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ABSTRACT

Cyclic dimeric 3'-5' guanosine monophosphate, c-
di-GMP, is a ubiquitous second messenger control-
ling diverse cellular processes in bacteria. In strep-
tomycetes, c-di-GMP plays a crucial role in a com-
plex morphological differentiation by modulating an
activity of the pleiotropic regulator BldD. Here we
report that c-di-GMP plays a key role in regulating
secondary metabolite production in streptomycetes
by altering the expression levels of bldD. Deletion
of cdgB encoding a diguanylate cyclase in Strep-
tomyces ghanaensis reduced c-di-GMP levels and
the production of the peptidoglycan glycosyltrans-
ferase inhibitor moenomycin A. In contrast to the
cdgB mutant, inactivation of rmdB, encoding a phos-
phodiesterase for the c-di-GMP hydrolysis, positively
correlated with the c-di-GMP and moenomycin A ac-
cumulation. Deletion of bldD adversely affected the
synthesis of secondary metabolites in S. ghanaen-
sis, including the production of moenomycin A. The
bldD-deficient phenotype is partly mediated by an
increase in expression of the pleiotropic regula-
tory gene wblA. Genetic and biochemical analyses
demonstrate that a complex of c-di-GMP and BldD
effectively represses transcription of wblA, thus pre-
venting sporogenesis and sustaining antibiotic syn-
thesis. These results show that manipulation of the
expression of genes controlling c-di-GMP pool has
the potential to improve antibiotic production as well
as activate the expression of silent gene clusters.

INTRODUCTION

One of the most remarkable features of streptomycetes is
their ability to synthesize bioactive secondary metabolites

(SMss). Genome sequencing has revealed that the genomes
of streptomycetes typically contain 20-30 SM biosynthetic
gene clusters (BGCs) (1-4). However, only a small num-
ber of these clusters are strongly expressed under laboratory
conditions while the rest remain either poorly expressed or
completely silent for unknown reasons. Many approaches
have been used to activate the expression of cryptic clus-
ters, including overexpression or inactivation of pleiotropic
regulators, rational promoter engineering, heterologous ex-
pression and application of chemical elicitors (4-10).

Biosynthesis of SMs is tightly linked to morphological
differentiation in streptomycetes. On solid media, strepto-
mycetes typically exhibit the formation of pigmented spores
and aerial mycelia. The progression of this morphological
differentiation requires the activity of two different classes
of genes (11). Genes that are involved in the formation of
aerial mycelium are denoted bld (‘bald’) due to the glossy
and wrinkled phenotype of strains with mutations in these
genes. White (whi) mutants develop aerial hyphae in a nor-
mal way but they fail to complete differentiation in order to
form mature chains of spores. In many cases, mutants with
deletions in bld and whi genes are also deficient in SM pro-
duction (12-19).

Streptomyces ghanaensis ATCC14672 is a producer of
moenomycin A (MmA), a pentasaccharide antibiotic that
belongs to a small family of phosphoglycolipids. MmA
is considered a promising lead to combat vancomycin-
and methicillin-resistant pathogens (20). MmA is the only
known specific natural inhibitor of peptidoglycan glyco-
syltransferases involved in bacterial cell wall biosynthesis,
making this compound an ideal candidate for the devel-
opment of a novel class of antibiotics (21). As wild-type
S. ghanaensis produces MmA in low quantity, studies on
the regulation of its biosynthesis were initiated. Uncom-
monly for SM biosynthesis, the MmA BGC (moe cluster)
does not include any cluster situated regulators (CSR) (20),
and it was concluded that MmA production in S. ghanaen-
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sis is mainly controlled by pleiotropic regulators (22). It was
found that AdpAgp, an S. ghanaensis ortholog of the Strep-
tomyces coelicolor and Streptomyces griseus master regula-
tor, directly activates transcription of moe genes. As well, it
was shown that the translation of UUA-containing adp A,
mRNA, and other moe genes is dependent on the tRNA
BldAgy. In this way AdpA and BIdA form a feedback loop
that positively influences their own expression (23). WblAy,
was also shown to be involved in MmA regulation as mu-
tant with a deletion in wb/A,;, overproduced MmA (24).

C-di-GMP is a key effector molecule in bacteria (25). In
S. coelicolor the transcriptional regulator BldD controls the
expression of adpA (also known as bldH), bldA, as well as
dozens of other development-related genes (26). Interest-
ingly, the regulatory activity of BldD is controlled by c-di-
GMP. In the presence of ¢c-di-GMP, a dimeric BldD com-
plex bound to four c-di-GMP molecules is formed, which
then proceeds to bind to target promoter sites (27). The
biosynthesis and turnover of ¢c-di-GMP is mediated by three
different classes of enzymes. Biosynthesis is performed by
diguanylate cyclases (DGCs), which condense two GTP
molecules to form ¢-di-GMP using an active-sitce GGDEF
domain. C-di-GMP can be degraded in two different ways
by phosphodiesterases (PDEs). PDEs with an EAL domain
hydrolyze c-di-GMP into linear pGpG molecules, which
in turn spontaneously hydrolyze to form two molecules
of GMP. In contrast, PDEs with a HD-GYP domain di-
rectly hydrolyze c-di-GMP to GMP. In many cases, domains
with opposite activities are present in the same protein cre-
ating GGDEF-EAL or GGDEF-HD-GYP tandems. The
tandem domain proteins mostly display one predominant
activity, while the second domain remains inactive. C-di-
GMP turnover domains often contain additional motifs im-
portant for ligand binding, allowing the cyclic dinucleotide
molecule pool to be regulated in response to different envi-
ronmental signals (295).

Although studies on the role of c-di-GMP in bacteria be-
gan more than 30 years ago (28), investigations on strepto-
mycetes were initiated only recently with a main focus on
morphological differentiation (26,29-30). Despite the fact
that biosynthesis of SM is firmly coupled with morpho-
genesis, the role of c-di-GMP in the regulation of antibi-
otic production remained obscure. Recent studies demon-
strated that overexpression of the genes cdgA, cdgB, cdgC,
and cdgD encoding active DGCs in S. coelicolor severely al-
tered the production of the blue-pigmented antibiotic acti-
norhodin (26,29,31), while the expression of an additional
copy of c¢dgB in Saccharopolyspora erythraea increased ery-
thromycin formation (32).

In this study, we investigated the role of ¢c-di-GMP on
MmA formation in S. ghanaensis. Overexpression of cdgByy,
encoding a DGC increases the production of MmA, while
deletion of cdgB,;, has the opposite effect. Moreover, inac-
tivation of rmdBg;, encoding a PDE greatly increases MmA
production, as well as activates the expression of several
cryptic BGCs, including those encoding oxohygrolidin and
desferrioxamine B biosynthesis. Deletion of bldD,;,, encod-
ing the key c-di-GMP modulated transcriptional regulator,
essentially abolishes antibiotic biosynthesis. On combining
different lines of evidence, we suggest that the observed phe-
notype of the bldD,;, mutant is largely due to the strong up-

regulation of the wb/A,;, expression, which in turn represses
secondary metabolism. Inactivation of the rmdB,; specified
PDE in Streptomyces albus is also observed to have an over-
all stimulatory effect on secondary metabolism, suggesting
that a similar c-di-GMP-mediated regulatory network ex-
ists in other Streptomyces spp.. Overall, these results point
to a broadly applicable strategy to improve antibiotic pro-
duction and activate the expression of cryptic BGCs in acti-
nomycetes that is based on manipulation of genes encoding
c-di-GMP turnover.

MATERIALS AND METHODS
List of abbreviations and acronyms used in the work

A list of abbreviations and acronyms used in this work is
given in Supplementary Note 1.

Bacterial strains, media and culture conditions

Bacterial strains and plasmids used in this study are listed
in Supplementary Table S1. All Escherichia coli strains were
grown in Luria Bertani (LB) and 2 x YT media at 37°C sup-
plemented with appropriate antibiotics if needed. Strepto-
mycetes were cultured on soya flour mannitol agar (SFM),
oatmeal agar, tryptic soy broth (TSB), SG and R5A media.
Streptomyces ghanaensis was cultivated at 37°C and S. albus
at 28°C on a rotary shaker at 180 r.p.m. Plasmids were intro-
duced into Streptomyces strains by intergeneric conjugation
with E. coli ET12567 (pUZ8002). Conjugations and selec-
tion of exconjugants were performed on SFM-agar supple-
mented with 60 mM CaCl,. The presence and stability of
inheritance of integrative constructs in streptomycetes were
checked as described earlier (33).

Procedures for DNA manipulation

Routine cloning manipulations were made in E. coli XL1-
Blue according to standard procedures (34). Oligonu-
cleotides used in this work are listed in Supplementary
Table S2. All enzymes were purchased from New Eng-
land Biolabs. Polymerase chain reactions (PCRs) were
performed using recombinant Phusion DNA polymerase
(ThermoFisher). RedET-mediated gene replacements in
plasmids were performed with the REDIRECT system (35).
All constructs were verified by sequencing, PCR or restric-
tion mapping.

Gene deletions

To construct in-frame, marker-free deletions of cdgBg,
rmdBg,, bldDg, and wbiAg, genes, the following general
scheme was used. The gene of interest flanked with two ho-
mology arms (~2 kb each) was amplified from the genomic
DNA by PCR using an appropriate pair of primers. The
resulting amplicon was cloned into EcoRV-digested pBlue-
scriptKS+. Then the target gene was replaced by the loxP-
flanked apramycin resistance cassette (aac(3)IV) from plas-
mid pLEREC]J via recombineering. Next, aac(3)IV along
with homology regions was PCR amplified with the same
primer pair and subcloned into the hygromycin resistance
(hyg) bearing suicide vector pKGLP2 cut with EcoRV. The



final construct was conjugally transferred to S. ghanaensis
with subsequent screening for apramycin resistant and hy-
gromycin sensitive colonies (reflecting a double-crossover
event and loss of the plasmid). The replacement of a gene in
the S. ghanaensis chromosome was verified by PCR using a
respective pair of primers. The Cre-expressing helper plas-
mid pUWLCre was then introduced into mutant to excise
the apramycin gene from its genome.

To disrupt XNR_1338 (rmdB,) in the S. albus chro-
mosome, a 0.55 kb fragment carrying an internal part
of the gene was amplified from genomic DNA by PCR
with primers xnr_1338_vn_f and xnr_1338_vn_r. The re-
sulting amplicon was cleaved with Xbal and EcoRV and
cloned into respective sites of the suicide vector pKC1132
to give pKCXNR1338-vn. The latter was introduced into
S. albus and sclected for the resistance to apramycin
(an indication of a single-crossover). The disruption of
XNR_1338 was confirmed by PCR (primers xnr1338_check
and rmdB_EAL _rev; data not shown).

To inactivate the pks3 and fkbH genes from the puta-
tive oxohygrolidin BGC, 1.1 and 0.5 kb long DNA frag-
ments harboring an internal part of a gene were amplified
from the genomic DNA by PCR with primers pks_vn_for
and pks_vn_rev, and fkbH_RT _for and fkbH_RT_rev, re-
spectively. The PCR products were digested with Xbal and
EcoRV and then individually cloned into respective sites of
pKC1132 to generate pKCpks-vn and pKCfkbH-vn. The
resulting plasmids were further transferred into S. ghanaen-
sis ArmdB,;, and selected for the resistance to apramycin (an
indicative of single crossover).

Construction of plasmids for complementation and overex-
pression experiments

For the complementation experiments, 2.4, 2.8, 0.9 kb long
DNA fragments containing cdgBy,, rmdBg, and bldD,y,
genes along with their putative promoter regions, respec-
tively, were amplified from the genomic DNA by PCR with
appropriate pair of primers. The obtained amplicons were
treated with Xbal and EcoRI and then cloned into the
Xbal/EcoRI-digested integrative vector pSET152 to create
pSETcdgB, pSETrmdB and pSETbldD.

For the overexpression of cdgBg;, rmdBg, and bldD,,
genes under ermEp control, 1.8, 2.5 and 0.56 kb DNA
fragments, respectively, were PCR-synthesized using ap-
propriate primers. For cdgB,; and bldDg, amplicons were
cut with Kpnl and EcoRV and ligated into Kpnl/EcoRV-
linearized pTES to give pTESacdgB and pTESabldD-expl.
For rmdBg;, PCR product was cleaved with EcoRI and lig-
ated into EcoRV/EcoRI sites of pTES to afford pTESar-
mdB.

For the rmdBg, overexpression, a 2.8 kb long DNA frag-
ment containing coding sequence along with its putative
promoter region was amplified from the genomic DNA by
PCR with appropriate primers. The PCR product was di-
rectly ligated into the EcoRV-cleaved vector pKC1139 re-
sulting in pKCrmdB.

Identification of BldD,;,-binding sites

This was essentially done as described previously (23).
Briefly, to identify conservative BldD-binding sites (Bld-
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Dbs) in the S. ghanaensis genome, known BldDbs sequences
were collected from GenBank. They were used as an input
to search for the consensus motif with a help of the MEME
software tool (36). Screening for the occurrence of identified
motif within regions of interest was performed using FIMO
software suite (37).

Analysis of biosynthetic gene clusters

To identify the putative BGCs in the S. ghanaensis genome,
antiSMASH v5.0 (38) was employed followed by manual
annotation. The BLAST analysis was used to screen for or-
thologs in GenBank.

Semiquantitative (sq)RT-PCR

Total RNA was isolated from S. ghanaensis grown for 48
h in TSB medium using RNeasy Mini Kit from Qiagen.
To avoid DNA contaminations, RNA samples were treated
with DNase I from NEB. Equal amount of total RNA from
each studied strain (1 mcg in total) was used to synthesize
cDNA using Photoscript II Reverse Transcriptase (NEB)
according to instructions of the manufacturer. Two hundred
nanograms of cDNA were used as a template for PCR re-
action with appropriate primer pairs. As a control, primers
specific to the sequence of ArdB encoding the RNA poly-
merase principal sigma factor were used. Negative controls
were performed with ArdB specific primers in reactions with-
out reverse transcriptase to confirm the absence of contam-
inating DNA in RNA samples. PCR products were sepa-
rated on 1.5% agarose gels in TAE buffer and band inten-
sity was evaluated with a help of ImageJ software. Total
RNA samples were isolated from three independent biolog-
ical replicates.

Scanning electron microscopy

For scanning electron microscopy (SEM), small pieces of
lawns were cut off SFM agar plates and directly analyzed on
a Quanta 250 environmental scanning electron microscope
(ThermoFisher).

Construction of GusA reporter plasmids and B-glucuronidase
activity measurements

Plasmids padpAscript, pmoeESscript and pbldAscript for
the study of transcriptional activity of adpAgy,, moeES and
bldAg, promoters, respectively, were constructed previously
(23).

To probe the activity of rmdB,;, promoter, a DNA frag-
ment comprising 0.4 kb at the front of the translation start
codon was amplified by PCR with appropriate primers. The
rmdBg,p fragment was cloned into Xbal/Kpnl-linearized
pGUS to give prmdBscript. To evaluate the expression
of rmdB,, on the translational level, a DNA region con-
taining the entire stop codon-free gene along with puta-
tive promoter (400 bp upstream of the translation start
codons) was amplified by PCR using an appropriate pair of
primers. The amplicon was ligated to Xbal/EcoRV-cleaved
pGUSHL4aadA, an integrative Streptomyces vector where
the examined gene is fused to the gusA4 reporter gene
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through the helical peptide linker HL4, yielding prmdB-
transl.

In order to substitute the TTA codon to CTG, PCR mu-
tagenesis was applied to amplify an 8.2 kb DNA fragment
from pSETrmdB with appropriate primers carrying a sin-
gle codon TTA— CTG substitution. The obtained ampli-
con was treated with T4 Polynucleotide kinase and then
self-ligated giving pSETrmdB-CTG. Next, a 2.7 kb DNA
region comprising stop codon free rmdBg;, along with its
putative promoter region was PCR amplified and cloned
into pGUSHL4aadA using the aforementioned procedure
to create prmdB-CTGtransl. In control experiments, pro-
moter free rmdBy,(TTA) and rmdB,;,(CTG) genes with-
out stop codon were amplified by PCR using respec-
tive set of primers and cloned into Xbal/EcoRV-digested
pGUSHL4aadA, resulting in prmdBcontr and prmdB-
CTGcontrol, respectively.

Measurement of B-glucuronidase activity was carried out
as described previously (23). Cultures and subsequent -
glucuronidase assays were performed in triplicate. Values
were normalized to equal amounts of dry biomass (10 mg)
and presented as the mean 42 standard deviations.

Analysis of moenomycins production

Cultivation of S. ghanaensis, extraction, disc diffusion as-
say, and analysis of moenomycins was done by following
the previously established protocol (22). Two compounds
were monitored via LC-MS in S. ghanaensis extracts: MmA
(m/z = 1580.6 [M-H]") and nosokomycin B (NoB; m/z =
1484.6 [M-H] ). The mixture of these two dominant com-
pounds is referred to as moenomycin in this work, and
the mean value of their LC-MS peak area in S. ghanaen-
sis ATCC14672 was taken as 100%. Amounts of moeno-
mycin were normalized to equal amounts of biomass (dry
weight) and were mean values from at least three indepen-
dent biological repeats. LC-MS analysis was performed on
a UHPLC Thermo Fisher Scientific Ultimate 3000 SD sys-
tem equipped with an automated liquid sampler, a diode ar-
ray detector, and a TSQ Quantum Access MAX ESI mass
spectrometer with a reversed-phase Nucleodur 100-5 C18ec
column (Macherey-Nagel, 5 pm, 150 x 2 mm). The mobile
phase A: water and mobile phase B: MeCN, both with 0.5%
acetic acid (vol/vol) as a solvent modifier. The solvents were
delivered at 0.5 ml/min under a gradient elution program:
0 min 95% A, 0.5 min 95% A, 10.5 min 5% A, 12.5 min 5%
A, 12.7 min 95% A, 15 min 95% A. The mass spectrometer
was operated in negative ESI mode, with an ion-spray volt-
age of —3.5kV, source temperature of 350°C. The pressures
of sheath and auxiliary gas (N;) were set to 25 and 5 (ar-
bitrary units) respectively. The ion transfer tube was heated
up to 300°C.

Analysis of SM produced by S. ghanaensis and S. albus
strains

One-hundred-milliliter flasks with 15 ml of seed medium
(TSB) were inoculated with equal amounts of spores (2 x
10° cfu). After two days of cultivation one ml of resulting
seed broth was used to inoculate 300 ml flasks with 50 ml
of fermentation medium (TSB for S. ghanaensis strains and

R5A for S. albus) with a subsequent cultivation for 5 days.
The fermentation broth was spun down at 5000 r.p.m. for 10
min and then the supernatant was extracted with an equal
volume of n-butanol or ethyl acetate. The organic phase was
evaporated in vacuo, resuspended in MeOH, then filtered
through a 0.2 wm PVDF filter. Next, the S. ghanaenis ex-
tracts were used for HPLC-MS analysis on an Agilent 1100
LC system connected to a G1946D mass spectrometer with
a reversed-phase Xbridge C18 column (Waters, 3.5 pum, 100
x 4.6 mm) using water as mobile phase A and MeCN as mo-
bile phase B, both containing 0.5% acetic acid (vol/vol) as a
solvent modifier. Elution was carried out at 0.6 mL/min as
follows: 0 min 95% A, 0.5 min 95% A, 18.5 min 5% A, 20.5
min 5% A, 20.8 min 95% A, 25 min 95% A. Full-scan mass
spectra (m/z 200-2000) were collected in both positive and
negative ESI modes. The following parameters were used:
capillary voltage, 3000 V; nebulizer gas pressure, 35 psi; dry-
ing gas flow rate (N;), 10 I/min; drying gas temperature,
350°C.

Extracts from S. albus were analyzed on a UHPLC
Thermo Fisher Scientific Ultimate 3000 SD system joined
with a TSQ Quantum Access MAX ESI mass spectrome-
ter. For the LC analysis, a Zorbax Eclipse Plus C18 column
(Agilent, 1.8 pm, 50 x 2.1 mm) was used (mobile phase A:
water and mobile phase B: MeCN, both with 0.5% acetic
acid (vol/vol) as a solvent modifier). The solvents were de-
livered at 0.5 ml/min under a gradient elution program: 0
min 90% A, 0.5 min 90% A, 8§ min 5% A, 9 min 5% A, 9.1
min 90% A, 10 min 90% A. Full-scan mass spectra (m/z
200-1500) were collected in both positive and negative ESI
modes, with an ion-spray voltage of 2500 V, ion source tem-
perature of 450°C. The pressures of sheath and auxiliary gas
(N,) were set to 25 and 5 (arbitrary units), respectively. The
ion transfer tube was heated up to 320°C.

MS/MS analysis of samples containing desferrioxamine
B was performed on a UHPLC Thermo Fisher Scientific
Ultimate 3000 SD system joined with a TSQ Quantum Ac-
cess MAX ESI mass spectrometer with a Zorbax Eclipse
Plus C18 column (Agilent, 1.8 pm, 50 x 2.1 mm; mobile
phase A: water and mobile phase B: MeCN, both with 0.5%
acetic acid (vol/vol) as a solvent modifier). The mass spec-
trometer was operated as described previously (39).

For high-resolution (HRMS) LC-MS, samples were mea-
sured on a Thermo LTQ Orbitrap XL mass spectrometer
coupled to a UHPLC Thermo Dionex Ultimate 3000 RS.
Analytes were separated on ACQUITY BEH C18 Column
(Waters, 1.7 pm, 100 mm x 2.1 mm) with water + 0,1%
formic acid (vol/vol) (mobile phase A) and MeCN + 0,1%
formic acid (vol/vol) (mobile phase B). The following gra-
dient was used: 0 min 95% A, 0.27 min 95% A, 18.27 min
5% A, 20.27 5% A, 21.27 95% A, 23.77 95% A with a flow
of 0.55 ml/min.

Large-scale growth of S. ghanaensis, purification and struc-
ture elucidation of oxohygrolidin

Large-scale production was done through a similar way to
that for the small-scale fermentations described above. Two
ml of two-days S. ghanaensis ArmdBg, seed culture pre-
pared as described above were used to inoculate 500 ml
flasks with 100 ml of TSB fermentation medium. In total,



41 of fermentation culture was used for compound isola-
tion. After 5 days of incubation the broth was centrifuged
at 5000 r.p.m. for 20 min to separate a mycelium cake from
a supernatant. The biomass was washed twice with distilled
water. Oxohygrolidin was extracted by stirring the biomass
with MeOH /water (9:1, vol/vol) at 37°C overnight. After
centrifugation the supernatant was dried in vacuo ant then
dissolved in distilled water. The compound was then ex-
tracted twice with an equal volume of ethyl acetate. The
combined organic phase was dried in vacuo, resuspended
in 40% MeOH, and fractionated using solid phase extrac-
tion column (Oasis HLB 35cc (6 g) LP Extraction Car-
tridge, Waters) with subsequent gradient elution with in-
creasing concentrations of MeOH. The fractions contain-
ing the compound were concentrated in vacuo and further
purified by semi-preparative LC on an Agilent 1100 HPLC
system with a DAD detector equipped with a Zorbax SB
C18 column (Agilent, 5 pm, 9.4 x 150 mm). The follow-
ing elution program was used: 0 min 30% A, 0.5 min 30%
A, 15 min 5% A, 17 min 5% A, 17.2 min 30% A, 20 min
30% A (mobile phase A: water and mobile phase B: MeCN).
The solvents were delivered at 2.5 ml/min. This procedure
yielded 8 mg of oxohygrolidin.

For determination of oxohygrolidin structure, mass spec-
tra were recorded on a Thermo LTQ Orbitrap XL ESI mass
spectrometer as described above. Nuclear magnetic reso-
nance spectra (NMR) were measured on a Varian VNMR-
S 600MHz spectrometer equipped with 3 mm triple reso-
nance inverse and 3 mm dual broadband probe heads at
25°C. Spectra were recorded in 150 pl CD3;OD. Residual
signals were used as internal standard (8H = 3.30 ppm, 8C
= 49.0 ppm). The structure elucidation was done based on
MS and 1D and 2D NMR spectra. Comparison to litera-
ture confirmed this compound to be oxohygrolidin (40).

Protein production and purification

To probe catalytic activities of RmdBgy,, truncated ver-
sions of the protein missing the transmembrane domain
were produced. PDE (amino acid residues 432-763), DGC-
PDE (amino acid residues 317-763) and DGC (amino acid
residues 317-484) domains encoding sequences were cloned
into pET28a resulting in N-terminally Hisg tagged proteins.
Extended versions of diguanylate cyclase domain includ-
ing one transmembrane helix were cloned into pET24b and
produced as C-terminally Hisq tagged DGC-274 (amino
acid residues 274-484) and DGC-302 (amino acid residues
302-484). Escherichia coli BL21 (DE3) Star carrying ex-
pression plasmid was grown in LB supplemented with
kanamycin (50 wg/ml) until ODgg reached 0.5. Protein
production was induced by IPTG (0.25 mM) and culture
was then allowed to grow at 18°C for another 16-18 h.
Cells were harvested by centrifugation and lysed in Tris-
buffer (50 mM Tris-HCIL, 0.5 M NaCl, 2 M urea, 5 mM im-
idazole, 10 mM PMSF and DNase I, pH 7.5) by passage
through a French press. Proteins were purified by Ni-NTA
affinity chromatography from a soluble fraction and eluted
by increasing concentrations of imidazole (20, 50 and 250
mM). Fractions containing DGC, PDE or DGC-PDE were
pooled and then dialyzed against storage buffer (50 mM
Tris-HCl, 0.5 M NaCl, 5% glycerol, pH 7.5).
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A recombinant BldDg, was produced as N-terminally
Hisg tagged protein. For this purpose, its ORF was ampli-
fied from S. ghanaensis chromosomal DNA, digested with
Ndel and Xhol restriction endonucleases and cloned into
respective sites of pET28a, giving pET28a-bldD,y,. After
confirmation by restriction analysis and sequencing, the ob-
tained plasmid was introduced into BL21 (DE3) Star where
protein production was achieved by inducing the growing
cells with 0.25 mM IPTG when optical density reached
0.5. Cells were collected after 16 h growing at 20°C in LB
medium. Protein was purified by Ni-NTA chromatography
in a buffer containing 50 mM Tris-HCI, 0.3 M NaCl and
5% glycerol, pH 8.0 with increasing imidazole concentra-
tions (20-250 mM). The concentration of purified protein
was determined by Bradford assay.

For YdeH production, its ORF was amplified by colony
PCR from XL1Blue cells and cloned into Ncol and Xhol
sites of pET28a. The recombinant protein was produced
with C-terminal Hisg tag as described before (41).

In vitro enzymatic assay

The ¢-di-GMP synthesis activity of recombinant proteins
was assayed in reaction mixture (100 wl) containing 50 mM
Tris-HCI (pH 8.0), 50 mM NacCl, 200 puM GTP, 5 mM
MgCl, or MnCl,. The reaction was started by adding 5 pM
(or 10 wM) of purified DGC and incubated at 37°C for 1 h.
A control reaction using 2 uM YdeH (a DGC from E. coli)
was performed identically.

A PDE activity assay was carried out in a DGC reaction
buffer containing 200 wM c¢-di-GMP instead of GTP and 5
M of PDE or DGC-PDE. After incubation at 37°C for 1
h, reaction was terminated by heat inactivation at 75°C for
10 min in a presence of 10 mM CaCl,, centrifuged at 14 000
r.p.m. for 10 min, and filtered through 0.2 wm PVDF filter.
Analytes were measured on an Agilent 1100 HPLC system
connected to a G1946D mass spectrometer with a Zorbax
RX C8 column (Agilent, 5 pm, 4.6 x 250 mm) using solvent
A: water with 10 mM tributylamine and 15 mM acetic acid
and solvent B: MeCN. The following elution program was
used: 0 min 95% A, 3 min 95% A, 7 min 70% A, 9 min 70%
A, 20min 5% A, 25 min 5% A, 25.5 min 95% A, 30 min 95%
A with a flow of 0.5 ml/min. Full-scan mass spectra (m/z
300-750) were collected in negative ESI mode. The follow-
ing parameters were used: capillary voltage, 3000 V; nebu-
lizer gas pressure, 35 psi; drying gas flow rate (N3), 10 1/min;
drying gas temperature, 350°C. C-di-GMP and GTP stan-
dards were purchased from InvivoGen and Sigma-Aldrich,
respectively.

Electrophoretic mobility shift assay

Promoter regions of cdgB,y, rmdBg;, and wblA,, were pro-
duced by PCR from S. ghanaensis chromosomal DNA and
then 5’ end-labeled using [y3*P]-ATP and T4 polynucleotide
kinase. Twenty fmol of labeled DNA probe was incubated
with purified BldDygy, at 37°C for 25 min in 15 pl binding
buffer (10 mM Tris pH 7.5, 1 mM EDTA, 5% glycerol,
10 mM NaCl, 1 mM MgCl,) containing 1 wg poly(dI-dC)
and 1 M c-di-GMP. Also, increasing concentration of c-
di-GMP (0.5-3 M) were tested in reaction with wblA,p
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and 0.75 wM BldD,,. The DNA-protein complexes were
separated on 8% nondenaturing polyacrylamide gels in Tris-
borate-EDTA buffer. After drying the gels, bands were vi-
sualized by phosphor imaging.

Competition assay was carried out in reaction sample
containing 20 fmol labeled wblAg,p promoter incubated
with 0.75 uM BldDgy, 1.5 pM ¢-di-GMP and 10-, 50-, 100-
and 200-fold molar excess of unlabeled probe in binding
buffer as described above.

Intracellular c-di-GMP extraction and measurements

Streptomycetes samples were collected after 24, 48, 72 and
96 h of growth in TSB medium. Intracellular c-di-GMP
was extracted with 40% methanol-40% acetonitrile in 0.1 N
formic acid as previously described (42). The samples were
analyzed on a UHPLC Thermo Fisher Scientific Ultimate
3000 SD system joined with a TSQ Quantum Access MAX
ESI mass spectrometer. For the LC analysis, a Pursuit 3
PFP column (Agilent, 3 pm, 100 x 2 mm) was used (mo-
bile phase A: water and mobile phase B: MeCN, both with
0.5% acetic acid (vol/vol) as a solvent modifier). The sol-
vents were delivered at 0.5 ml/min under a gradient elution
program: 0 min 97% A, 3 min 97% A, 5 min 5% A, 7 min
5% A, 7.3 min 97% A, 10 min 97% A. C-di-GMP was de-
tected by MS/MS multiple reaction monitoring in negative
ESI mode with an ion-spray voltage of 2500 V, ion source
temperature of 350°C. The pressures of sheath and auxiliary
gas (N;) were set to 65 and 17 (arbitrary units), respectively.
The ion transfer tube was heated up to 255°C. The m/z
689.1— 344.5 transition was used for quantitation while the
689.1—151.2 fragmentation was monitored as confirma-
tory signal. The collision energies were 36 and 46 eV, respec-
tively. For a standard curve, 6.25, 12.5, 25, 50, 100, 200 and
500 nmol/1 pure c-di-GMP (InvivoGen) dissolved in extrac-
tion buffer were analyzed by the above method. Values rep-
resent the mean of three independent biological replicates
42 standard deviations.

RESULTS
c-di-GMP governs MmA biosynthesis in S. ghanaensis

The S. ghanaensis genome encodes nine proteins putatively
involved in ¢-di-GMP metabolism (Supplementary Table
S3). To gain insight into the role of c-di-GMP in the regula-
tion of antibiotic production, we decided to individually in-
activate cdg By, (5sfg-03956) and rmdByy, (ssfg-02196), two
genes predicted to code for enzymes with c-di-GMP synthe-
sis and hydrolytic activities, respectively. Orthologs of these
two genes are broadly conserved in streptomycetes and, in
Streptomyces venezuelae, they have been shown to be ex-
pressed at high levels throughout the entire life cycle among
all other genes encoding c-di-GMP turnover proteins (43).
CdgBgn contains a GGDEF catalytic domain that is found
in DGCs and thus was chosen for further study. Deletion of
cdg By, reduced MmA production 2-fold, as determined by
HPLC-MS and bioassays (Figure 1A and B). The AcdgB,;
mutant also showed changes in morphogenesis by display-
ing an early onset into sporogenesis (Supplementary Fig-
ure S1). The integration of a native copy of cdgB,, into the
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Figure 1. Levels of moenomycin and c-di-GMP production by various
Streptomyces ghanaensis strains. (A) Moenomycin production titers by dif-
ferent S. ghanaensis strains studied in this work as determined by HPLC-
MS. The mean value of moenomycin mass peak area in S. ghanaensis
ATCC14672 was taken as 100%. Amounts of moenomycin were normal-
ized to equal amounts of biomass (dry weight) and were mean values
from at least three independent biological replicates. Error bars, +2 SD.
(B) Bacillus cereus growth inhibition around paper discs saturated with
methanol extracts from equal amount of biomass of different MmA pro-
ducers: S. ghanaensis ATCC14672 (1), AcdgBy;, (2), ATCC14672 over-
expressing cdg By, (3), ArmdBg, (4), ATCC14672 overexpressing rmdBg,
(5), AbldDy;, (6), ATCC14672 overexpressing bldDg, (7), AwblAgy, (8),
AbldDg;, AwblAg;, (9), negative control, methanol (K). Intracellular c-di-
GMP levels in the S. ghanaensis strains with gene deletions (C) and overex-
pressions (D). c-di-GMP was extracted at different time points from cells
grown in TSB medium. Data represent means of three independent cul-
tures and were normalized to equal amounts of dry biomass. Error bars
are the standard deviations between independent cultures.

attB? ! site of the mutant restored MmA production and
wild-type morphology in contrast to a strain carrying an
empty vector. Introduction of an extra copy of cdgBg;, un-
der the control of constitutive promoter ermEp led to a 2-
fold increase in MmA production (Figure 1A and B) while
strongly inhibiting spore formation (Supplementary Figure
S1).

In contrast to CdgB,,, RmdBy;, contains both GGDEF-
and EAL- domains. However, in vitro this enzyme dis-



plays only PDE activity (Supplementary Figure S2). More-
over, unlike the AcdgBg;, mutant, ArmdBg, produced 2.5-
fold more MmA (Figure 1). This mutant was also affected
in morphological differentiation. Specifically, the aerial
mycelium of the ArmdB,;, mutant remained white even af-
ter prolonged incubation, in contrast to the dark-green
colonies of the wild-type strain (Supplementary Figure
S3A). Scanning electron microscopy revealed long aerial hy-
phae lacking chains of spores in contrast to normally devel-
oped spores in wild-type (Supplementary Figure S3B). The
integration of a native copy of rmdBy;, into the mutant re-
stored both MmA production and morphogenesis in com-
parison to a control strain bearing an empty vector. Overex-
pression of rmdBg, resulted in a strain that produces only a
small amount of MmA (Figure 1A and B). In this strain the
timing of spore formation was accelerated (Supplementary
Figure S3C).

To evaluate the role of BIdD, the well-known sensor of c-
di-GMP in streptomycetes, we generated a AbldD,;, mutant.
Production of MmA was strongly reduced in this strain
(Figure 1A and B). As well, the AbldD,;, mutant exhibited
altered morphological development (Supplementary Figure
S4). Scanning electron microscopy showed that BldD influ-
ences the timing of morphogenesis, especially the timing of
sporulation. In contrast to S. coelicolor and S. venezuelae
(16,27), in the AbldD,;, mutant, sporulation was clearly de-
layed (Supplementary Figure S4B and C). Complementa-
tion of the mutant with a native copy of the bldD,; gene
restored morphological development and led to an increase
in MmA production.

Next, we compared phenotypic differences in bacterial
growth between the wild-type and mutant strains (Supple-
mentary Figure S5A and B). Deletion of cdg B, slightly de-
creased biomass accumulation, while the most prominent
changes were observed in the AbldD,, strain, which accu-
mulated much lower amounts of biomass during first 48 h
of growth (Supplementary Figure S5A).

We also assessed the changes in intracellular c-di-GMP
levels in the S. ghanaensis mutants. Deletion of cdg By, led
to the reduction in the nucleotide messenger pool, while its
overexpression positively correlated with the level (Figure
1C and D). In contrast to AcdgBg, the ArmdB,;, mutant
accumulated 2-fold more of c-di-GMP. It was also found
that, compared with the control strain carrying an empty
vector, overexpression of rmdB,;, decreased intracellular c-
di-GMP concentration (Figure 1C and D).

Impact of mutations in rmdB,;,, cdgBg,, and bldD,;, on the
expression of genes involved in MmA biosynthesis and mor-
phological differentiation

The influence of mutations in cdgB,y, rmdBg;,, and bldD,y,
on the expression of genes (moeO5, moeES, moeGTS) in-
volved in indispensable steps of MmA biosynthesis (Fig-
ure 2A) (21) and on regulatory genes (adpAg, and bldAg,)
was analyzed by sqRT-PCR and a GusA transcriptional re-
porter assay (44). As shown in Figure 2B, transcription of
all moe genes was repressed in the AcdgB,; mutant. Like-
wise, the GusA reporter assay revealed more than 2-fold
decrease in transcriptional activity of the moeES5 promoter
(Figure 2E). In contrast, deletion of rmdB,; elevated the ex-
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pression levels of all three structural genes and adpAg, in
comparison to the wild-type strain. The GusA reporter sys-
tem confirmed a 2-fold increase in the transcriptional activ-
ity of the moeE5 promoter (Figure 2C, E and F). However,
deletion of bldDy, drastically repressed the transcription of
moe genes (Figure 2D). In contrast to the results obtained
previously (26), we also observed that adp A, was less tran-
scribed in the AbldD,, mutant than in the wild-type strain
(Figure 2D). As indicated by the GusA reporter assay, the
transcriptional activities of the moeE5- and adpAg,- pro-
moters were reduced 5- and 4-fold, respectively (Figure 2E
and F). In the AbldD,, mutant, transcriptional activity of
the bldA,, promoter was decreased 5-fold (Figure 2G). This
indicates that inactivation of bldD,;, leads to an overall re-
pression of MmA biosynthesis in S. ghanaensis.

To gain further regulatory insight into the AbldDgy,-
mediated phenotype in S. ghanaensis and following the
idea put forward by den Hengst et al. (26), we exam-
ined the expression levels of putative regulatory genes
ssfg_ 03791, ssfg 03212 and ssfg_03279 encoding a sporu-
lation associated protein, a putative regulatory protein
and a WhiB-family transcriptional regulator, respectively,
which we hypothesized might be controlled by BldDgy.
Only the expression of ssfg 03279 was greatly enhanced in
S. ghanaensis AbldDg;, compared to the wild-type strain
(Figure 2D). Gene ssfg_ 03279 (wblAg;), which encodes
an ortholog of pleiotropic regulator WblA of S. coeli-
color, was previously shown to negatively affect MmA
production and morphogenesis in S. ghanaensis (24). In-
terestingly, transcription of wblA4,, was upregulated in S.
ghanaensis AcdgBg, and downregulated in S. ghanaensis
ArmdByg,, in comparison to the wild-type strain (Figure 2B
and C).

Deletion of wblA,;, suppresses the AbldD,;,-mediated pheno-
type in S. ghanaensis

Previous work on transcriptional analysis of BldD-targeted
genes in non-Streptomyces actinobacterium Actinoplanes
missouriensis revealed that BIdD represses dozen genes, in-
cluding a wblA ortholog (45). A mutant of S. ghanaensis
lacking wblAy, accumulated approximately 2.5-fold more
MmA than the wild-type strain (Figure 1A and B). It also
displayed a ‘white’ phenotype, indicating that spore matu-
ration was inhibited (Supplementary Figure S6A). We thus
proposed that the strong abolishment of MmA production
in AbldDg, is due to the high expression of wblAg, that
would repress antibiotic biosynthesis. To address this hy-
pothesis, the double mutant S. ghanaensis AbldD g, AwblAg),
was generated. This mutant restored the capacity to pro-
duce MmA (Figure 1A and B), indicating that WblAg,
plays a crucial role in the regulation of MmA biosynthe-
sis and that BldD,y, controls the expression of wblAg,. Di-
rect control of the wblA,, transcription by BldD,, was
further supported by electrophoretic mobility shift assay
(EMSA) with purified BldD,y, (see below, Figure 3B and
C). We also verified this hypothesis by overexpressing cdgB
from S. coelicolor (29) (plasmid pIJ10350) in S. ghanaen-
sis AwblAg, as well as in the wild-type strain. In con-
trast to the wild-type strain carrying plJ10350, where an-
tibiotic synthesis was strongly uplifted, MmA production
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of moe cluster 1. (B) Comparison of AcdgBg, and ATCC14672 transcriptional profiles. (C) Comparison of ArmdBg;, and ATCC14672 transcriptional
profiles. (D) Comparison of AbldDgj, and ATCC14672 transcriptional profiles. The expression of tested genes was analyzed in 48 h cultures grown in TSB;
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was not further improved by the expression of the gene in
AwblAg;, (Supplementary Figure S7). It is noteworthy that
expression of adpA,;, remained unaffected in S. ghanaensis
AwblAg;, in comparison to the wild-type strain (Supplemen-
tary Figure S8), indicating that WblAy,-depended pheno-
type is likely not mediated by AdpAgy. Finally, S. ghanaen-
sis AbldDg, AwblA,, was severely impaired in morphologi-
cal differentiation whereby only the substrate mycelium is
formed (Supplementary Figure S6B).

BldDy, controls the expression of cdgB,;,, rmdB,;, and wblA,;,

Transcriptional analysis reported previously (26,29) sug-
gested that BIdD directly interacts with the cdg B promoter.

To gain further information on the putative interactions of
BldDgy, with the promoter regions of cdgByy, rmdBg, and
wblAg;, we performed EMSA. An N-terminally Hise-tagged
BldDg, was incubated with **P-labeled DNA probes cor-
responding to the promoter of interest. In agreement with
an in silico identified BldD binding site, BldDygy, effectively
bound to the cdg By, promoter (Figure 3A). Increasing con-
centrations of BldDyy, resulted in a formation of one nu-
cleoprotein complex with the wbl/A4, promoter that is con-
sistent with bioinformatics analysis (Figure 3B). Moreover,
binding of BldDygj, to the whl4g, promoter was significantly
improved in the presence of increasing concentrations of c-
di-GMP (Figure 3C). The specificity of this interaction is
shown by the ability of unlabeled wb/A,, promoter to com-
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Figure 3. BldDyy, regulates the expression of cdg By, whblAg, and rmdB,,. EMSA analysis of BldDgj, binding to the cdgB,,(A), wblAg, (B and C), and
rmdBg, (D) promoters. Twenty fmol of 3P_labeled probe was incubated with increased concentration of BldDyy,, The reactions in A, B and D contained 1
M of ¢-di-GMP. C-di-GMP concentrations used in (C) are indicated above each line. (E) Time dependency of the transcriptional activity of the rmdBg,
promoter. (F) Translation efficiency of rmdB,, is regulated by the presence of the TTA codon. (G) Translation of rmdBg,(TTA) is strongly repressed
in Streptomyces ghanaensis AbldAg;,. C rmdB(TTA)-gusA and C rmdB(CTG)-gusA correspond to promoterless fusions. Cultures and subsequent {3-
glucuronidase assays were performed from three independent biological replicates. Error bars, 2 SD.

pete with the radiolabeled one for BldDyy, (Supplementary
Figure S9).

EMSA experiments found that the rmdBg;, promoter is
not a direct target of BldDg, (Figure 3D). However, anal-
ysis of the rmdB,, coding sequence revealed the presence
of one TTA codon, indicating that the translation of the
gene is controlled by the tRNAMU 5, molecule encoded by
bldA. In S. coelicolor, mature BIdA is only formed during
stationary growth and its expression directly controlled by
BIdD (26). Using a GusA reporter system we first moni-
tored the time dependency of the transcriptional activity of
the rmdB,;, promoter in the wild-type strain. GusA activity
was detected 13 h after spore inoculation (Figure 3E), then
increased to a maximal value after 30 h, which coincides
with the stationary phase of cell growth. Subsequently the
rmdB,, promoter activity slowly decreased before reaching
a plateau. Transcription of rmdBg;, remained active over the

entire time course, suggesting its pivotal role in S. ghanaen-
sis life cycle.

We next examined the levels of translation of RmdByy, us-
ing a GusA reporter assay. In one construct, encoded by
plasmid prmdBtransl, GusA was fused to the C-terminus
of RmdBgy. In a second construct, encoded by the plasmid
prmdB-CTGtransl, the TTA codon in rmdB,;, was changed
to a synonymic CTG codon. No GusA activity was identi-
fied in the first 24 h of growth in wild-type strain carrying
prmdBtransl. In contrast, low activity was detectable in the
strain carrying prmdB-CTGtransl starting 18 h after inoc-
ulation (Figure 3F). Additionally, in S. ghanaensis AbldAg,
containing prmdBtransl, we observed almost complete ces-
sation of rmdB,, translation, while in AbldA,, harboring
prmdB-CTGtransl translation was unaffected (Figure 3G).
These results confirmed the necessity of BIdAgy, for the effi-
cient translation of the TTA codon.
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Figure 4. Deletion of rmdBg, severely affects SMs biosynthesis in Streptomyces ghanaensis. (A) HPLC chromatograms of butanol extracts derived from
S. ghanaensis ATCC14672 and S. ghanaensis ArmdByg, grown in TSB medium. Several new peaks are observed in the mutant strain. Two most prominent
peaks in ArmdB,;, were identified as oxohygrolidin (1) and desferrioxamine B (2). (B) Genetic organization of the oxohygrolidin BGC, as identified by
AntiSMASH analysis of the S. ghanaensis genome. Two structural genes, fkbH and pks3, inactivated in this work to confirm their relevance to oxohy-
grolidin biosynthesis are shown. (C) HPLC chromatograms of methanol extracts from biomass derived from ArmdBg, and two single-crossover mutants
ArmdBg, pks3::.pKCpks-vn and ArmdBy, fkbH::;pKCfkbH-vn. (D) sqRT-PCR revealed the strong uplift in expression levels of oxohygrolidin BGC in the
rmdBg,-background compared to the wild-type strain, while the transcription of desferrioxamine B BGC was unaffected. As a template for sqRT-PCR,
chromosomal DNA (C*) and cDNA obtained from strains grown in TSB for 48 h were used. Total RNA samples were isolated from three independent
biological replicates. (E) Genetic organization of the desferrioxamine B BGC in S. ghanaensis as identified by AntiSMASH analysis.

c-di-GMP pool affects the expression of cryptic BGCs in S.
ghanaensis

Although the genome of S. ghanaensis contains several
BGCs (Supplementary Table S4), the strain is known for its
ability to synthesize MmA. Therefore, to explore whether
mutations in genes for c-di-GMP turnover have an impact
on SM biosynthesis, we investigated extracts of the wild-
type strain and the mutant ArmdB,;, by HPLC-MS. Inter-
estingly, several peaks were detected in the extract of the
ArmdBg, strain which are not present in the extract of the
parental strain (Figure 4A). To identify two of the most
prominent peaks, we performed large scale fermentation by
cultivating ArmdBy;, in 41 of tryptic soy broth. The structure
of the first compound was determined by mass spectrom-
etry and NMR spectroscopy to be a macrolide antibiotic
oxohygrolidin (1) (40) (Figure 4A and Supplementary Note
2). To allocate its BGC in the S. ghanaensis chromosome,

we employed antiSMASH (38). Among 29 identified puta-
tive BGCs (Supplementary Table S4), we focused on a type
I PKS encoded by an 86 kb gene cluster that has a high
gene synteny and 88% similarity to the bafilomycin BGC
(Figure 4B), a compound chemically closely related to ox-
ohygrolidin (40). Inactivation of pks3 and fkbH genes from
determined oxohygrolidin BGC, encoding a PKS module
and a protein proposed to be responsible for the biosynthe-
sis of unusual PKS extender units, respectively, completely
abolished antibiotic production in S. ghanaensis ArmdB,,
(Figure 4C). Next, the transcriptional profiles of both genes
were examined in wild-type and ArmdBg, mutant. Dele-
tion of rmdByg, elevated fkbH transcription, while pks3 was
poorly expressed in the wild-type strain in contrast to the
mutant (Figure 4D).

The second compound had a maximum absorbance at
211 nm and a molecular ion of m/z 559.3463 [M-H] (Sup-
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Figure 5. Inactivation of rmdB,; stimulates the production of SMs by
Streptomyces albus. The images in this figure represent a typical result of
five independent HPLC-MS experiments. (A) UHPLC chromatograms of
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Strong induction of SMs biosynthesis in S. albus rmdB;::pKC1132. Shown
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(dark blue) and S. albus rmdBy;::pKC1132 (red). (C) Overlaid UHPLC-MS
traces of ethyl acetate extracts derived from S. albus strains grown in RSA.
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plementary Figure S10A). The predicted molecular for-
mula is Co5HygNgOg, which corresponds to the siderophore
desferrioxamine B, a metal-chelating metabolite commonly
produced by actinomycetes in response to iron starvation
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(39). The identity of the peak corresponding to desfer-
rioxamine B was confirmed by MS/MS analysis (Supple-
mentary Figure S10B). The desferrioxamine B gene clus-
ters are ubiquitous in actinobacterial genomes and anti-
SMASH analysis revealed a putative BGC in S. ghanaen-
sis that shows synteny and high percentage of similarity to
known desferrioxamine BGCs from streptomycetes (46,47)
(Figure 4E and Supplementary Table S4). We assessed the
transcription of genes associated with desferrioxamine B
metabolism both in wild-type and ArmdBg, mutant. Inter-
estingly, the expression levels of desa4 and desaE, encoding
proteins involved in desferrioxamine B biosynthesis and up-
take, respectively, were not significantly altered (Figure 4D).
Therefore, the underlying cause of the strongly uplifted syn-
thesis of siderophores produced by ArmdBg, remains ob-
scure. Analogous to the study reported by Lambert et al.
(48), a possible explanation for the high amounts of desfer-
rioxamine B could be reasoned by an impaired expression of
genes involved in its export or by post-transcriptional con-
trol.

c-di-GMP-mediated regulation is omnipresent in strepto-
mycetes

C-di-GMP metabolizing ortholog genes can be found in
nearly all streptomycetes including the model strain S. al-
bus J1074. To investigate whether RmdB also influences SM
biosynthesis in this strain, we constructed a mutant of S. al-
bus in which the coding sequence of XNR_1338 (rmdB,;), an
ortholog of rmdBg;,, was interrupted by a single-crossover
insertion of the plasmid pKCXNR_1338vn. Similar to S.
ghanaensis ArmdB,;,, mutation of rmdB,; severely impaired
morphogenesis in S. albus (Supplementary Figure S11A).
Both wild-type and mutant strains were cultivated in a
variety of media for 5 days. Extracts from these cultures
were analyzed by HPLC-MS. The production of two com-
pounds (peaks 1 and 2 in Figure 5A) was significantly en-
hanced in the mutant strain compared to wild-type. Ad-
ditionally, two new peaks appeared (peaks 3 and 4) in the
rmdB,; mutant. These four compounds were found to cor-
respond to paulomenol B (peak 1), paulomenol A (peak 2),
paulomycin B (peak 3) and paulomycin A (peak 4) based
on absorption spectra, masses and MS/MS-fragmentation
patterns (47). Peaks 1 and 2 appeared as degradation prod-
ucts of peaks 3 and 4, respectively (Figure SA) (47).

A detailed HPLC-MS comparison of the extracts de-
rived from S. albus and the rmdB, mutant revealed a to-
tal increase in SMs production in the latter (Supplemen-
tary Figure S11B). Production of paulomenol B and A were
6- and 4-fold higher in the mutant compared to the wild-
type strain, while production of paulomycin B and A was
increased 14- and 17-fold, respectively (Figure 5B). In addi-
tion, we observed that candicidins and antimycins were also
produced in higher amounts. Interestingly, we detected a
substantial increase in the production of surugamides, pre-
viously described as cryptic metabolites (49), in the rmdB,;
mutant (Figure 5C).

DISCUSSION

The spread of multidrug resistance among bacterial
pathogens is a rising global problem. The appearance of
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Figure 6. A model of the c-di-GMP mediated regulatory pathway that governs SMs biosynthesis in Streptomyces ghanaensis.

new antibiotics in clinical applications has been limited over
the last 35 years (50) mainly because the established tech-
niques used for discovering new antibiotics tend to redis-
cover known compounds. However, recent investigations
have resulted in a plethora of techniques which allow the
activation of ‘cryptic’ BGCs (6-10). Generally, some of
the new techniques rely on applying of chemical elicitors
to bacterial cell cultures, or on co-cultivation with other
organisms in order to mimic naturally occurring multi-
species interactions in the laboratory conditions with a sub-
sequent thorough comparison of changes in metabolome

profiles (49,51-54). However, the activation of BGC re-
quires the presence of inducer and is temporally limited
(55). While these strategies are useful for the analytical
screening projects, they are less useful for large-scale pro-
duction. Recent progress in nucleic acid sequencing has led
to advances in our understanding of regulatory cascades
governing SMs production. This has enabled a new strat-
egy where global pleiotropic regulators are manipulated in
order to activate the expression of BGCs (56-60). In this
study we applied a unique strategy based on the manipu-
lation of the levels of a ubiquitous bacterial secondary nu-



cleotide messenger c-di-GMP in order to activate the ex-
pression of cryptic BGCs in streptomycetes.

Over 30 years have passed since c-di-GMP was first iden-
tified. Over this period the role of ¢c-di-GMP has been ex-
tended from the allosteric activator of cellulose biosynthesis
in Gluconacetobacter xylinus (61) to one of the most crucial
secondary messengers in bacteria. It has been shown to con-
trol numerous processes that allow the bacterium to adapt
to rapid environmental or intracellular changes (25,62). The
function of ¢c-di-GMP in multicellular streptomycetes re-
mained unclear until 2010 when it was firstly reported to
play a role in morphological differentiation (26). A few
years later the detailed mechanism controlling morpho-
logical progression in S. venezuelae was elucidated, where
c-di-GMP is required to mediate dimerization of the key
pleiotropic regulator BldD in a unique way (27). Both mor-
phogenesis and SM biosynthesis have evolved as a part of a
global strategy to survive in unfavorable environmental con-
ditions. Despite the interconnection of these processes, the
influence of ¢-di-GMP on antibiotic production remained
obscure.

BIdD is one of the most highly conserved regulators
in actinomycetes (26,45). In S. coelicolor the BldD reg-
ulon includes 167 genes (26), while in S. erythraea and
Streptomyces roseosporus, BldD has been shown to con-
trol the promoters within the erythromycin and daptomycin
BGC:s, respectively (63,64). In this study, we demonstrate
the pivotal role of ¢c-di-GMP in controlling BGC expres-
sion, thereby expanding the c-di-GMP-mediated regula-
tory network to SM biosynthesis in streptomycetes. The in-
tracellular ¢c-di-GMP level, maintained by the activities of
DGCs and PDEgs, reflects the physiological state of the bac-
terium and accordingly regulates morphological differenti-
ation and SM biosynthesis. Crucially, we show that expres-
sion of the CSR free MmA gene cluster is governed by c-di-
GMP. Deletion of bldD,;, not only reduced MmA produc-
tion to near zero titers, but also repressed the production
of other SMs. We show that deletion of the gene encod-
ing the DGC CdgB,, reduces c-di-GMP levels, which likely
promotes the BldDgj, dimer to dissociate and, thus, release
BldDyy, from its target promoters. A drop of cytoplasmic c-
di-GMP levels strongly reduces MmA production and also
favors morphogenesis. Conversely, elimination of the PDE
RmdBg;, increases c-di-GMP levels, thereby stimulating SM
formation and blocking morphogenesis. The described reg-
ulatory network is summarized in Figure 6.

We have also established a key relationship between
BldDgy, and the regulatory gene wblAg,. WblAg, belongs to
the WhiB family of proteins generally involved in the late
steps of morphological differentiation such as sporogenesis
(65). In addition, several studies, including that for MmA
biosynthesis (24), reported whlA orthologs as negative reg-
ulators of antibiotic production. Deletion of wh/4 not only
strongly increased production of SMs but could also alter
the expression of cryptic BGCs (66-69). In this study, we
show that deletion of bldD,;, leads to an increase in expres-
sion of wblAy,, which stems from binding of BldD,, to the
wblAg, promoter. Notably, while the S. ghanaensis AbldDy,
is deficient in MmA production, subsequent deletion of
wblAgy partially restored MmA biosynthesis. In analogy to
S. ghanaensis, deletion of wblA in S. roseosporus doubled
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the production of daptomycin (69), while the inactivation of
bldD notably reduced its biosynthesis (64). We propose that
the nonproducing phenotypes of bldD mutants described in
the literature (16,63,70) are partially mediated by high ex-
pression of whlA4, which leads to the repression of antibiotic
synthesis.

It is unlikely that only differences in expression levels
of whlA are solely responsible for the observed phenotypic
changes in mutants for c-di-GMP-metabolizing genes. We
found that transcription profile of adpA,,, encoding the
positive transcriptional regulator of moe genes (23), was
greatly influenced in different S. ghanaensis mutants. AdpA
orthologs are omnipresent in streptomycetes and function
as global regulators for secondary metabolism and mor-
phological differentiation (71). In S. griseus, the AdpA reg-
ulon consists of more than 500 genes (72). In this study,
we observed a correlation between intracellular concentra-
tion of c-di-GMP and expression level of adpA,, in vari-
ous S. ghanaensis strains that also influenced MmA pro-
duction. In contrast to S. coelicolor, where transcription of
adpA is repressed by BldD (26), adpAg, seems to be pos-
itively regulated by BldDgy, analogous to the very recent
data provided by Yan et al. (64). They confirmed that in S.
roseosporus BldD directly activates transcription of adpA,
thus expanding the role of BIdD in the regulation of SM
production and morphological development. Moreover, ex-
pression of bldAg,, encoding the leucine tRNA that reads
the UUA codon, was strongly decreased in the AbldD,y,
mutant. Lower expression of bldA., most plausibly origi-
nated from the reduced level of AdpAg, since they form
a positive regulatory feedback loop where the latter acti-
vates the transcription of bldAg,. At the same time, BldAgy,
is required for the efficient translation of adp A, which con-
tains a TTA codon that is conserved in all adpA4 sequences
(71). In addition to the control by AdpA, in S. coelicolor
BldD was shown to bind near the bldA4 gene (26) and that
may, in turn, also affect the expression of bldA. Although
the TTA codon is the rarest one in GC-rich streptomycetes
genomes, its appearance in regulatory genes and BGCs may
confer a regulatory role (73). Several genes within moe and
oxohygrolidin BGCs include TTA codons subjecting their
expression to BldAg,-dependent regulation. Based on our
findings, we conclude that c-di-GMP-mediated regulatory
network coordinating SM production in streptomycetes is
immensely intricate and includes several levels of regulation
where BIdD is located at the top of hierarchy.

Analysis of streptomycetes genomes has revealed the
presence of several genes encoding for ¢-di-GMP turnover
enzymes (43). In addition to the catalytic domains DGC
and PDE, most of these proteins are also accompanied by
additional regions responsible either for spatial localization
(transmembrane domains) or for the sensing of specific sig-
nals. The presence of additional domains may allow cells
to adjust c-di-GMP levels in response to rapidly switch-
ing environmental or intracellular signals. Furthermore, the
DGC and PDE activities have to be also separated in time-
depended manner to permit an efficient and sequential de-
velopmental progression. Recently, den Hengst ez al. found
that the expression of three putative DGCs from S. coeli-
color is under direct control of BldD (26). In this study,
we could also show that BldDyg, interacts with the cdgBg;,
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promoter. As in a reciprocal regulatory loop, CdgBgy is
proposed to produce c-di-GMP to stimulate the activity of
BldDgy,. When the c-di-GMP pool reaches a certain thresh-
old level, BldDyg}, represses cdgBg, transcription. In con-
trast, BldDgp, controls RmdBy;, activity not by binding to
the rmdBg;, promoter. More likely rmdB,;, expression is in-
directly mediated by BldDygj, through the regulation of the
bldA,), encoded tRNAU 5o molecule. The expression of
rmdBg;,, which contains a TTA codon in a position that pre-
cedes the EAL domain, is subjected to the translational con-
trol from BldAg,. The mature BldA,, tRNA appears dur-
ing the stationary growth phase, thus limiting the transla-
tion of the UUA-containing rmdB,;, mRNA to avoid pre-
mature PDE activity. Hence, BldDyy, is capable to carry out
the fine-tuned control of c-di-GMP levels by regulating the
expression of both cdgB,;, and rmdBy,.

Evolutionary analysis suggests that c-di-GMP signaling
is an ancient regulatory pathway in prokaryotes and was
especially common for early-diverging branches of bacte-
ria (74). The presence of ¢c-di-GMP-metabolizing enzymes
in numerous representatives of actinomycetes (43) sug-
gests that the regulatory hierarchy governed by c-di-GMP
is widespread. Therefore, manipulation of c-di-GMP lev-
els may be exploited to activate cryptic BGCs in strepto-
mycetes. In this study, deletion of the active PDE RmdBg,
in S. ghanaensis led to a massive increase in SM production.
This includes the macrolide antibiotic oxohygrolidin and
the clinically important desferrioxamine B. We also show
that this approach is an effective tool to activate the expres-
sion of silent BGCs in other streptomycetes, where inacti-
vation of rmdBy,; in S. albus greatly improved the produc-
tion yields of a number of SMs. Until now, random muta-
genesis and screening were the primary methods of improv-
ing yields for compounds encoded by CSR free gene clus-
ters. We propose that manipulation of genes for c-di-GMP
turnover is a more efficient way to improve the production
titers of such gene clusters.
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