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System widen-vivo analysis of the nutrient sensor DasR

ABSTRACT

Streptomycetes produce a wealth of natural produetsuding antibiotics, anti-cancer
agents and immunosuppressar@treptomycegenomes likely harbour many sleeping
antibiotic gene clusters, and to allow exploitatafn these hidden treasures, we need to
understand the global mechanisms that control thegiression. Here we show by an
integrated systems level analysis that the nutsemisor DasR is a master regulator of
primary and secondary metabolism and developmeiith) extensive primary and
secondary response regulons. DasR binglingvois relieved by extracellular addition of
N-acetylglucosamine. Two classes of direct targeerewidentified, namely those
associated with a DasR-responsive elemérd) (that were also bounid vitro (Class 1)
and those not associated withlre, likely requiring a co-repressor for binding (&d$).

In line with the function of DasR as a master ratpd, additional specific induction is
typically required for the induction of specific gidons. The control of early
developmental regulatory genes suchbltD, bldK, bldN, crpand wblA suggests that

DasR is one of the earliest acting regulatory neta/in theStreptomycekfe-cycle.
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ChapterV

INTRODUCTION
The ability of bacteria to adapt to a wide rangenafritional environments requires
intricate regulatory systems to ensure that gepeession connects to changes in the key
routes of primary metabolism. The flux of carbordamtrogen is thereby typically
controlled by a number of global regulators, eadih & larger number of locally acting
regulators in their response regulon. The globglilagors ensure that the flux of essential
metabolites is closely monitored and tuned (MagiAatonio & Collado-Vides, 20Q3
Sonenshein, 2007). Streptomycetes are soil-bounttti@a and adaptation to the rapidly
changing conditions in this habitat is particulachallenging and hence likely requires a
network of sensory systems. Indeed, Bteeptomyces coelicolagenome encodes 45
ECF (extracellular functions) sigma factors and sow® two-component regulatory
systems (Hutchingst al, 2004). As producers of over half of the knownilzatics,
streptomycetes are a paradigm of secondary metedpsthducing microorganisms
(Chater & Losick, 199;/Hopwood, 2007). Typically, antibiotic biosynthetiene clusters
are activated by a pathway-specific regulator witbi adjacent to the cluster, and in a
growth-phase dependent manner (van Wezel & McDowall 1). A pivotal question to
address is how the primary environmental signaés ratayed to global carbon and
nitrogen control and further to the control of depenent and antibiotic production. The
elucidation of theS. coelicolorgenome sequence - the first from an antibiotic-poiaty
actinomycete (Bentleyet al, 2002) — was a landmark event, and showed that the
antibiotic-producing potential of actinomycetes haeen underestimated. Indeed,
actinomycete genomes typically contain some 20 aefutative biosynthetic genes for
secondary metabolites, and it is yet unclear howymspecific biologically active
antibiotics (Challis & Hopwood, 2003). Many of tieeslusters are not expressed under
typical laboratory conditions of rapid growth ontment-rich media, often referred to as
sleeping or cryptic antibiotic clusters. This maplkain why they have been missed in the
massive screening efforts performed by Big Phar@moper & Shlaes, 201 Payneet
al., 2007). Many antibiotic biosynthetic gene clustas regulated in subtle ways so as to
allow the organisms to adapt to life in the soilthwits varying physical, chemical and
biological stresses, and the challenge is now poéxthis untapped source of potentially
valuable natural products (Baltz, 20@68&pwood, 2007).

To allow activation and screening of sleeping datib biosynthetic clusters,
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System widen-vivo analysis of the nutrient sensor DasR

detailed insight is required into the linkages kesw environmental (nutritional) signals
and secondary metabolite production. Carbon soutitization is a major determining
factor in the metabolic control of antibiotic pradion (Sanchezt al, 201Q van Wezel

& McDowall, 2011). The major control system for lsan utilization in bacteria is carbon
catabolite repression (CCR). In the model organigtssherichia coliand Bacillus
subtilis CCR is mediated via the phosphoenolpyruvate-digr@nphosphotransferase
system (PTS; reviewed in Brickner & Titgemeyer, 2002). In streptomyceteg BIr'S
does not seem to play a major role in carbon cobrnol CCR is mediated through
glucose kinase, although the mechanism is stilhomln (Angellet al, 1994 van Wezel
et al, 2007). Additionally, glucose is not internaliséd the PTS but rather via the major
facilitator GIcP permease (van Weztlal, 2005). In streptomycetes the PTS fulfills a
dual role, and is involved in botiracetylglucosamine (GIcNAc) uptake (Nothaftal,
2003 Nothaftet al, 2010) as well as in the switch from normal growdrdevelopment
(Rigali et al, 2006 Rigali et al, 2008). This switch is controlled by the extraglit
level of GIcNAc, accumulation of which causes depehental arrest and blockage of
antibiotic production irS. coelicolor(Rigali et al, 2006). GIcNAc is the monomer of the
abundant natural polymer chitin - after cellulose second most abundant carbohydrate
on earth - and also a major constituent of cellweaptidoglycan. GIcNAc is a privileged
C- and N-source for streptomycetes, and the relatedabolite glutamate is even
preferred as a carbon source over glucos8.bgoelicolor(van Wezelt al, 2006). The
GIcNACc regulon is controlled by the GntR-regulaidesR (Rigaliet al, 2006 Rigali et
al., 2004 Swiatek et al, 2012), and DNA binding activity is inhibiteth vitro by
glucosamine-6-phosphate (Rigadit al, 2006), a metabolic product derived from
GIcNAc. DasR was identified as a nutrient sensantgin that is not only essential for
development of streptomycetes, but also directiytrids antibiotic productionin silico
andin vitro evidence revealed likely direct repression of pa¢hway-specific activator
genes foractll-ORF4 andedZfor actinorhodin and prodiginine production, respely
(Rigali et al, 2008). The effect of GIcCNAc of. coelicolordepends on the specific
culture conditions. On rich media, addition of GRt\blocks development and antibiotic
production, whereas on minimal media with agarhassole carbon source it accelerates
these processes. These different media are coediderreflect the states of feast or

famine, respectively, in the natural environment.
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ChapterV

Here we describe a system-wide analysis of the DagRlon and show that it
plays a key role in the control of genes neceskarprimary metabolism and antibiotic
production, as well as for control of early grovahd development. The study also
reveals how DasR bindingaries with culturing conditions, with relieve df vivo

binding following the induction by GIcNAc.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

Escherichia coliJM109 (Sambrook, 1989) and ET12567 (Kieseal, 2000) were used
for routine cloning procedures and for extractimgmethylated DNA, respectively. All
media and routinétreptomycegechniques are described in tB&eptomycesnanual
(Kieseret al, 2000). Cells ofE. coliwere grown in Luria—Bertani broth (LB) at 37°C.
SFM (mannitol soya flour) agar plates were usegrépare spore suspensions.

Strains were cultivated on MM agar plates with niein(1% w/v) (covered with
cellophane discs) or in liquid R5 or NMMP suppleteehwith mannitol (1% wi/v). For
induction experiments, liquid cultures were growr38°C until mid-logarithmic phase
(ODgoo approximately 0.4 for NMMP cultures and 0.8 for RHtures), followed by the
addition of GIcNAc (50 mM). For the ChIP-on-chipudies on MM mannitol solid

medium mycelium was harvested after 24 h and 54 h.

Plasmids and constructs

For the ChIP-on-chip studies recombinantdasR gene was synthesised that allows
production of DasR containing a C-terminal tripleA&-tag epitope (GenScript, La
Jolla, USA). The DNA fragment contained tdasRgene along with 306 bp promoter
region, with the stop codon of the gene replaced the sequence 5'-
ATGGACTACAAGGACCACGACGGCGACTACAAGGACCACGACATCGACTAC
AAGGACGACGACGACAAGTAGACCAGAGCCCGCTCACCCGGCCCCAGATTG
CGGTTGAAGTCC-3' (stop codon underlined). In this yweathe DasR protein was
extended with the amino acid sequence MDYKDHDGDYKDIBYKDDDDK. The
fragment was cloned into the integrative vector pER2 (Biermanet al, 1992). This
resulted in vector pGAM29, which expresses DasRE2XF for use in ChIP-on-chip

experiments.

Chromatin immunoprecipitation, gDNA labeling and array hybridizations
S. coelicolorM145 containing the integrative vector pGAM29 egsing 3xFLAG-
tagged DasR and trgasRnull mutant GAM29 were grown in duplicate (dBacterial

strains and growth conditiofs Cultures were treated with formaldehyde (final
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concentration 1%, 10 min, 30°C) in order to crossiproteins to DNA. Subsequently
glycine (final concentration of 0.5M) was addedjteench the formaldehyde and cultures
were incubated for further 5 minutes at 30°C. Miyoelwasharvested by centrifugation,
washed twice with 1xPBS and stored at -70°C. Chtiomigolation, labeling and
hybridization were performed as described previo(Bluccaet al, 2003 Buccaet al,
2009). Biological replicates of DasR-3FLAG-IP chmatin were labeled with either Cy3
or Cy5 —dCTP in a dye swap experimental designcanllybridised with the mock ‘no-
antibody’ IP chromatin on 4 “ 44K whole geno®&eptomycesrrays manufactured by
Agilent Technologies (Bucaat al, 2009).

RNA isolation, cDNA synthesis and labeling

Total RNA was purified using the Kirby-mix protoc{Kieser et al, 2000). DNasel

treatment was used to fully remove any traces ofADMBefore use, the RNA
preparations were checked for their quality andgrity on the Agilent 2100 Bioanalyzer
(Agilent Technologies). cDNA synthesis and labelimgas performed as previously
described (Buccat al, 2003 Buccaet al, 2009).

Microarray expression data and ChlP-on-chip data aalysis

For the time-course gene expression stuBiesoelicolorM145 anddasRmutant were
cultivated on MM mannitol agar plates overlaid wibllophane discs. Samples were
taken at 24 h, 30 h, 36 h, 42 h and 54 h. Two liold replicates were analysed for all
samples and for each strain. The filtered data feetthe gene expression experiments
were analysed using Rank Products analysis (Brgidt al, 2004) via the Rank-Prod
package in R (version 2.5.0) (Hometj al, 2006) using the web-based implementation,
RankProdIt Laing E, Smith CP. (2010) 'RankProdltwab-interactive Rank Products
analysis tool.BMC Res Notes3 221). Differentially expressed genes were ifiedtas
having a pfp (probability of false prediction) val@Breitling et al, 2004) less than or
equal to 0.15, equal to a false discovery rate ppfraximately 15%. Some additional
genes were also identified that demonstrated a feldschange in expression between
wild-type and thedasR mutant. ChlP-on-chip data, allowing identificatiof genes/
regions directly controlled by DasR were analysedi@scribed previously (Bucea al,
2009).
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System widen-vivo analysis of the nutrient sensor DasR

RESULTS

Predicted DasR regulon and growth conditions

Previous bioinformatic predictions using the PRER&dr algorithm (Hiarcet al, 2007)
revealed some 200 sequences that conformed tooteersus binding site for DasR
(dre, for DasR responsive element), namely the palimiztd.6 bp consensus sequence A
(G/IC)TGGTCTAGACCA(G/C)T. These sequences are fopricharily associated with
genes related to primary metabolism, sugar tramsgad extracellular polysaccharide
hydrolysis, as well as antibiotic production (Cragy al, 2012). The transcriptomic
analysis of the mutant of the pleiotrolasRregulatory gene, with impact on primary
metabolism, secondary metabolite production andusgiion, requires a well-defined
experimental set up. Major changes were previoo$igerved in thalasR mutant in
terms of antibiotic production on either MM agaatels with only agar as the carbon
source, or on complex media (Rigafial, 2008). However, growth is poor on MM with
agar anddasRnull mutants fail to sporulate on rich media, atr@ins in different phases
of the life cycle can not be properly compared (#gmgstet al, 2010). We therefore
used MM agar plates with mannitol for comparisorwiifl-type anddasR mutant, as
strains display roughly similar development underse growth conditions (Rigadt al,
2006). RNA was isolated from mycelia harvestedrat h, 30 h, 36 h, 42 h or 54 h of
growth, corresponding to vegetative growth, eamyiad growth, aerial growth, early

sporulation and sporulation, respectively.

Transcriptomic analysis

Microarray analysis revealed some 1200 genes tlae wignificantly differentially
expressed in thdasRnull mutant ofS. coelicolorrelative to the parent M145, and the
transcription of over 400 genes was more than mo-fip- or down-regulated at one or
more time points in thdasRmutant (across two biological replicates). Thessegenere
considered as significantly affected by the detetdd dasR(Table S1) of these, some

100 genes showed more than three-fold and 26 gdweged more than five-fold change
in transcription relative to the parental straita<ses of genes that were overrepresented
are those related to: primary metabolism; protein biosynthesis; development and

secondary metabolism; SapB, chaplins, rodlins and other small peptides; transposases
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and DNA recombination.

Primary metabolism and protein biosynthesis

Genes of the DasR core regulaorag, pt3 were up-regulated in thdasR mutant and
mostly at all time points, includingagE2, nagF, ptsHencoding PTS componepts
nagB, nagK(encoding GIcNAc metabolic enzymegymS1 andglmS2for glucosamine-
fructose-6-phosphate aminotransferase (which has ofposite catalytic activity as
NagB); and dasA-dasBCfor the chitobiose transporter (Colsenal, 2008 Saitoet al,
2007) (Fig. 1A). Most of these genes are direajats, and hence repressed by DasR
(Colsonet al, 2007 Rigali et al, 2008 Swiatek et al, 2012). Additionally, several genes
involved in central metabolism, such as glycolydig TCA cycle, gluconeogenesis and
pyruvate metabolism as well as for biosynthetichpatys for amino acids, nucleotides
and fatty acids were up-regulated in deessRmutant (Supplemental Table S1). Strong
targets were ABC transporters, in particular thaenbhed-chain amino acid transporter
operon SCO02008-SC02012, the SCO6005-SCO6007 opéFim 1A) that is
orthologous to thengcEFG chitobiose/GIcNAc transport operon B olivaceoviridis
(Wang et al, 2002) and the oligopeptide transporter operon S7G-SC05480
(Supplemental Table S1). Despite the strong bindihnBasR to the genes belonging to
the chitinolytic system (see below), their transtioin was similarly low in both wild-
type anddasRmutant cells. The lack of enhanced expressiorhethi genes is most
likely explained by the lack of inducer that is uggd to activate their transcription.

The widespread deregulation of protein biosynthggoes is noteworthy, in
particular almost all genes for ribosomal proteias, well as genes for translation
initiation factors IF-1 and IF-3 and elongationttas EF-G, EF-P, EF-Ts, EF-Tul and
EF-Tu3, as well as the chaperonins GroES, GroEldl@GmEL2. Transcription of all of
the genes belonging to the larger ribosomal pradgi@rons S10 (SC0O4701-4711), L14
(spc SCO4712-4722)S12 6tr; SCO4659-4662)and S13 (SCO4727-4730) responded in
the same way to the deletion adsR with up-regulation during early growth (24 h) and
sporulation (54 h), while the genes were down-ragigad around 30 h (change from
vegetative to aerial growth). No major changes vieoad at 36 and 42 h (aerial growth)
(Supplemental Fig. S1A).
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Figure 1. Selected categories of genes differentiabxpressed in thedasR null mutant. Important categories

of genes whose transcription was altered more tharfold in microarray experiments comparing ith@sR
mutant GAM29 relative to its pare® coelicolorM145 are shown; these are (A) genes for amino acid and
(amino)jsugar transport and metabolism; (B) genes related to development and antibiotic production, (C) genes

for chaplins, rodlins and SapB, and (D) the SCO32838 and SC03982-3988 operons for small peptifles o
unknown function. RNA was isolated frog coelicolorM145 or itsdasRmutant GAM29 cultivated on MM
mannitol agar plates after 24 h (vegetative gron®0) h (vegetative/aerial growth), 36 h (aerialvgio, 42 h
(aerial growth/sporulation) and 54 h (sporulatioh)neat map is provided as reference for the foldnges in
log scale (log(mutant/wild-type)). Note that many genes showargdr than four-fold change in transcription.

For exact values refer to Supplemental Table S1.
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Secondary metabolism

Transcription of the biosynthetic gene clusters dotinorhodin (SCO5070-SC0O5091)
and for prodiginine was enhanced in tdasR mutant, in particular around 42 h
(Supplemental Table S1). InterestinglgcbA (SCO6266), which encodes the
butyrolactone synthase ScbA implicated in the adrdf the antibiotic clusteract, red
andcpk (encoding a cryptic modular type | polyketidestiases) irs. coelicolor(Hsiao
et al, 2007), was up-regulated at 24 h (Fig. 1&)kO (SC0O6280), the transcriptional
activator gene of thepk cluster, was also up-regulated at 24 h, and ¢hisliowed by
enhanced expression of thpk cluster in the next time point (30 h). Conversdoyr
genes (SC03218, SC0O3222, SCO3224, SC0O3244) betprgirthe cda cluster for
calcium-dependent antibiotic CDA were down-regudate particular at 24 h (Fig. 1B
and Supplemental Table S1).

Transcription of the two-component system geafsQ1-Q2(SC0O4906-07) was
also enhanced. Irs. coelicolor, AfsQ activates antibiotic production on MM with
glutamate as sole nitrogen source (8hwal, 2009). Other antibiotic-related genes that
were up-regulated in thdasRmutant includafsA (SC04677), ambaAlike regulatory
gene which controlsafsQ and represses antibiotic production and morphobdgi
differentiation (Choiet al, 201Q Kim et al, 2008), nsdA (SC0O5582), a negative
regulator of antibiotic production and morphologidéferentiation inS. coelicolor(Li et
al., 2006) and its paraloguesdB(SC0O7252; Zhanget al, 2007).

Finally, the deoxysugar gene cluster SCO0381-SCOM&s up-regulated in
the dasR mutant (Supplemental Table S1). SCO0381-SCO040dwsshsignificant
similarity to theste gene cluster3treptomycegps) ofStreptomycesp. 139 required for
Ebosin biosynthesis. Ebosin is an exopolysacchdEdRS) which shows anti-rheumatic

arthritis activityin vivo (Wanget al, 2003).

Development

The DasR regulon includes a surprisingly large nemdj regulators, with 58 regulatory
genes significantly up- or down-regulated in thetantiat one or more time points. In
line with the notion that DasR acts in particular @ switch from vegetative to aerial
growth, specifically early developmental genes waperegulated in thelasRmutant at
later time points, namelldK, bldM, bldN, crpandwblA (Fig. 1B), while expression of
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sporulation genese(g. whi, ssg was left unchanged. The pentacistrobidK operon
encodes an oligopeptide transporter required fdy etages of development (Nodwell &
Losick, 1998 Nodwell et al,, 1996),bldN encodes a developmentally regulatefactor,
o™ required for aerial mycelium formation, which trn is required for the
transcription of the response regulator gblM (Bibb et al, 2000),crp is involved in
the control of spore germination (Derouaeixal, 2004 Pietteet al, 2005), and the
WhiB-like protein WbIA represses antibiotic prodoct and may also be involved in the
transition from early aerial hyphal cells to théapical stem and apical compartments
that precede sporulation (Fowler-Goldsworéiyal, 2011). Some of the most highly up-
regulated genes wekgblC (SCO5190) and its flanking genes SC0O5189 and SGQ51
and mtrA (SC0O3013), the homologue of which controls prodifeon of Mycobacterium
tuberculosis(Fol et al, 2006). Expression adsgG (SC02924), a homologue skgB
whose gene product recruits FtsZ during sporulafiillemseet al, 2011), was down-
regulated in thelasRmutant (Fig. 1B).

Strikingly, chpABCDEFGH, rdIABand ramS encoding chaplins, rodlins and
SapB, respectively, were massively down-regulateding early time points. The
chaplins and rodlins are hydrophobic ‘coat’ proseinat assemble into a rodlet layer that
provides surface hydrophobicity to aerial hyphae spores, thus allowing them to break
through the moist soil surface (Claess#ral, 2003; Claesseret al, 2006 Wosten &
Willey, 2000); the spore-associated protein SapB is a lantibiotic-type allgmg peptide
required for the onset of development (Wilketyal, 1991). Several of the genes featured
in the top 10 of most strongly down-regulated gepasticularly during early time points
(Fig. 1C), strongly suggesting their direct or nedit dependence on DasR. The absence
of dre elements associated with the genes, as well &sofadirect binding in ChIP-on-
chip experiments (see below) strongly suggestsahaanscriptional regulator for these
genes is deregulated in thasRnull mutant.

Transcription of two other gene clusters encodin@ls (60-100 aa) secreted
proteins and a GntR regulator, was also stronghressed, with transcription of the
SC03982-SC0O3988 cluster so strongly enhanced thatiggests that the cluster is
silenced by DasR (Fig. 1D). Transcription of thegb@gous gene cluster SCO3263-3268
(with SCO3982 similar to SC03268 and so on) wase atsongly repressed by DasR
(Fig. 1D). SC0O3983 contains a TTA codon suggesting subjected to translational
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control by the tRNA BIdA, which effects developmaintontrol of gene expression
(Lawlor etal., 1987). The function of the gene clusters isuydthown, but their massive

up-regulation in thelasRmutant is intriguing.

Identification of the direct DasR binding sitesin vivo by ChlP-on-chip

In order to discriminate between genes directlyndirectly regulated by DasR and to
obtain detailed biological insight into the genowige distribution of DasR binding sites
in vivo, we conducted ChiIP-on-chip analysis using mycet@avg on MM agar plates
with mannitol as the sole carbon source. For tiis, binding profiles of wild-types.
coelicolor M145 carrying the integrative vector pGAM29, whiexpresses C-terminally
3XFLAG-tagged DasR, and thdasR null mutant GAM29 (control) were directly
compared. For each strain two biological replicatesre analysed. Samples were
collected at 24 h and 54 h, which for the parestehin corresponded to vegetative
growth and full development (aerial hyphae and egprrespectively. ThdasR null
mutant also sporulated under these conditions, gaodith rates were essentially the
same for the two strains. DasR showed statisticalBvant binding to 76 sites after 24 h
and to 265 sites after 54 h (Supplemental Table I3@yever, using a stringent threshold
of 0.5 (log2 (wild-type withdasRflag antibody/no-antibody)dasRmutant antibody/no-
antibody)) to identify significantly enriched prabéfollowing a t-test as detailed in
Buccaet al, 2009), and setting a minimum of two adjacenbpsosignificantly enriched,
this list was reduced to 22 and 57 sites that hatt promoter proximal regions bound
with high probability in the 24 h and 54 h old sdesp respectively (Table 1). The
distribution of thein-silico predicted and experimentally validated DasR-bigdine
elements is presented schematically in Fig. 4A Bigd 4B, respectively. It should be
noted at this point that we also performed eightitaahal ChlP-on-chip experiments on
liquid-grown MM and R5 cultures, to analyse theeeffof GICNAc onin vivo binding
(see below). Taken together, this provided verydgealidation for then vivo binding of

DasR, with up to eight independent verificationstfee target genes (Table 1).
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Table 1. Summary of ChlP-onehip experiments and validation by EMSAs (+, binding; -, no binding)

Gene ID or nearest

gene Name | 24h |54h | Induction |IDs # | EMSA dre (cis-)element
MM R5 Sequence 5'-> 3' | position " icore ~
Primary metabolism

SCO1390*-SCO1391* crr-ptsl |+ + + + 8 |+ tgtggtctagacctct -130 17.14
SC01429+%" chiD + |+ |- + 4 |+ actggtctagtcctee -96 12.17
aatggtccgaaccatt -118 7.45
SCO1444* chil + + - - 2 |+ actggtctagtcctct -53 16.23
attggtccatacctat -75 10.22
SC02503+" chiJ + |+ |- + 4 aaaggtctggaccaca -78 12.37
cttggtccagacctct -99 10.78
tctggaccacagcact -73 7.29
SC02833* chb + + + + 6 acatgtccataccaaa -110 9.34
gcaggtctagaccaag -70 8.67
SC02906 nagF + + - + 6 actggtctacaccagt -41 17.52
atcggtctgcaccagt 718 8.37
caaggtgtagacctct 1287 12.27
SC02907 nageE2 |+ + - + 4 acaggtctacaccact -49 16.57
agtggtgtagaccacc -32 14.37
caaggtgtagacctct -236 12.27
SC04284-SC0O4285 nagkA |+ + + + 7 |+ agaggtctagtccact -83 16.64
ggtggtgtagacctta -63 9.64
SC05003-SCO5004*°*" [chiA |+ |+ |+ |+ 4 ggtggtccagaccaat 77 10.43
ggtggtccagaccaat -258 10.43
SCO05230 + + + + 5 tctggtctagtectgg -118 9.87
SC05231-5232* dasR + + |+ + 5 |+ cttggtctagtccata -150 9.05
tctggtctagteetgg 755 9.87
dasA + actggtctacaccatt -106 17.13
cttggtctagtccata -322 9.05
SCO05236 nagB + - - + 3 |+ tgtggtttagaccaat -68 17.51
SCO5376 chiC + - - - 1 ataggtctggaccaat -109 11.92
aaaggtctggaccata -88 9.23

SCO05423 pyk2 + - 4
SCO5673* chiB + + |+ + 7 attggtctggaccaaa -63 10.69
SCO05841 ptsH + + - - 2 |+ agttgtctagaccagt -51 18.11
tcttgtctagaccagt -66 16.25
SC06004-SCO6005+>" - + |+ |+ 7 agtggactatacctgt -244 16.05
ngcE agtggactatacctgt -334 16.05
SC06012-SC0O6013 chiH + - - + 2 |+ aatggtctggaccaga -111 12
atgggactagaccaat -127 10.22
aatggtctggaccaga -274 12
atgggactagaccaat -258 10.22
SC06032-33 + + - + 4 cttggtctagtccatt -154 10
cttggtctagtccatt -278 10
SCO06300 + - - + 2 ataggtctagacaaaa -131 13.72
agaggtctagacaaaa -116 13.48
SCO06344-45 + - - + 2 taaggtctagacctgc -133 9.6
gtaggtctagacctgc -153 8.13
chi + - - + 2 |+ taaggtctagacctgc -114 9.6
gtaggtctagacctgc -94 8.13
SC07225" chi + |+ |- + 3 |+ tcaggtctagacctgt -34 15.28
ccttgtctagaccaat -168 13.38
tatggtctagacctga -55 13.25

SCO7335° peplB |- + |- - 1
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Development and secondary metabolism
+ + 5

SC03230° cdaPSI
SCO3231°"54" cdaPSil!
SCO5085 actll-4 |- -
SCO5877 redD - -
SC0O5881° redZ -
SC06273° cpkC |-
SC06274° cpkB |-
SCO6275¢54n cpkA |-
SCO1276 sigd -
SCO1488-89"54n pyrR |-
bldD
SCO3323"54n bldN |- + |- - 1

Translation
SCO2504-05 glys - + |- - 1 agtggtctgcacctgg 515 10.75

+

+ tgttgagtaggcctgt -59 10.49
actgctggagaccggt 612 7.15
agtggtttccacctca -201 12.44
acatgcgtaatcaact -13 9.2

[+ [+ [+

[+ [+ [+ [+[+ ]+

N ENFEN FN FN FN I
+

++[+[+[+
:

SC0O3092 + + |- +
SCO3679
SC04092 -
SCO5239

SC05550¢
SC04123¢ -
SC01792¢ -
SCO1390
SC03019¢ -
SCO5746 -
SCO3334 -

tgttgtctagtccaat -314 15.32

|
|
+

agtggtctagtccaca -335 16.23
actggtctaaaccaca -18 17.27

olojlo|lo|o|o|o(N|IN O

[+ [+ [+ [+ [+ [+ [+

Transposases and DNA topology
SCO00020¢ - + |-
SC00098-SCO0099 - -
SCO0567 - -
SCO1471 - -
SC01603 - -
SCO3466 - -
SCO3467 - -
SCO3468 -
SC03490° -
SC0O4344 -
SC04698¢ -
SC04699¢ -
SC06400° -
SC06627° pglX -
SC06910-SCO6911 - -
SCO7798¢° -

aatcgtcaagacctgt -118 8.75

agaggtcgacacccgt 2130 9.17

+ [+
+ [+

+[+ [+ [+ [+ [+ ]+
:
:

cacggtgtagacatca 841 741

+
+

:
:
rlolr|lo|s]r|r|r|rlw|lo|lw|r|w]|Nn] e

+
'
'

Q
=y
@
)

SC01606 - -
SC02078 -
SC03262° -
SCO5190 whiC |- -
SCO7056 +
SCO4646 secE |-
SC04067 dnaz |- -

+ [+ [+

acaggaggacaccatt -118 8.53

+ [+
+ |+ [+ [+

+
T

attggtctaaaccagc -79 15.65

T
Wlh|lwW|ld|d|O|O

+ [+ |+

* one probe; * 54 h one probe at 54 h; ¢ coding; d downstream

# Total nr of independent ChIP-chip experimentsashg DasR binding

" matrix score indicating the statistical relevantéhe predictedre element relative to the consensus sequence
(only scores >7 were considered)

" position indicates spacing between the dre el¢raed start of the gene
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The nag/chi regulon and validation of the ChIP-dripcdata

Strong signals for DasR binding were found in tphstteam regions of many genes that
belong to thenag regulon, thepts genes and thehitinolytic system, which can be
described as the core regulon for DasR, and caneiith bioinformatically predicted
dre elements with generally very high scores (Table These include the upstream
regions for thenag metabolic genesagKA andnagB the pts genesnagF, nagE2, ptsH,
crr-ptsl, and members of the chitinolytic system, nanmeiyA, chiB, chiC, chiD, chiH
chil, chiJ, SC0O6032 (fop3-N-acetylhexosaminidase), SCO6300 (for a secrgtidehcetyl
-glucosaminidase), SC0O2833, SC0O6345, the SCO6003-&peron,dasA and dasR
itself (Fig. 2A and Supplemental Fig. S2). It sliblle noted thatrr-ptsl, chil, chiB,
SCO02833, the SCO6005-6007 operon promoter dadR only had one probe
significantly enriched, but most of these were dsoind in the induction experiments
(Table 1). Validation for the biological relevanckthese ChlP-on-chip data is provided
by the fact that direct binding of DasR to many egewnf thenag andchi regulons was
already demonstrated by electrophoretic shift asgBSAs), namely fonagKA and
nagB, crr, ptsl, ptsH, nagland nhage2and for the chitinase genehiD, chiH, chil,
SC06345 and SCO7225 (Colsenal, 2007 Rigali et al, 2006 Swiatek et al, 2012).
Importantly, the genomic distribution of the obsstvDasR binding was different
between the cultures harvested at 24 h and 54| lnf Ahe genes discussed above except
SCO06005-6007 were bound by DasR at 24 h, but &fteln no significant binding was
found forchiC, crr-ptsl, chiH, SCO6300, SCO6345 and SCO7225. Conversely, binding
to the promoter region of the SCO6005-6007 operas ebserved at the later point.

Direct control of antibiotic production by DasR

DasR bound exclusively after 54 h to probes coomedmg to genes involved in

development and antibiotic production. Binding waserved to the intragenic regions of
three biosynthetic genes (SC06273-6275) ofdblegene cluster for the cryptic type |

polyketide synthase (Cpk) and afdaPSI and cdaPSI(SC03230 and SC03231)

encoding the peptide synthetases | and Il for thethesis of calcium-dependent
antibiotic (CDA). Additionally, in liquid-grown ctlires binding of DasR was detected in
the promoter proximal region aictll-ORF4 andredD, redZ encoding the pathway-

specific activator genes for Act and Red biosynthelusters, respectively (see Table 1,
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Fig. 3 and below)dre elements were identifieth silico for actll-ORF4, redZ cpkC.

These data candidate DasR as a pleiotropic regu&tmtibiotic production.
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Figure 2. Selected DasR targets identified in Chl®n-chip time-course experimentsPeaks indicate the
presence of DasR binding sites in the regions (#athe dasR, dasABC, nagnd pts genes (B) the gene
cluster specifying tRNA"®" and the rRNA operornE. Plots present DasR binding at 24 h (solid linesed
circles) and 54 h (dashed line, open circles). dimews indicate the orientation of the target geh&xe that

the y-axis (signal ratio) varies between the plots.

Genes for noncoding and stable RNAs
Interestingly, DasR binding was observed for mamnsfer-RNA (tRNA), ribosomal

RNA (rRNA) and noncoding RNA (ncRNA) genes. As focRNAs, binding was
observed todre elements upstream of scr3092 (Swieetzal, 2008) and scr5239
(Vockenhuber & Suess, 2012) (Table 1). scr5239 edesms the production of the
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antibiotic actinorhodin, and represses expressiotihe extracellular agarase getdegA
(SCO3471) at the post-transcriptional level (Vodkaver & Suess, 2012). Additionally,
DasR likely controls the expression of several tRines, as suggested by binding to
multiple sequences associated with highly conserhet elements - and in several
independent ChIP-on-chip experiments - within thee-membered tRNA"C" gene
cluster, to a gene for tRNA upstream of SO3679, to tRN&and to the tRNAAsPPhe
gene cluster upstream of SC0O4092. Additionallyerai4 h of growth on MM agar
plates, DasR binding was observed upstream of SGO@flyS encoding a glycyl-tRNA
synthetase (Table 1). Among the most highly endcpmbes were those corresponding
to the rRNA operongrnA, rrnB, rrnC, rrD, rrnE andrrnF (Table 1 and Fig. 2B), with
many probes in the operons bound by DasR. The ssiore of genes specifying stable

RNAs was not detected due to the design of theaarcays (biased for mMRNA).

Other targets

Microarray analysis showed massive up-regulatioalbfenes in the cluster SCO3982-
3988, which encode small secreted proteins of uwknfunction. This gene cluster is

most likely directly controlled by DasR, because @ntR regulatory gene SC0O3986, the
likely regulator of this cluster, was identified asDasR target in the ChIP-on-chip
experiments, both in surface-grown cultures antigmid-grown cultures (see Table S3
and below).

A surprising number of binding events were deteaipdtream of or inside
transposase genes, namely SC0O0020, SCO3468, SCO32863490 (and many sites in
the genomic region between SC0O3468-3490 at 54 @DP4344, SCO4698, SCO6400,
SCO7798. Several of these genes exist in multipfges on theS. coelicolorgenome.
Additionally, other DNA recombination related gesuch agpglX (SC0O6627) encoding a
putative adenine-specific DNA methyltransferaset tisapart of a phage integration
system was identified as a DasR target. Anotheoggnregion that is overrepresented in
terms of the number of binding sites is that betw8€06373-6401 (11 binding sites
after 54 h), but most were represented by a sipglee and did not result in changes in

expression as judged by the microarray data.
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Visualization of GIcNAc-mediated induction of the @sR regulonin vivo

We previously showed that glucosamine-6P (GIcN-&&3 as an effector molecule that
prevents DasR DNA-bindinm vitro (Rigali et al, 2006). This and the identification of
dre elements upstream of all genes for GICNAc intezadibn and utilization and the
control of antibiotic production, suggested a direignalling cascade from external
nutrient availability to the control of secondaryetabolism (Rigaliet al, 2006). To
visualise and manipulate this putative signalliagaaden vivo, we monitored the global
response of the DasR regulon to the extracelludditian of GICNAc. For this purpose,
mycelia of S. coelicolorM145 harbouring pGAM29 and theéasR mutant were each
grown in liguid NMMP mannitol or R5 cultures, andlls were induced by the addition
of 50 mM GIcNAc. Samples were collected prior tg)(@nd 30 (T), 60 (T,), or 120 min
(T3) after GICNAc addition, and DasR-enriched chromatas analysed as described in
the Materials and Methods section.

The ChlP-on-chip experiments revealed 54 and &3 $itat were determined as
bound by DasR with high statistical relevance in Mdhd R5-grown mycelia prior to
GIcNAc induction, respectively (Supplemental Talg). In line with the experiment
performed on mycelia from surface-grown culturess,Ta DasR was bound to sites
belonging to its core regulaguts, nag andchi (Supplemental Fig. S3). Immediately after
GIcNAc addition DasR dissociated from the targétssi providing direct evidence that
indeed DasR responds to the addition of GIcNAeivo, thereby reducing its affinity for
its target DNA as hypothesised previously (Rigati al, 2006). Binding was also
observed for many transposase-related genes, vistboaation of DasR following
addition of GIcNAc. This also connects to possiblolvement of DasR in the control of
genome rearrangement (see Discussion).

After the addition of GIcNAc, DasR dissociated frane target sites upstream
of genes that are part of the deduced GIcNAc-degrnsignalling cascade, namely (i)
genes for GIcNAc transport and phosphorylation ly PTS ¢rr-ptsl and nagE2); (ii)
upstream of the transcription unit that inclusesgyA which is necessary to provide the
DasR effector GIcN-6P, and (iii) upstream a€tll-ORF4 and ofredD and redZ
encoding the pathway-specific activator genes fot &nd Red biosynthetic clusters,
respectively (Fig. 3). Likewise, there was bindinghe intragenic region afdaPSland
cdaPSII(SC03230-3231) for CDA peptide synthetases | andntl forcpkBC(for Cpk
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polyketide synthases; (Pawlik et al, 2007)).

In MM-grown cultures virtually all DasR binding ents were relieved following
the addition of GIcNAc. In contrast, in nutrientini R5 cultures, 29 cases were found
where DasR binding was not relieved by the additibiIcNAc, 15 of which showing
enhanced binding. Examples of constant bindingushe] besidespyrR-bldD the
upstream regions of the tRNA genes/operons tRIAYP" tRNASMCY and tRNA™!
and secEfor the preprotein translocase subunit SecE. E¥esnpf enhanced binding of
DasR include the upstream regionsdofaZ for DNA polymerase Il subunit gamma, of
cydAfor cytochrome oxidase subunit I, of the cell dign-related gene SC0O2078 and of
the ncRNA scr3092.

Finally, DasR binding was also observeddtA, and this binding is relieved by
the addition of GICNAc. AtrA is required for actirm@din production via the direct
activation ofactll-ORF4 (Uguruet al, 2005), and also activates the GIcNAc transporter
genenagE2 while DasR does the opposite. In the DasR-medii@kENAc signalling
cascade from nutrient to antibiotic productionemilization via th@agE2product is the
first step, while control of pathway-specific regudrs is the last step. Thus, AtrA and
DasR antagonise each other in terms of their infteeof this signalling cascade (Nothaft
et al, 2010).
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Figure 3. Chip-on-chip data for selected DasR tarde detected in the GIcNAc induction experiment.
Samples were collected prior toy(Tlosed circles) and 30 {Topen circles), 60 ¢J or 120 min (E, open
triangle) after GIcNAc addition. Plots indicate olge in affinity of DasR for the promoter regions the
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Figure 4. Circular representation of the DasR regulon.(A) Distribution of the DasR responsive elements
(dre) along theS. coelicologenome based an silico analysis (Rigalet al, 2008). The heat map indicates the
matrix score (Hiarcet al, 2007) of eactdre element relative to the consensus sequence. (@&)ilRition of
DasR-binding sites based on time-course ChlP-op-ekperiment. From the outside inwards, circlend 2
show the position of genes transcribed in a closkwand anticlockwise direction, respectively (foloar-
coding see Table S4); circles 3 and 4 show distribution of the signal to noise ratios (log2 ratios of
DasR_wt_Ab/NoAb vs DasR_mutant_Ab/NoAb) for all lpes that passed filtering at 24 h and 54 h,

respectively; circle 5 shows some key DasR target genes.

DISCUSSION

The DasR regulon consists of two classes of targgtnes

Streptomycetes usually live in an environmentaltextnof poor nitrogen and rich carbon
availability (Hodgson, 2000). In this respect, GKkiNis a very particular energy source
for these bacteria, as it can be used as bothrageit and a carbon source. We
previously showed that DasR acts as a nutrientosgngrotein that is required for
development and antibiotic production under nutrisoh conditions, and that DasR
binding is relievedn vitro by glucosamine-6P (Rigadt al, 2006 Rigali et al, 2008).In
silico predictions indicate widespread distribution o€ ttis-acting DasR-responsive
element dre) with the consensus sequence A(G/C)TGGTCTAGACCAR(|G! The core
of the DasR regulon is formed by genes relatednima sugar metabolism, namely the
nag and pts genes for GIcNAc metabolism and transport, respagt and thechi
regulon involved in the catabolism of polymers dEMAc. Since Fru-6-P, acetate and
ammonia are end products of GIcNAc catabolism,ibeR core regulon is immediately
connected to major metabolic pathways such as bsisp nucleic acids, nitrogen, and

fatty acid metabolism, the tricarboxylic acid (TC&jcle and cell-wall biosynthesis.

Functional categories of genes that are associgteddre elements are besides
those related tdN-acetylglucosamine metabolism and transport and/spotharide
hydrolases, also several genes for ncRNAs and tRNAsre is an apparently perfect
correlation between the presence afra motif and DasR bindingn vitro andin vivo,
and indeed we have never seen a predigteavith a high matrix score that is not bound
by DasR by itselfn vitro. However, many binding events were identifiedsivo that are

not associated with a canoniaik element (Table 1). Some of these were identified a
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significantly enriched probes in as many as eigtiblgically independent ChlP-on-chip
experiments, providing a very strong case thatettsgs indeedbona fidebinding sites.
These are referred to as Class Il targets. Genoiohe-analysis of the regulons of several
other globally acting bacterial transcription fastghow similar duality, with binding to
both their cognate (consensus) target sequences ram-canonical sitei vivo, even
though the latter binding sites show no similatdythe consensus sequence nor are they
boundin vitro. Examples include LexA (Wadet al, 2005) and FNR (Grainget al,
2007) inE. coli and CtrA inCaulobacter crescentud.aub et al, 2002). ForBacillus
subtilis Spo0A, some 15% of the total number of bindingssitvas not boungh vitro
(Molle et al, 2003). AdpA ofStreptomyces griseus a recent example of a master
regulator in streptomycetes with a significant mortof genes without recognisable
binding site (Higoet al, 2012). It is likely that binding by these redols to non-
canonical sites requires additional factors, sushc@operative interaction with other
proteins and/or changes DNA conformation. An ex&ngil cooperative binding that is
required for target recognition is that for CRPENcoli, which binds to a noncanonical
site in themelAB promoter in concert with MelR associated with adjactarget sites
(Wadeet al, 2001).

Interestingly, the conventional Class | targetsgaeerally bound better, or - in
a stochastic binding model - more frequently thhentthe unconventional Class Il
targets, as the most enriched probes in the ChiBhign experiments were typically
those for Class | targets. This is similar to titeadion observed for LexA ifE. coli,
where unconventional targets were also not bound.d®¥A in vitro, and bound less
tightly in vivo (Wadeet al, 2005). A proteomics-based approach is currebding
employed to elucidate how DasR binds to Classrietsin vivo, with particular focus

on identifying possible protein partners that bimdperaratively with DasR.

The DasR regulon and multi-level control of its taget genes

The core regulon of the DasR homologue NagRBarcillus also revolves around
GIcNAc metabolism, but in contrast tive elements, the NagR-responselements are

found scarcely (up to three sites per genome; (Bertramet al, 2011)). Bioinformatics

analysis suggests that similar small DasR reguéresfound in other low G+C Gram-
positive bacteria such &reptococcusnd Listeria (not shown). Our work shows that
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streptomycetes have adopted the GICNAc regulatgstesn to build a much more
intricate system that controls a wide range of gefredeed, with transcription of more
than 1200 genes significantly differentially exmed in thedasR null mutant ofS.
coelicolor (i.e. 15% of the genome) and transcription of over 40@egeltered more than
two-fold, DasR qualifies as a master regulator. Tégulon incorporates more than 50
transcriptional regulatory genes, suggesting amreskte secondary response regulon.
Global transcriptional regulators provide an addisil layer of control on top of the
control mediated by specific activators and/or espors (Martinez-Antonio & Collado-
Vides, 2003). Therefore, an ‘all or nothing’ changdranscription as has been observed
for mutants lacking specific regulatory genes sashgyIR (glycerol regulon)malR
(maltose regulon),redD (activator for prodiginine biosynthesis), actll-ORF4
(activating actinorhodin biosynthesis) was not @pétted for thedasR regulon. The
specific environmental conditions are an importpatameter for the response of the
regulon, and additional control systems operateh &1 substrate induction for induction
of sugar utilization operons, or growth phase-déepan control of antibiotic production.
The additional requirement of substrate induct®mxemplified by the fact that despite
DasR binding to almost all of the genes of ¢héregulon, transcription of the genes was

not notably changed idasRmutant cells due to the lack of chitin as inducer.

Antibiotic production is extensively controlled, 88 to ensure correct growth
phase-dependent expression. Takingl-ORF4 as an example, this gene is controlled by
some 10 transcriptional regulators. Besides Dag®ethinclude among others Actll-
ORF4, AfsR, AtrA, SCO6008 and the stringent respamediated through ppGpp during
growth cessation (Chakraburtty & Bibb, 19%oriano & Bibb, 1996 Gramajoet al,
1993 Uguru et al, 2005 reviewed in van Wezel & McDowall, 2011). DasR directly
controls the pathway-specific activator geragll-ORF4 and redZ for Act and Red
biosynthesis, respectively (Rigat al, 2008 and ChIP-on-chip data presented here), as
well as genes for Cpk and CDA biosynthesis, ansl ¢bintrol is relieved by the addition
of GIcNAc. This again indicates that the nutrieebsor DasR act as a typical pleiotropic
regulator, which adds higher order control of gerpression to allow streptomycetes to
respond to changing nutritional conditions. The Isnthanges in the microarray
experiments are due to the choice of media, negedsaallow proper comparison
between wild-type and mutant, which requires sim{end synchronized) growth and
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development; however, the major changes under feast (rich media) and famine (MM

agar) have been well documented (Rigakl, 2008).

In vivo response of DasR to the induction by GICNAc

We previously showed that glucosamine-6P (GIcN-8&ts as an effector of DasR
vitro (Rigali et al, 2006). This is not unexpected, as GIcN-6P stadkse crossroads of
(GIcNAc), degradation, GIcNAc transport and intracellular tabelism, glycolysis,
nitrogen and lipid metabolism, as well as peptigogh synthesis (Altermann &
Klaenhammer, 20Q3Mao et al, 2005), and many genes of these pathways aredubj
control by DasR. ChIP-on-chip analysis of MM- anBl-gown cultures before and after
the addition of GIcNAc revealed the response ofDasthis inducein vivo. The relief
of DasR binding to its core regulon following treid#ion of GICNAc to cultures provides
in vivo evidence that the DasR regulon is indeed triggelgd GIcNAc-derived
metabolites. In terms of antibiotic production, #ane relief of binding was seen for the
pathway-specific activator genesdD andredZ for prodiginine production, andctll-
ORF4 andatrA for actinorhodin production, as well as biosynihgenes for the cryptic
polyketide Cpk and the calcium-dependent antibig@iDA. This suggests that the
activation of antibiotic production by GIcNAc isrdctly mediated through DasR

coelicolor.

DasR and translational control

An important control system that has hitherto nee¢tb identified in streptomycetes but
which must almost inevitably be in place is thatle control of ribosomal proteins and
stable RNA operons (specifying tRNA and rRNA).Hncoli, stable RNA promoters are
regulated by the trans-acting proteins FIS (Fadtor Inversion Stimulation), which
activates transcription during logarithmic growttilésonet al, 1990) and LRP which -
assisted by H-NS - forms a repressive nucleoprageincture (Pulet al, 2007). The
mechanisms for ribosome feedback regulation andvtpraate-dependent control of
stable RNA synthesis in streptomycetes are poaniyetstood. The ChIP-on-chip data
demonstrate binding of DasR to at least five tRNeh&s or operons wheh coelicolor

was grown in liquid R5 cultures. This binding wagn#ficantly enhanced after addition
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of GIcNAc. Strong binding of DasR was observed tdra element with one of the

highest matrix scores upstream of the third genea dfve-members tRNA operon

consisting of three identical genes specifying tR8l for the CUC codon and two
specifying tRNA-GIn for the CUG codon. By leavinget first two tRNA genes (for

tRNA-GIn and tRNA-Glu, respectively) untouched loontrolling the expression of the
other (identical) copies, DasR likely controls tabundance of these tRNAs. Many
independent ChlP-on-chip experiments revealed Omséing to many probes inside the
rRNA (rrn) operons, suggesting that DasR may also contlettpression of rRNAs

(Table 1 and Table S3).

Besides stable RNAs, DasR also controls the exjpress non-coding RNAs.
In at least two independent ChlP-on-chip experimi@dsR binding was associated with
the upstream regions of the ncRNAs scr3092 and28&5The latter is preceded by a
highly conserveddre element (Table 1), and deletion désR results in a four-fold
increase of expression of scr5239 (not shown). dilreent generation of high-densiBy
coelicolor microarrays is primarily directed at identifying mMRs, but better insight in
the location of ncRNAs will soon be obtained frolNA&Rseq experiments, so that we can

obtain better insight into how many are controlbgdDasR, and how.

Microarray analysis further revealed that the egpien of nearly all the
ribosomal protein genes was affected in dasR mutant. Since with the exception of
rpmG these genes were not identified as direct targjese changes in expression either
reflect control by a DasR-dependent regulator,eegal differences in growth between
the parental strain and itsRnull mutant. The possible role of DasR in the coindf

stable RNA and perhaps also ribosomal protein geregsres further investigation.

Connection of major developmental regulons

The phenotype of thdasRnull mutant as well as extracellular complementatissays
strongly suggests it is blocked in a very earlgstaf the life cycle, andasRis probably
one of thebld mutants acting earliest in the life cycle (Rigaflial, 2006 Rigali et al,
2008). Our data indicate that DasR exerts thisyedelelopmental control by targeting
the expression of a number of key regulatory gefms the control of early

developmental processes, includibigiKc, bldM, bldN, wblA, wbl@nd crp. Of these,
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bldKc, bldNandwbIC were identified as direct targets by ChIP-on-cmgalysis, forming
Class Il targets as none of them is preceded dirg &lement. In turnbldN gene product
6" is required for transcription of thehp, rdl and ramS genes for the surfactants
chaplins, rodlins and SapB, respectively (Bibb al, 2012). The increase ihldN
transcription corresponds to an increase chp, rdl and ramS expression during
sporulation, but at earlier time points all genesenstrongly down-regulated. The DasR-
controlled regulatory gene responsible for thisramenon has not yet been identified.

ThebldD gene also emerged as a possible direct targ&asR, with binding to
the bldD promoter region verified independently in sammbtained after 54 h of growth
on MM agar plates as well as from liquid-grown R8teres, although ndre element
could be identified upstream bfdD. The transcription obldD was not changed in the
dasRdeletion mutant, but the sporulation block of mbkt mutants is by-passed on
minimal media with mannitol, suggesting their fuontis limited under these conditions.
Considering the scale at which DasR and BIdD céngene expression in
streptomycetes, there is surprisingly little ovprizetween the two regulatory networks.
Regulators of later sporulation events do not featamong the direct DasR targets,
while, conversely, the primary BldD regulon contai plethora of such developmental
regulatory genes (den Hengst al, 2010), suggesting that these two proteins act in
different time domains. The level of cross-talkhograrchy between these two important
regulatory networks deserves closer investigation.

In conclusion, our works establishes DasR as a enasigulator that links
nutritional control to antibiotic production andwdopment (Fig. 5), and the exogenous
addition of GIcNAc relieves binding by DasR to manfyits binding sites. This supports
the notion that accumulation of GIcNAc arourstreptomycescolonies affects
development via the direct interference with bimgdf the nutrient sensor DasR. The
canonical binding of DasR to Class | targets iseobed bothin vivo andin vitro, while
the unconventional binding to Class Il targets pnegbly requires cooperative binding
with another protein, which has hitherto not beéantified. Alternatively, these sites
may require conformational changes in the DNA,\@mea combination of the two. DasR
mediates a higher order level of control, and welier induction of binding to its target
sites does not necessarily result in an immediadéage in gene expression. For that, the

environmental conditions are a very important dateing factor - such as the presence
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Figure 5. Model of the DasR regulon and its inductin by N-acetylglucosamine. Top:induction of
development (grey pigment) and Red (left; red pigment) or Act (right; blue pigment) production on MM agar
plates with increasing concentrationsNsficetylglucosamine; the S. coelicolor actHORF4 (M510) andedD
(M511) mutants (Floriano & Bibb, 1996) were usedd®nonstrate the production of only the red-pigmént
undecylprodigiosin or the blue-pigmented actinoihpdespectivelyMiddle, relief of DasR bindingn vivo
after the addition of GIcNAc, as shown by ChIP-dvipc(refer to Fig. 3). J (closed circles) and ;T(open
circles), time points before and 30 min after the addition of 25 mM GlcNAc; respectively. Bottom, summary of
the DasR-controlled processes and major comporahits regulon. Red lines indicate direct bindingda
transcriptional repression of the targeted gene®#&sR. Depression of the DasR regulon in respomgbet
accumulation of GIcN-6P results in activation (gré@es) of among others development and antibiotic

production.
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of chitin for induction ofchi gene expression - and further experimental data e be
obtained from genome-wide studies under differentmh conditions. For example, in
approaches to wake up sleeping antibiotic gendevee of DasR may well be an
important step, but better understanding of ttggers that must be in place to effectively

activate their biosynthetic gene clusters shouldratheir discovery and exploitation.
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