pIB-rapH and the complemented strain ArapH/
pIB-rapH. As controls, two strains, WT/pIB139 and ArapH/
pIB139, were constructed by introducing the empty plas-
mid pIB139 into the wild-type strain and the ArapH mutant,
respectively.

Analysis of rapamycin and elaiophylin production

S. rapamycinicus strains were cultured on oat agar plates for
12 days. Agar cultures (approximately 1 cm?) were inocu-
lated into 25 mL of seed medium and grown for 24 h at
28 °C on a rotary shaker (240 rpm). Then, 3 mL of seed
cultures was transferred into 30 mL of fermentation medium
in 250-mL flasks. Of fermentation samples, 0.5 mL was col-
lected at four time points (5, 7, 9, and 11 days) and extracted
with equal volume of ethanol at room temperature for 1 h.

After centrifugation at 12, 000 rpm for 10 min, supernatants
were analyzed by high-performance liquid chromatography
(HPLC) using a reversed-phase column (Hypersil ODS2,
5 um, 4.6 X250 mm). The mobile phase was a mixture of
methanol and water (85%:15%) with a flow rate of 1.0 mL/
min. Rapamycin and elaiophylin were detected at a wave-
length of 277.4 nm. S. rapamycinicus fermentation was per-
formed with three independent biological replicates, each
having three technical replicates. Error bars represent the
standard deviations (SD) of three independent experiments.
Statistical analysis was conducted by a two-tailed Student’s
t test.

High-resolution tandem mass spectrometry (HR-MS/MS)
analysis of elaiophylin was performed on the 6230B Accu-
rate Mass TOF LC/MS System (Agilent Technologies Inc.,
USA). To obtain the electrospray mass spectra of all peaks,
the TIC-negative mode was used and the MS parameters
are as follows: mass range 200-1300 m/z (with MS scan
rate 1.03 and resolution + 0.5 amu), nebulizer 40 psi, gas
(N,) temperature 350 °C, gas flow 9 L/min, VCap 3500 V,
Fragmentor 160 V, Skimmer 65 V, Octopole RF 750 V, and
Ext Dyn standard 2 GHz (3200). The temperature of the
ion spray was maintained at 21+ 1 °C. To further validate
the elaiophylin peaks, the MS/MS-negative ion mode mass
spectrometry was employed. The MS/MS parameters are the
same as those described in TIC above, except MS/MS range
50-1100 m/z and collision energy 35 V.

Construction of the gusA reporter systems for GUS
assays

The gusA reporter system was used to determine the direct
target genes of RapH as described previously (Guan et al.
2019; Myronovskyi et al. 2011; Zhang et al. 2016). Totally,
three possible promoter regions in the rapamycin BGC
(rapHp, rapLp, and rapKp) and five putative promoter
regions in the elaiophylin BGC (elaMp, ela3p, ela5p, elabp,
and ela9p) were tested to drive the expression of the gusA
gene (encoding a p-glucuronidase) (Table S3). Here, we
gave a brief introduction of the construction process of the
gusA reporter systems using rapLp-driven gusA reporter
as an example. The rapLp promoter region was amplified
from S. rapamycinicus NRRL 5491 by PCR with primer
pair rapLp-fw/rev. The gusA gene was amplified from
pSET-hrdBp-gusA (Zhang et al. 2016) by PCR using the
primer pair gusA-fw/rev. The PCR products of rapLp and
gusA were ligated together by overlapping PCR using the
primer pair rapLp-fw/gusA-rev to yield rapLp-gusA frag-
ment. After digestion with Xbal/EcoRI, it was cloned into
pSET152 treated with the same two enzymes, resulting
in the reporter plasmid pSET-rapLp-gusA. Other seven
reporter plasmids (Table S1) were constructed similarly.
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These reporter plasmids were individually integrated into
the ®C31 a#tB site of S. coelicolor M1146 by intergenic
conjugation. Exoconjugants were streaked on MS agar with
apramycin to obtain the recombinant strains (e.g., M1146/
pSET-rapLp-gusA) (Table S1).

To achieve rapH overexpression in the above engineered
strains containing tested promoter-driven gusA reporter
gene, the recombinant plasmid pRT-rapH was constructed
based on the integrative plasmid pRT802 with the ®BT1
attB site and kanamycin-resistant marker. Briefly, the rapH
coding region was amplified from S. rapamycinicus NRRL
5491 using the primer pair rapH-fw/rev. The ermEp* pro-
moter used to drive rapH expression was obtained by PCR
from pIB139 using the primer pair ermEp*-fw/rev. Two
PCR products were ligated together by overlapping PCR
using the primers ermEp*-F/rapH-rev to yield ermEp*-
rapH, which was cloned into pRT802 between the enzyme
sites of Spel/EcoRI to generate pRT-rapH. The obtained
plasmid was introduced into S. coelicolor M1146 deriva-
tives containing tested promoter-driven gusA reporter sys-
tems (e.g., M1146/pSET-rapLp-gusA) via ®BT1-integrase-
based integration by intergenic conjugation between S.
coelicolor and S17-1. Exoconjugants were selected on MS
agar with kanamycin, resulting in the recombinant strains
(e.g., M1146/pSET-rapLp-gusA/pRT-rapH) harboring both
the rapH overexpression plasmid (pRT-rapH) and the gusA
reporter plasmid (e.g., pSET-rapL-gusA).

For GUS assays, 5-pL spores of S. coelicolor strains
with the same concentration (OD450=1.0) were spotted
on AS-1 agar plates (25-mL) containing 50 pL of 25 mg/
mL 5-bromo-4-chloro-3-indolyl-p-D-glucuronide (X-Gluc).
Changes in blue color were compared between M 1146 deriv-
atives only containing tested promoter-driven gusA reporter
(e.g., M1146/pSET-rapLp-gusA) and the corresponding
recombinant strains, namely, M1146 containing both pRT-
rapH and the gusA reporter plasmid (e.g., M1146/pSET-
rapLp-gusA/pRT-rapH/). The plates were photographed
after bacterial growth at 30 °C for 3 days.

RNA isolation and real-time reverse
transcription-PCR (RT-qPCR)

Fermentation cultures (20 mL) of the S. rapamycinicus strains
were collected at two time points (at 5 and 9 days) by centrifu-
gation (8000 rpm, 10 min). Precipitated bacterial cells were
taken, and immediately frozen and ground into powder in lig-
uid nitrogen. RNA samples were extracted using the Ultrapure
RNA Kit (SparkJade, Shanghai, China) according to the pro-
cedure recommended by the manufacturer. RNA preparations
were digested with DNase I (SparkJade, Shanghai, China) (2
U DNase I/1 pg RNA) to remove the residual genomic DNA.
The quality and quantity of RNA samples were analyzed via
agarose gel electrophoresis and UV spectroscopy.
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Synthesis of cDNA was carried out using approximately
1 pg RNA with the Novizan’s HiScript® II 1st Strand cDNA
Synthesis Kit according to the manufacturer’s instructions.
RT-qPCR was carried out in a MyiQ2™ two-color real-time
PCR Analyzer (Bio-Rad, USA), using ChamQ Universal
SYBR Green qPCR Master Mix kit. PCR reactions were per-
formed in triplicate for each gene and repeated with two bio-
logical replicates. The hrdB gene (M271_14880, encoding
the principal sigma factor), whose expression was verified
to be constant in both the wild-type and the ArapH mutant
under the tested experimental conditions (Fig. S1), was
selected as an internal control. The relative transcript levels
of each gene were normalized to those of hrdB. Relative
fold changes in the transcript levels of tested genes (ArapH/
WT) were measured using the 2742 method (Livak and
Schmittgen. 2001). Error bars represent the standard devia-
tions (SD) from two independent experiments using two
biological replicates. Statistical analysis was conducted by
a two-tailed Student’s ¢ test.

Site-directed mutagenesis

Site-directed mutagenesis of the signature sequence recog-
nized by RapH in the promoter regions of rapL and ela3 in
the plasmids of pSET-rapLp-gusA and pSET-ela3p-gusA
was carried out using two rounds of PCR amplification
according to the method described previously (Liu and
Naismith. 2008). Briefly, in the first round, PCR was con-
ducted with forward primer (rapLpmut-fw or ela3pmut-
fw) and reverse primer (rapLpmut-rev or ela3pmut-rev),
respectively, and the plasmid (pSET-rapLp-gusA or pSET-
ela3p-gusA) was used as the template. PCR was carried
out in 20 pL volume, which contains 100 ng of template
DNA, 10 pM primers, 5 mM dNTPs, and 1 unit of high-
fidelity DNA polymerase. PCR reactions were initiated
at 98 °C for 1 min, followed by 12 amplification cycles.
Each cycle consists of 98 °C, 10 s; 58 °C, 20 s; and 68 °C,
5 min. In the second round, two PCR products from the
first PCR round were mixed and 1 unit of high-fidelity
PCR polymerase was added, followed by 16 amplifica-
tion cycles. The PCR parameters are the same as the first
round. Forty microliters of the final PCR products was
treated with 2 U of the restriction enzyme Dpnl to remove
the methylated template plasmid at 37 °C for 2 h. Five
microliters of the above PCR products was transformed
into E. coli Topl0 competent cells. Transformants were
cultured in LB liquid medium and the plasmids were
extracted using the Tolobio Plasmid Extraction Kit (Tolo-
bio, Shanghai, China) and mutant plasmids with correct
targeted mutations were verified by DNA sequencing.
The obtained plasmids were transferred into S. coelicolor
M1146 by intergenic conjugation to generate M1146/
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pSET-rapLpmu-gusA and M1146/pSET-ela3pmu-gusA.
Then, pRT-rapH was integrated into the above two mutant
strains, resulting in M1146/pSET-rapLpmu-gusA/pRT-
rapH and M1146/pSET-ela3pmu-gusA/pRT-rapH. GUS
assays were conducted as described above. Four strains,
M1146/pSET-rapLp-gusA, M1146/pSET-rapLp-gusA/l
pRT-rapH, M1146/pSET-ela3-gusA, and M1146/pSET-
ela3-gusA/pRT-rapH, were used as controls.

Determination of transcription start sites
(TSSs)

5'-rapid amplification of cDNA ends (5'-RACE) was car-
ried out to determine the transcriptional start sites (TSSs)
of rapL and ela3 using 5'-RACE kit (Sangon, Shang-
hai, China) according to the manufacturer’s instruc-
tions. Two rounds of PCR amplification (including a
nested PCR) were conducted with the primers listed in
Table S2. The amplified 5'-RACE products were cloned
into the pMD-18 T simple vector (TaKaRa, Japan). The
cloned sequences from ten recombinant plasmids were
determined by DNA sequencing. If over seven of the
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Fig. 1 Analysis of the unrelated product (elaiophylin) with improved
production levels in the rapH overexpression strain WT/pIB-rapH. A
HPLC analysis of the fermentation culture of the rapH overexpres-
sion strain WT/pIB-rapH. The fermentation culture of WT/pIB139
was used as a control. HPLC profiles of the standards of elaiophy-
lin and rapamycin were also presented. B Absorption wavelength of

sequenced cDNA ends were identical, the 5'-end was
considered the TSS.

Results

Involvement of rapH in the positive regulation
of rapamycin and elaiophylin biosynthesis

In an attempt to improve rapamycin production by rapH
overexpression, we found that introduction of the rapH over-
expression plasmid pIB-rapH into the wild-type (WT) strain
of S. rapamycinicus resulted in increased rapamycin produc-
tion; however, interestingly, the synthesis of an unrelated
product was also significantly upregulated in the engineered
strain WT/pIB-rapH, according to HPLC analysis of fermen-
tation samples (Fig. 1A).

To identify the chemical structure of this product, we
first detected the ultraviolet absorption spectrum of the
compound and found that its characteristic absorption
peak was at 252 nm (Fig. 1B), consistent with that of the
known compound, elaiophylin, produced by S. rapamy-
cinicus (Fang et al. 2000). Subsequently, the product was
analyzed and compared with the elaiophylin standard
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the unrelated product (elaiophylin) overproduced in WT/pIB-rapH. C
HR-MS analysis of the unrelated product (elaiophylin) overproduced
in WT/pIB-rapH. The standard of elaiophylin was used as a control.
D MS-MS analysis of the unrelated product (elaiophylin) overpro-
duced in WT/pIB-rapH. The standard of elaiophylin was used as a
control
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using high-resolution tandem mass spectrometry (HR-
MS/MS). We found that the MS spectra were consistent
with those of the elaiophylin standard. HR-MS analysis
revealed that this unrelated product exhibited a molecular
ion at m/z=1023.586 ([M-H]-), similar to the elaiophylin
standard (Fig. 1C). Further MS/MS analysis showed that
the fragment ions produced also matched well with the
standard (Fig. 1D). Therefore, this compound was identi-
fied as elaiophylin. The BGCs responsible for elaiophylin
biosynthesis have been identified in other Streptomyces
strains, including Streptomyces sp. M56 and Streptomy-
ces malaysiensis DSM4137 (Haydock et al. 2004; Klas-
sen et al. 2019). Using the online software antiSMASH
(https://antismash.secondarymetabolites.org/), we identi-
fied the elaiophylin BGC in S. rapamycinicus NRRL 5491,
which exhibited a genetic organization similar to that of
the reported elaiophylin BGC (Fig. S2) and was located
nearly 8.28 Mb away from the rapamycin BGC.

Next, the effects of rapH overexpression on rapamycin
and elaiophylin production were quantitatively determined.
Two strains, WT/pIB139 and WT/pIB-rapH, were grown
in fermentation medium and cultures were collected at four
time points (5, 7, 9, and 11 days) for HPLC analysis of anti-
biotic production. We showed that the engineered strain WT/
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Fig.2 Effects of rapH overexpression or deletion on rapamycin and
elaiophylin biosynthesis. Introduction of the rapH overexpression
plasmid pIB-rapH into the wild-type (WT) strain led to enhanced
production of both rapamycin (A) and elaiophylin (B). Deletion of
rapH resulted in markedly reduced rapamycin production (C) and
obviously decreased elaiophylin biosynthesis (D). The reduced rapa-
mycin and elaiophylin production in the ArapH mutant could be
complemented by introduction of pIB-rapH. Samples were collected
from S. rapamycinicus strains, including WT/pIB-rapH (the WT

@ Springer

pIB-rapH produced rapamycin and elaiophylin titers that
were 39.8-46.5% and 9.3-20.4% higher than those of the
control strain WT/pIB139 (Fig. 2A, B).

To further confirm the roles of RapH in the regulation of
rapamycin and elaiophylin biosynthesis, a ArapH mutant
with a partial in-frame deletion of rapH was constructed
(Fig. S3), and its phenotypic changes were compared with
those of the WT strain. We observed that deletion of rapH
had no visible effect on cell growth or morphological dif-
ferentiation on oat agar medium (data not shown). Further
investigation of the effects of rapH deletion on rapamycin
and elaiophylin production using HPLC analysis revealed
that deletion of rapH resulted in reduced production of
both antibiotics. Rapamycin titers of the ArapH mutant
were decreased to a very low level throughout the tested
time course, as reported previously (Kuscer et al. 2007),
and elaiophylin production was reduced by at most 29.3%
compared with that in the WT strain (Fig. 2C, D). To verify
that the phenotypic changes in the mutant were caused by
rapH deletion, the plasmid pIB-rapH was introduced into
the mutant to yield ArapH/pIB-rapH. As controls, the empty
plasmid pIB139 was introduced into the WT strain and the
ArapH mutant, generating WT/pIB139 and ArapH/pIB139.
HPLC analysis of fermentation cultures showed that the
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strain with pIB-rapH), WT/pIB139 (the WT strain with the empty
vector pIB139), ArapH/pIB139 (the ArapH mutant with pIB139),
and the complemented strain ArapH/pIB-rapH (the ArapH mutant
with pIB-rapH), grown in fermentation medium at four time points
(5,7,9, and 11 days), respectively. Error bars denote standard devia-
tions (SD) of three biological replicates, each having three technical
replicates. Statistical analysis was conducted using a two-tailed Stu-
dent’s 1 test. *** P<0.001; ** P<0.01; *, P<0.05 vs. the control
strain (WT/pIB139)
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titers of rapamycin and elaiophylin of the complemented
strain (ArapH/pIB-rapH) could be restored to the levels
of WT/pIB139, whereas the mutant strain with pIB139
(ArapH/pIB139) produced lower levels of both antibiotics
compared with WT/pIB139 (Fig. 2C, D). The above data
confirmed that RapH functioned as an activator for the bio-
synthesis of both rapamycin and elaiophylin, which provides
novel insights into of the roles of RapH in S. rapamycinicus.

Transcriptional analysis of the rapamycin
and elaiophylin BGCs upon rapH deletion

To assess the function of RapH on rapamycin and elaiophy-
lin biosynthesis at the transcription level, the effects of rapH
deletion on the transcription of these two antibiotic BGCs
were checked by RT-qPCR analysis. Because many genes
in these two BGCs transcribed in the same direction either
overlapped or were separated by short intergenic regions
(Figs. 3A and 4A), we first performed co-transcriptional
analysis to determine the genetic organization of these two
BGC:s. Notably, the genes transcribed in the same direction,
such as rapRS, rapAB, rapNO, and rapJI, in the rapamy-
cin BGC, overlapped by 4 bp or more than 4 bp, implying

that these genes were likely to be co-transcribed. Therefore,
these genes were not subjected to co-transcriptional analy-
sis. In addition, the reverse PCR primers were designed to
target the sequences over 250 bp away from the start codons
(ATG or GTG) of the downstream genes to minimize the
possibility that the co-transcribed products were generated
as readthrough transcripts. The results revealed the presence
of totally 13 transcriptional units in both the rapamycin and
elaiophylin BGC (Figs. 3B and 4B).

Next, RT-qPCR was performed to compare the transcript
levels of these different transcriptional units between the
WT strain and the ArapH mutant. For each transcription
unit, one gene was selected for transcriptional analysis. Total
RNA samples were extracted from the fermentation cultures
of these two strains after growth for 5 and 9 days. RT-qPCR
analysis showed that, in the rapamycin BGC, rapH and
rapL were downregulated by approximately five-fold and
three-fold, respectively, whereas rapK was upregulated by
approximately three-fold, upon rapH deletion (Fig. 3C).
According to the results of co-transcriptional analysis, we
know that rapL and rapK are co-transcribed with rapMNO
and rapJl1, respectively, suggesting that these two operons,
rapLMNO and rapKJI, were regulated by RapH. This was
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Fig.3 Transcriptional analysis of the rapamycin BGC upon rapH
deletion. A Genetic organization of the rapamycin BGC in S. rapa-
mycinicus. Co-transcribed genes are indicated by black boxes. The
numbers in square brackets indicate the lengths of DNA sequence
between two adjacent genes transcribed in the same direction. B
Co-transcriptional analysis of the rapamycin BGC by RT-PCR.
RNA samples were isolated from the WT strain grown in fermen-
tation medium for 5 days. Genomic DNA (gDNA) and RNA with-
out reverse transcription were used in PCR reactions as the positive
and negative controls, respectively. C Transcriptional analysis of

the rapamycin biosynthetic genes upon rapH deletion by RT-qPCR.
Totally, 13 genes from different operons were selected as indicated.
RNA samples were isolated from the fermentation cultures of the WT
strain and the ArapH mutant after growth for 5 and 9 days, respec-
tively. The values were determined after normalization to the inter-
nal control, M271_14880 (hrdB, encoding the principal sigma factor).
Error bars show the standard deviations (SD) from two independent
experiments. Statistical analysis was conducted using a two-tailed
Student’s ¢ test. *** P <0.001; **, P<0.01 vs. the WT strain
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Fig.4 Transcriptional analysis of the elaiophylin BGC upon rapH
deletion. A Genetic organization of the elaiophylin BGC in S. rapa-
mycinicus. Co-transcribed genes are indicated by black boxes. The
numbers in square brackets indicate the lengths of DNA sequence
between two adjacent genes transcribed in the same direction. B
Co-transcriptional analysis of the elaiophylin BGC by RT-PCR.
RNA samples were isolated from the WT strain grown in fermenta-
tion medium for 5 days. Genomic DNA (gDNA) and RNA without
reverse transcription were used in PCR reactions as the positive and
negative controls, respectively. C Transcriptional analysis of the

further confirmed by RT-qPCR analysis of the expression
of rapMNO and rapJI in the ArapH mutant (Fig. S4). In the
elaiophylin BGC, two genes (ela3 and ela9) were down-
regulated by up to five- and three-fold whereas ela5 was
upregulated by approximately two-fold upon rapH deletion.
In addition, we showed that two other genes, i.e., elaM and
ela6, were slightly downregulated in the mutant (Fig. 4C).
The elaM gene is co-transcribed with elaNOP, suggesting
that transcription of the whole operon elaMNOP was slightly
affected by rapH deletion; this was further confirmed by
RT-gPCR analysis of the expression of elaNOP upon rapH
deletion (Fig. S4). Other genes in these two antibiotic BGCs
in the ArapH mutant were not significantly affected at the
transcriptional level compared with that in the WT strain.

RapH directly regulated the promoters of rapH,
rapLMNO, ela3, and ela9

To determine whether RapH directly regulated the identified
target genes or operons, electrophoretic mobility shift assays
(EMSAs) were performed firstly. After failure to overexpress
the full-length RapH protein, we successfully overexpressed

@ Springer

elaiophylin biosynthetic genes upon rapH deletion by RT-qPCR.
Totally, 13 genes from different operons were selected as indicated.
RNA samples were isolated from cultures of the WT strain and the
ArapH mutant grown in fermentation medium for 5 and 9 days,
respectively. The values were determined after normalization to the
internal control, M271_14880 (hrdB, encoding the principal sigma
factor). Error bars show the standard deviations (SD) from two inde-
pendent experiments. Statistical analysis was conducted using a two-
tailed Student’s ¢ test. *** P<0.001; **, P<0.01 vs. the wild-type
strain (WT)

and obtained the purified truncated RapH protein harboring
the DNA-binding domain (named Hiss-RapHA) in E. coli
BL21 (DE3) (Fig. S5A). However, His,-RapHA did not bind
to the tested DNA probes (Fig. S5B), which may be related
to loss of the ATP-binding domain in the truncated RapH
used in this study.

In a previous study, the gusA reporter system, encod-
ing B-glucuronidase (GUS), was successfully employed
for the identification of direct target genes regulated by
the LAL family regulators MilR and StaR in Streptomyces
bingchenggensis and Streptomyces fradiae CGMCC 4.576,
respectively (Guan et al. 2019; Zhang et al. 2016). There-
fore, we next used GUS assays to identify the direct target
genes of RapH. Eight DNA probes containing the respec-
tive promoter regions of rapLMNO, rapKJI, rapH, elaM-
NOP, ela3, ela54, ela6, and ela9 were cloned separately
upstream of gusA in pSET152. Eight resulting plasmids
were individually integrated into the ®C31 a#B site of S.
coelicolor M 1146, generating eight recombinant strains as
negative controls (Table S1). The rapH gene was cloned
downstream of ermEp* in the integrative plasmid pRT802
to generate pRT-rapH. Subsequently, pRT-rapH was
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integrated into the ®BT1 a#B sites of eight S. coelicolor
negative control strains to yield eight tested recombinant
strains (Fig. S6). The spores of 16 obtained strains, namely,
eight negative control strains and eight tested recombinant
strains, were collected. They were quantitatively inoculated
on AS-1 plates medium containing the chromogenic sub-
strate X-Gluc, and photographed after growth for 3 days.
GUS assays showed that compared with negative control
strains, which displayed no color or a slightly blue color,
four tested strains containing pSET-rapHp-gusA/pRT-rapH,
pSET-rapLp-gusA/pRT-rapH, pSET-ela3p-gusA/pRT-rapH,
and pSET-ela9p-gusA/pRT-rapH exhibited a higher inten-
sity of blue color (Fig. 5A). However, no color change was
detected in other four tested recombinant strains compared
with the corresponding negative control strains. The results
suggested that RapH could recognize the promoter regions
of rapH, rapL, ela3, and ela9; therefore, the effects of RapH
on the four target genes or operons were likely to be direct.

Defining the putative RapH-binding
sequence

To identify the specific DNA-binding sequence recognized
by RapH, the putative promoter regions upstream of rapL
(the intergenic region of rapL/K), rapH, ela3, and ela9
were compared using MEME analysis (https://meme-suite.

rapHp-gusA/ rapKp-gusA/
pRT-rapH pRT-rapH
rapLp-gusA . . ‘ elaPp-gusA
rapLp-gusA/ elaPp-gusA/
pRT-rapH pRT-rapH
‘ ela3p-gusA ela5p-gusA
ela3p-gusA/ elabp-gusA
pRT-rapH /PRT-rapH
elagp-gusA elabp-gusA
ela9p-gusA/ elabp-gusA/
pRT-rapH PRT-rapH

Fig.5 Identification of target genes directly regulated by RapH and
defining the RapH-binding sequences. A Chromogenic assays of S.
coelicolor M1146 derivatives containing the tested promoter-driven
gusA reporter and/or pRT-rapH on AS-1 agar plates. The strains con-
taining both the gusA reporter systems and the rapH overexpression
plasmid (pRT-rapH) were cultured at the bottom of each panel. As
controls, the strains only containing the gusA reporter systems were
also shown. The photos were taken after bacterial growth for 3 days.
B Two 16-nt signature sequences in the promoter regions of rapL and
ela3 revealed by MEME. C Site-directed mutagenesis of the con-
served motifs in the signature sequence possibly recognized by RapH.

org/meme/), which revealed the presence of a relatively
conserved 16-nt DNA consensus sequence comprising
two 4-nt inverted repeats separated by 8-nt, 5'-GTT/AC-
Ng-GTAC-3' (Fig. 5B), in the promoter regions of rapL and
ela3. However, no such signature sequence could be iden-
tified upstream of the other two RapH target genes, rapH
and ela9, suggesting the diversity of the DNA sequences
recognized by RapH.

To identify nucleotides essential for RapH recognition,
the two 4-nt inverted repeats (5'-GTT/AC-Ng-GTAC-3') in
the promoter regions of these two genes, which were likely
essential for RapH-mediated regulation, were mutated to
5'-GGGG-Ng-GGGG-3'. The mutated promoter regions
were used to drive gusA expression (Fig. 5C), yielding two
mutated reporter plasmids, namely, pSET-rapLpmut-gusA
and pSET-ela3pmut-gusA, and the impact of DNA muta-
tions on GUS activity was determined. The two plasmids
were introduced into S. coelicolor M1146 and M1146/pRT-
rapH, respectively, to generate the corresponding reporter
strains. Finally, GUS assays showed that mutation of the
putative RapH-binding motif in the promoter regions of rapL
and ela3 resulted in the loss of the production of blue color
by the strains with the integration of both mutated promoter-
driven gusA reporter gene and pRT-rapH (Fig. 5D). These
results suggested that the 16-nt palindrome sequence may be
essential for RapH-mediated regulation of these two target
genes.

GTTCCCTGGCGCGTAC raplLp
GTACCGGAATAGGTAC ela3p

c

GTTCCCTiGCGCGTAC rapLp GTACCGGAATAGGTAC ela3p

GGGGCCTGGCGCGGGG raplpmut GGGGCGGAATAGGGGG ela3pmut

’ . . ela3p-gusA

rapLp-gusA/ ela3p-gusA/
pRT-rapH pRT-rapH
O @ L M rapLpmut-gusA ' . . ela3pmut-gusA

rapLpmut-gusA/ ela3pmut-gusA/
pRT-rapH 0 PRT-rapH

The relative conserved 4-nt at both ends of the signature sequence are
all mutated to GGGG, resulting in the mutated promoters, rapLpmut
and ela3pmut. D Chromogenic assays of S. coelicolor M1146 con-
taining the mutated promoter-driven gusA reporter and/or pIB-rapH
on AS-1 agar plates. After mutagenesis of the signature RapH-bind-
ing sequence, chromogenic assays were conducted. Upon site-specific
mutagenesis of the putative RapH-binding sequence in the promoter
regions of rapL and ela3, the changes of blue color disappear, indicat-
ing RapH could not recognize the mutated binding site, thereby los-
ing the ability to activate the expression of the gusA reporter gene
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To better understand the regulation of RapH on the tran-
scription of rapL and ela3, we identified the transcription
start sites (TSSs) of these two genes using 5'-RACE. Total
RNA was extracted from the fermentation culture of S. rapa-
mycinicus collected after 5 days of growth. We showed that
the TSSs of rapL and ela3 were localized to two guanines
(G) at 195-nt and 57-nt upstream of the start codons of these
two genes, respectively. Then, the putative promoter -35 and
-10 regions of these two genes, which were similar to the
-35 and -10 regions of the reported Streptomyces promot-
ers (Strohl. 1992), were proposed (Fig. 6). Based on the
positions of the RapH-binding sites relative to the TSSs,
binding of RapH to the promoter regions of rapL and ela3
may enhance the recruitment of RNA polymerase, thereby
activating their transcription.

Discussion

In this study, we showed that RapH, a cluster-situated regu-
lator harbored in the rapamycin BGC, was involved in cross-
regulation of the biosynthesis of rapamycin and elaiophylin
co-produced by S. rapamycinicus. Through the GUS reporter
system combined with transcriptional analysis, four target
genes or operons, namely, rapLMNO/rapH in the rapamycin
BGC and ela3/ela9 in the elaiophylin BGC, were found to
be possibly activated directly by RapH. Because the RapH-
binding motif was close to the start codon of rapK (Fig. 6),

we speculated that RapH binding could sterically block the
access of RNA polymerase, thereby repressing the transcrip-
tion of the operon rapKJI directly. However, we could not
exclude the possibility of an indirect role in the regulation
of rapK expression derived from RapH-mediated repression
of some rapK activators.

Then, the possible molecular mechanism for RapH-medi-
ated regulation of rapamycin and elaiophylin biosynthesis
was proposed. The gene rapL encodes a lysine cyclode-
aminase responsible for the formation of L-lysine-derived
L-pipecolic acid, which is then inserted into the polyketide
chain to form pre-rapamycin (Schwecke et al. 1995; Yoo
et al. 2017). rapl, rapJ, rapM, rapN, and rapO are required
for post-PKS modification at positions of C9, C16, C27,
and C39 in rapamycin biosynthesis, including O-methyla-
tion and hydroxylation (Chung et al. 2001; Yoo et al. 2017).
rapK encodes a chorismatase involved in the biosynthesis
of DHCHC (the starter unit for rapamycin biosynthesis)
(Andexer et al. 2011). Thus, RapH may enhance rapamycin
biosynthesis possibly by increasing L-pipecolic acid supply
and promoting the modifications at positions of C16 and
C27 by activating rapLMNQO transcription while also inhib-
iting the biosynthesis of DHCHC and the modifications at
positions of C9 and C39 by repressing rapKJI expression.
Therefore, RapH-mediated regulation of these target genes
may enable the biosynthesis of the final product rapamycin
or the pathway intermediates at a reasonable level, thereby
avoiding its toxic effects on host cells. Two direct targets of

Fig. 6 Illustration of the
RapH-binding sequence in the
promoter regions of three target
genes, rapK, rapL (A) and ela3
(B). The transcription start site
(TSS) is indicated by a bent
arrow and an asterisk and the
putative -10 and -35 elements

of the promoters are underlined.

The start or stop codons are
indicated by black boxes. The
RapH DNA-binding sequences
are shaded and the relative
conserved 4-nt palindrome
sequences are underlined
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RapH identified in the elaiophylin BGC are ela3 and ela9,
which encode a LuxR family regulator and a hypothetical
protein, respectively. Accordingly, RapH may participate in
the regulation of elaiophylin biosynthesis directly mediated
by ela3 and ela9. The role of RapH in the transcription of
elaMNOP, ela54, and ela6 could be exerted in a cascade-like
manner mediated by the LuxR family regulator encoded by
ela3. In addition, we also showed that RapH functioned as
an auto-activator, suggesting that its role in the regulation of
rapamycin and elaiophylin biosynthesis showed a positive
feedback manner.

The observed RapH-mediated crossregulation of rapa-
mycin and elaiophylin biosynthesis further highlighted
the complexity of regulation of antibiotic biosynthesis in
S. rapamycinicus. Although the biological significance of
RapH-mediated regulation remains unknown, it may confer
S. rapamycinicus with a competitive advantage against other
biological species because these two antibiotics (rapamy-
cin and elaiophylin) function synergistically to inhibit the
growth of Candida albicans (Fang et al. 2000). Co-ordinated
regulation of two disparate antibiotic BGCs by the cluster-
situated regulators harbored within one BGC has also been
reported for other cluster-situated regulators in the genus
Streptomyces (McLean et al. 2019). For example, in Strepto-
myces avermitilis, the LAL family regulator AveR harbored
in the avermectin BGC was shown to positively regulate
avermectin biosynthesis while inhibiting oligomycin produc-
tion (Guo et al. 2010). In Streptomyces albus S4, the bio-
synthesis of antimycin (an anticancer compound) was found
to be directly regulated by the PAS-LuxR family cluster-
situated regulator FscRI of the polyene antifungal compound
candicidin (McLean et al. 2016). In addition, a TetR-family
cluster-situated regulator from the geldanamycin BGC was
shown to be involved in controlling geldanamycin and elaio-
phylin biosynthesis in Streptomyces autolyticus CGMCCO051
(Jiang et al. 2017). The wide distribution of cluster-situated
regulator-mediated crossregulation of disparate BGCs may
signify a conserved strategy through which streptomycetes
co-ordinately synthesize selected natural products, thereby
conferring them a competitive advantage in the living
environment.

LAL family regulators, which are characterized by an
unusual large size harboring an ATP/GTP-binding domain at
the N-terminus and a LuxR-like HTH DNA-binding domain
at the C-terminus (Fig. S7) (Schrijver and Mot. 1999), are
widely distributed and are mainly situated in gene clusters
responsible for type I polyketide biosynthesis in the genus
of Streptomyces. To date, more than 30 cluster-situated
LAL family regulators have been functionally identified
(Table S4). However, the regulatory mechanisms of only a
few of these regulator have been elucidated, including NemR
from the nemaketin BGC in Streptomyces cyaneogriseus (Li
et al. 2019), AveR from the avermectin BGC in S. avermitilis

(Guo et al. 2010), MilR from the milbemycin BGC in S.
milbemycinicus (Zhang et al. 2016), SInR from the salino-
mycin BGC in Streptomyces albus (Zhu et al. 2017), PimR
from the pimaricin BGC in Streptomyces natalensis (Bar-
reales et al. 2018), and StaR from the staurosporine BGC in
S. fradiae CGMCC 4.576 (Guan et al. 2019). Besides AveR
and RapH, which are involved in crossregulation of the bio-
synthesis of two antibiotics, all other LAL regulators were
found to function as transcriptional activators of the gene
cluster in which they are located. Further studies are needed
to determine whether these LAL family regulators also regu-
late the biosynthesis of other antibiotics in the correspond-
ing streptomycetes. In addition, the defined binding motifs
of LAL family regulators identified to date are diverse, and
this may reflect the diversity of the DNA-binding domains
of these LAL family regulators in Streptomyces (Fig. S7).

RapH was previously identified as a pathway-specific reg-
ulator for rapamycin biosynthesis (Kuscer et al. 2007). Here,
we showed that RapH actually functioned as a pleiotropic
regulator. In future research, RNA-sequencing combined
with chromatin immunoprecipitation sequencing (ChIP-
seq) may be employed to determine whether RapH is also
involved in the regulation of other physiological processes,
such as the biosynthesis of other natural products. Such
analysis will improve our understanding of the regulatory
mechanisms of RapH in S. rapamycinicus.
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