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Functionalanalysisof GICNAc metabolic genes &treptomyces coelicolor

Abstract

N-acetylglucosamine, the monomer of chitin, is eofad carbon and nitrogen source for
streptomycetes. Its intracellular catabolism reggiithe combined actions of thé
acetylglucosamine-6-phosphate (GIcNAc-6P) deacstyMagA and the glucosamine-6-
phosphate (GIcN-6P) deaminase/isomerase NagB. Glatss as a signalling molecule
in the DasR-mediated nutrient sensing system, atotiy development and antibiotic
production under poor growth conditiorfarfiing, while blocking these processes under
rich conditions feas). In order to understand how a single nutrient daliver opposite
information according to the nutritional contexte warried out a mutational analysis of
the nag metabolic genesagA,nagBandnagK Here we show that theag genes are part
of the DasR regulon 5. coelicoloy which explains their transcriptional induction by
GIcNAc. Most likely as the result of the intracddlu accumulation of GIcN-6PagB
deletion mutants fail to grow in the presence afN#c. This toxicity can be alleviated
by the additional deletion afagA We recently showed that B. coelicoloy GICNAC is
internalized as GIcNAc-6P via the phosphoenolpyrendependent sugar
phosphotransferase system PTS. Considering thearede of GIcNAc for the control of
antibiotic production, improved insight into GlcNAuetabolism inStreptomycesnay

provide new leads towards biotechnological apptcet
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INTRODUCTION

Streptomycetes are Gram-positive, soil-dwelling etigd bacteria that have a complex
life cycle that starts with the germination of somg which then grows out to form a
branched mycelium of vegetative hyphakhe multicellular mycelial life style of
streptomycetes makes these organisms unique amaotgria, whereby connected
compartments are formed that are separated by -wraits When morphological
differentiation is initiated a so-called aerial reliam is produced, and the erected aerial
hyphae eventually form chains of spores (Flardh &tiBer, 2009 Redington & Chater,
1997). Streptomycetes are prolific producers ofirstproducts, producing some fifty
percent of all known antibiotics as well as manyticamcer, antifungal and
immunosuppressant agents. The production of thesmled secondary metabolites is
part of the developmental program, roughly coinmidiwith growth cessation and the
onset of sporulation (Bibb, 2008an Wezel & McDowall, 2011).

As saprophytic soil bacteria, streptomycetes w@ilinaturally occurring
polysaccharides such as chitin, xylan and cellulog® carbon sourcesN-
acetylglucosamine, the monomer of chitin, is agmefd carbon and nitrogen source for
streptomycetes, and the related metabolite gluemagtreferred over glucose (Nothaft
al., 2003 van Wezekt al, 2006). Chitin is one of the most abundant palgbarides on
earth and found in among others the cuticles amdissbf insects and crustaceans and
within the cell wall of fungi, and to utilize thigolysaccharide streptomycetes have an
extensive chitinolytic system (Cohen-Kupiec & Chd©98 Schrempf, 2001).N-
acetylglucosamine (GIcNAC) is a substrateSimeptomyces coelicoldor transport via
the phosphoenolpyruvatiependent phosphotransferase system (PTS; reviewed in
Bruckner & Titgemeyer, 2002). During PTS-mediatedrbon source uptake, a
phosphoryl group is transferred from phosphoenolggtre to the general
phosphotransferase enzyme I (EI; encoded by ptsl), from there to HPr (encoded pysH)
and further onto Enzyme IIA (EIIA; encoded by crr) and finally Enzyme 1IB (NagF)
(Nothaft et al, 2003h Nothaft et al, 2010). NagF phosphorylates incoming via the
permease IIC (NagE2) GIcNAc to forNracetylglucosamine-6-phosphate (GIcNAc-6P).
Removal of any of the general PTS components B Br HPr blocks development
(Rigali et al, 2006). An alternative route for the internaliaatof monomeric GIcNAc

exists inStreptomyces olivaceoviridand probably many other streptomycetes, namely
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via the ATP-binding cassette (ABC) transporter NgGE which imports bothN-
acetylglucosamine and its disaccharMgN’-diacetylchitobiose (GIcNAg)with similar
affinities (Wanget al, 2002 Xiao et al, 2002). (GIcNAc) is also imported via the ABC
sugar transporter DasABC (Colsenal, 2008 Seoet al, 2002).

We previously demonstrated that GIcNAc is an ingoair signalling molecule
for streptomycetes and a major decision point td&ghe onset of development and
antibiotic production (Rigalket al, 2006 Rigali et al, 2008). When GIcNAc accumulates
under rich growth conditionggas}) it promotes growth, thereby blocking developménta
processes, while under poor nutritional conditi(fasning the accumulation of GIcNAc
promotes development and antibiotic productiongéRiet al, 2008 van Wezelet al,
2009). Under famine conditions, a complete signgllpathway was proposed from
GIcNAc uptake to the onset of antibiotic productiamhereby the pleiotropic GntR-
family transcriptional regulator DasR controls tgenes for GIcNAc transport and
metabolism and for antibiotic synthesis (Rigali al, 2006 Rigali et al, 2008).
Glucosamine-6-phosphate (GIcN-6P) is a key moleaulthis signalling cascade, and
acts as an allosteric effector preventing DasR OiNiding ability. This results in the
loss of transcriptional repression of specific \aaibr genes for antibiotic production,
including actll-ORF4, encoding the pathway-specific activator fotirmrhodin (Act)
production, andedz for the response regulator RedZ that activateslipinine (Red)
production. DasR also represses ¢p& gene cluster for the cryptic polyketide Cpk, but
this effect is probably indirect (van Wezel & McDally 2011). Under feast conditions,
the molecular mechanism of how GIcNAc blocks spatiah and antibiotic production is
still unknown. Non-phosphorylation of key developita& proteins by global PTS
components (El, HPr, and EIt&) upon GIcNAc sensing is so far the only realistic
hypothesis proposed (Colsenhal, 2008 Rigali et al, 2006).

As can be gleaned from extensive studies of amgmrsmetabolism in other
bacteria, the signalling molecule GIcN-6P is praetldrom N-acetylglucosamine-6-
phosphate by a GIcNAc-6P deacetylase (NagA), anthiéa converted by a GIcN-6P
deaminase (NagB) to fructose-6-phosphate (FrusBRih enters the glycolytic pathway
(Alvarez-Anorveet al, 2005 Plumbridge & Vimr, 1999Vogler & Lengeler, 1989). To
better understand the aminosugar-mediated siggalfpathway in streptomycetes,

dissection of GIcCNAc metabolism in these organigsngquired. In this work we analyze
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the GIcNAc-metabolic pathway and specifically bloocke or more steps of GICNAc
utilization via directed deletion mutants. Thisoals us to provide a first assessment as to

how the flux of GIcNAc influences the global regoly routes that contrd@treptomyces
development and antibiotic production.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains and plasmids are listed in Tableand Supplemental Table S1,
respectivelyEscherichia colidM109 (Sambrookt al, 1989) and ET12567 (Kieset al,
2000) were used for routine cloning proceduresfanaxtracting non-methylated DNA,
respectively. Streptomyces coelicoloA3(2) M145 was the parent for all mutants
described in this work. All media and routi®éreptomycesechniques are described in
the Streptomycesnanual (Kieseret al, 2000). Cells ofE. coli were grown in Luria—
Bertani broth (LB) at 37°C. Phenotypic charactdiima of Streptomycesnutants was
carried out on minimal media (MM) and on R5- (-glse) agar plates and in liquid
NMMP or MM cultures (Kieseet al, 2000) with 1% of carbon sources as indicated.

SFM (soy flour mannitol) agar plates were usedrappare spore suspensions.

Table 1. Strains ofStreptomyces coelicolor A3(2) described in this study.

Strain Genotype ? Reference
M145 prototrophic SCP1” SCP2° (Kieser et al., 2000)
GAM1 M145 nagA::aacC4, Aprt this work
GAM2 M145 nagB::aacC4, Apr® this work
GAM3 M145 nagK::aacC4, Apr® this work
GAM4 M145 AnagA'™® this work
GAM5 M145 AnagB'™® this work
GAM®6 M145 AnagK'™ this work
GAM7 M145 AnagKA::aacC4, Apr this work
GAMS M145 AnagKA"™ this work
GAM9 M145 AnagB'™’nagA::aacC4 this work
GAM10 M145 AnagKA"™nagB::aacC4 this work
GAM12 GAM4 + pGAM5 this work
GAM13 GAM5 + pGAM6 this work

3|FD, in-frame deletion mutant; Apr®, apramycin resistant.

Plasmids and constructs

All constructs described in this work are listed 8upplemental Table S1 and
oligonucleotides in Supplemental Table S2.

Constructs for creating gene-replacement and imaeadeletion mutants

The strategy for creating knock-out mutants is base the unstable multi-copy vector
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pWHM3 (Varaet al, 1989) as described previously (van Wezehl, 2005). For the
deletion ofnagA the -1365/+6 and +1133/+2484 regions relativehi start ofnagA
were amplified by PCR, using primer pairs nagALB83and nagALR+6 and
nagARF+1133 and nagARR+2484 respectively. Fragmesetg cloned into pWHMS3,
and the engineerexdba site was used for insertion of the apramycingtasice cassette
aacC4 flanked byloxP sites between the flanking regions. The presencthefoxP
recognition sites allows the efficient removal dfetapramycin resistance cassette
following the introduction of a plasmid pUWLcre ergsing the Cre recombinase
(Fedoryshynet al, 2008 Khodakaramiaret al, 2006). The constructed plasmid was
called pGAML1. Using essentially the same strategfoa pGAM1, we constructed the
knock-out plasmids pGAM2 and pGAM3 for the singkng replacement ofagB nagK
respectively. pGAM2, contains the -1185/+6 and +¥I918 regions relative to the start
of nagB and pGAMS the -1450/+6 and +963/+2570 regionatined to the start afiagK.
Plasmid pGAM4 for the in-frame deletion ohgKA contains the upstream -1450/+6
region ofnagK and downstream +1133/+2484 regionnafjA, which were amplified by
PCR, using primer pairs nagKLF-1450 and nagKLR+6l amgARF+1133 and
nagARR+2484, respectively. TheagAB (GAM9) double mutant was constructed by
replacingnagAby the apramycin cassette in thegB™ mutant GAM5. GAM8 was used
as the parent fonagKABtriple mutant GAM10, following replacement nagB by the
apramycin resistance cassette.

To analyse correctness of the mutants, PCRs ware do mycelium from liquid-grown
MM cultures, with oligonucleotides pairs nagA_FOB8land nagA REV+1417 for
nagAand nagBFOR-336 and nagB_REV+1098rfagB

For complementation of theag mutants the low copy vector pHJL401 (Larson and
Hershberger, 1986) harboring the correspondiag gene and promoter region (nt
positions -454/+796 relative to the starnaigB fragment -512/+2262 relative to the start

of nagK were used to complememagK andnagA was used.

Antibiotic production

Quantification of prodiginines and actinorhodin waerformed as described (Kieser
al., 2000), and corrected for biomass (wet weighBlugs were normalized against the
parental strain M145 (set to 100%). Cultures wereng on R2YE agar plates overlaid
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with cellophane discs to allow separation of biosnaisd spent agar.

Production and purification of DasR

Production and purification of Higagged DasR was based on the protocol described
previously (Colsonet al, 2007 Mahr et al, 2000) with several modifications.
Escherichia coliBL21 Rosetta (DE3) cells carrying pFT240 (Rigatlial, 2004) were
grown at 37°C in 250 ml LB medium containing 100mlgof ampicillin until the culture
reached an Ofg, of 0.6. Production of Histagged DasR was induced by addition of 1
mM isopropyl thio-R-d-galactoside (IPTG) during 3iECells were collected by
centrifugation, and ruptured by sonication in lysigfer (100 mM phosphate buffer pH
8 ;250 mM NacCl ; 30 mM imidazole ; 0.1% Triton). Soluble proteins were loaded onto a
pre-equilibrated Ni-NTA-agarose column (5 ml bed volume). Hiagged DasR eluted
at around 200 mM imidazole and fractions contairtimg pure protein were pooled and
dialysed overnight at 4°C against EMSA buffer (sekw).

Electromobility gel shift assays

EMSAs on double-stranded oligonucleotides were goeréd using Cy5-labelledre
probes (0.25 uM final concentration) and dtmsgged DasR (between 1.75 and 2.5 uM
final concentration) in a total reaction volume5&f pl. All reactions were carried out in
EMSA buffer (10 mM Tris-Cl pH 7.5, 1mM DTT, 0.25 m®&aC}, 0.5 mM MgC}, 50
mM KCI, and 2% glycerol) containing a 100-fold egsef non-specific DNA (salmon
sperm DNA). After 15 min of incubation at room tesngture, reaction mixtures were
loaded into a 1% (w/v) agarose gel. Bound and unqurobes were separated by gel
electrophoresis at room temperature and fluores@MA was visualised using a
Typhoon Trio+ Variable Mode Imager. Oligonucleosdsee Table S2) used to generate
40 bp double-stranded DNA probes for EMSAs werenakom the upstream regions of
dasA (dre”™®", nagB (dre"®®), and thenagKA operon @re™4. Thecis-acting element
OP1 of the gene for thBacillus licheniformisp-lactamase repressor Blalas used as

negative control.

RNA isolation and RT-PCR

For transcript analysis, RNA was isolated from iijaultures ofS. coelicolorM145 or
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the dasRmutant. Mycelium was grown in NMMP and induced dndition of 50 mM
GIcNAc at OD~0.2. Samples were taken before induc{it = 0’) and 30 min after
induction (t = 30’). RNA isolation and semi-quaative RT-PCR was carried out twice
as described previously (Birko et al., 2009). 2@0ofi RNA was used for each reaction
(concentration was assessed using a Nanodrop®rgpkotometer). Quantification was
done using a Bio-Rad FX molecular imager with QitarDne software (Bio- Rad).
Oligonucleotides used for RT-PCR are presentedippemental Table S2.

Stereo microscopy
Strains were grown on MM and R5- agar plates supeiged either with mannitol or
GIcNAc for five days. The mutants were imaged usiagZeiss Lumar V12

stereomicroscope.

Computer analyses

DNA and protein databank searches were performényube BLAST server of the
National Center for Biotechnology Information atetiNational Institute of Health,
Bethesda, MD, USA (http://www.ncbi.nim.nih.gov) atiee S. coelicolorgenome page
services (http://strepdb.streptomyces.org.uk/). giiients were generated with
CLUSTALW available at http://www.ebi.ac.uk/clustalvRegulon predictions were
performed using PREDetector (Hiagtal, 2007). The general information about amino
sugar metabolic pathway @&. coelicolorwas found in the KEGG database (http://

www.genome.jp/kegg-bin/show_pathway?map00520a).
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RESULTS

In silico identification of the GICNAc utilization genes inS. coelicolor

The genetic environment of theag metabolic genes on the. coelicolorchromosome
and the predicted gene products are presentedjirL Ai ThenagK (SC04285) andagA
(SC0O4284) genes have overlapping start and stoponspd and encodeN-
acetylglucosamine kinase NagK and-acetylglucosamine-6P deacetylase NagA,
respectively. The NagA and NagK proteins show 34&b#b 37.2% amino acid sequence
identity to the corresponding enzymesEincoli, respectively. Downstream of thagKA
operon lies SC04283, for a phosphofructokinase-filugar kinase, and upstream lies
SC04286, which encodes an ABC-type sugar bindingepr of unknown function. The
nagB gene for glucosamine-6P-deaminase (SCO5236) niesediately downstream of
the dasABCDgene cluster involved in (GIcNAcuptake and degradation (Colsenal,
2008 Saitoet al, 2007), and upstream of SC0O5237 for a likely 8&eyl-(acyl-carrier-
protein) reductase. NagB shows 44.6% amino acidesesg identity with NagB fror&.
coli. The GlcNAc-related metabolic pathway 8f coelicoloy based on the KEGG

database is shown in Fig. 1B.

Expression ofnagA and nagB is induced by GIcNAc and repressed by DasR

Prior to assessing the effect of the inactivatibthe nag genes on the GIcNAc-mediated
signalling pathway irS. coelicolor we first analyzed the GIcNAc-dependent control of
the nagA, nagBandnagK genes. DasR is a global regulator of primary naisim and
antibiotic production, and is known to control argasthers the chitinolytic system B
coelicolor (Colsonet al, 2007 Nazariet al, 2011), as well asagB (Rigali et al, 2006).
The latter has a DasR-responsive elementdrer at position -68 upstream afagB
(tGTGGTtTAGACCAaT, dre"™®®, which has a 13 nt match to thdre consensus
sequence (AGTGGTCTAGACCACTdre™ (Rigali et al, 2006)). Suggestively, the
program PREDetector (Hiardet al, 2007) also identified adre element
(AGaGGTCTAGtCCACT,dre™®®4 at position -83 upstream of theagKA operon that
matches 14 out 16 nt to tlre consensus sequence. Furthermore, the computational
prediction of the DasR regulon in five other stoepycetes revealed identical or similar
dre-like sequences upstream of the respeati@gkA and nagB orthologs, and the very

high conservation suggests that these sites aeeftmctionalcis-acting elements. In
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A SC04283 nagA nagK SC0O4286
(933 nt) (1146 nt) (1149 nt) (1272 nt)
122 nt Ont 147 nt
dasD nagB SCO05237 SC0O5238
— < —-< —
(1491 nt) (786 nt) (753 nt) i (645nt)
320 nt 134 nt 94 nt
B cell wall chitin
l 1 Chi
glucose GIcNAc (GIcNAc),

Glk v NagK HexA v
GIcNAc-6P <——— GIcNAC <——— (GIcNAC) ,

v NagA

Glucose-6P acetate = acetyl-CoA

Glucose GIcN-6P = Glcn-1P = —> UDP-GIcNAc

isomerase NagB glutamate
- GImS2 v
3 i 1
glutamine Cell wall synthesis

fructose-6P

|

fructose-1,6P  =xxxxxrrrreseees » Glycolysis

Figure 1. Genetic environment of thenag metabolic genes and GIcNAc-related primary metab&m.

A. Map of the genomic regions around the aminosugdizaiion genes.nagB (SC05236) is a single
transcription unit, whilenagK (SC0O4285) anahagA (SC0O4284) together form theagKA operon. ORFs are
indicated by open arrows. Lengths of the genedi@kets below the genes) and intergenic regioote(d
line) are indicatedB. Aminosugar metabolism i§. coelicolorand connecting pathways. Annotation based on
KEGG and experimental evidence. Arrows show dicectbf metabolism, and the responsible enzymes are
depicted next to them. It is unknown whether GldNe&an be metabolized directly to GlcNAc-6P. Nanm&s a

functions of the enzymes and the reactions theslyea are listed in Table 2.
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Table 2. Genes involved in GIcNAc transport and metbolism in S. coelicolor A3(2).

Name Gene Predicted function 2
crr SCO01390 Global PTS component EIIA“"
gdhA SCO04683 Glutamate dehydrogenase (EC 1.4.1.4)
Glu + H,O + NADP" <=> 2-OG + NH3z + NADPH + H*
glmM SC04736 Phosphoglucosamine mutase (EC 5.4.2.10)
GIcN-1P <=> GIcN-6P
gimS1 SCO04740 glucosamine-fructose-6-phosphate aminotransferase
(EC 2.6.1.16)
GIn + Fru-6P <=> Glu + GIcN-6P
glmSs2 SC02789 glucosamine-fructose-6-phosphate aminotransferase
(EC 2.6.1.16)
GIn + Fru-6P <=> Glu + GIcN-6P
glmu SC03122 bifunctional N-acetylglucosamine-1-phosphate uridyltransferase/

glucosamine-1-phosphate acetyltransferase (EC 2.7.7.23)
UTP + GIcNAc-1P <=> 2P; + UDP-GIcNAc

(EC 2.3.1.157)

Ac-CoA + GIcN-1P <=> CoA + GIcNAc-1P

SCO02758, beta-N-acetylglucosaminidase (EC 3.2.1.52)
hexA SCO02786, beta-N-acetylhexosaminidase (EC 3.2.1.52)
SC02943, sugar hydrolase (EC 3.2.1.52)
SCO04860 secreted hydrolase (EC 3.2.1.52)
(GIcNAC),+ H,0 <=> 2 GIcNAc
nagA SC04284 N-acetylglucosamine-6-phosphate deacetylase (EC 3.5.1.25);
GlcNAc-6P+H,0<=>GIcN-6P+OAc-
nagB SCO05236 Glucosamine phosphate isomerase (EC 3.5.99.6);
GIcN-6P + H,O <=> Fru-6P + NH3
nagE2 SC02907 PTS®“NA¢ transmembrane component EIIC
nagF SC02905 PTS®NA¢ transmembrane component EIIB
nagK SC04285 N-acetylglucosamine kinase (EC 2.7.1.59)
GIcNAc + ATP <=> GIcNAc-6P + ADP
murA SC02949 UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7)
UDP-N-acetylglucosamine transferase (EC 2.5.1.7)
(murA2) SC05998 PEP + UDP-GIcNAc <=> uaccg + OP
murB SCO04643 UDP-N-acetylenolpyruvoylglucosamine reductase (EC 1.1.1.158)
UNAM + NADP* <=> uaccg + NADPH + H*
murQ SC04307 N-acetylmuramic acid-6-phosphate etherase (EC 4.2.-.-)
MurNAc-6P + H,O <=> GIcNAc-6P + Lactate
ptsH SCO05841 Global PTS component HPr
ptsl SCO01391 Global PTS component El

2 Abbreviations of metabolites: OAccetate; AcCoA, acetyl coenzyme A; ADP, Adenosine Di-Phosphate
ATP, Adenosine TriPhosphate; (GlcNAc),, chitobiose; 2Pi, diphosphate; chitobiose N,N'diacetylchitobiose;
Fru, fructose; Fru-6-P, fructose-Ghosphate; GIcNAc, N-acetyl-Dglucosamine; GIlcNAc-1P, N-acetyl
glucosamine Yhosphate; GlcNAc-6P, N-acetyl glucosamine-D-fhosphate GlcN, glucosamine; GleN-1P,
Glucosamine Phosphate; GIcN-6P, Glucosamine fhosphate; Gln, glutamine; Glu, glutamate; MurNAc-6P,
N-Acetylmuramic acid Ghosphate; NADP, nicotinamide adenine dinucleotide phosphate; NADPH,
nicotinamide adenine dinucleotide phosphate (reduced form); OP, Orthophosphate; 2-OG, oxoglutarate;
PER phosphoenolpyruvate; UDP-GIcNAc, Uridine diphosphat®l-acetyl Dglucosamine; uaccg, UDP-N-acetyl
-3-O-(1-carboxyvinyl)-Dglucosamine; UNAM, UDP-N-acetylmuramate.
46



Chapterll

order to validateur in silico predictions, electromobility gel shift assays (EA$$ were
performedin vitro using Hig-tagged DasR and a short double-stranded oligootidée

nagkA

centered ordre nags

anddre Positive specific DasHre interactions were observed
for bothdre sequences as well as for another positive cofttieldre upstream otlasA,
while the negative control (thgs-acting element oblal of Bacillus licheniformi} was
not bound by DasR (Fig. 2A).

If the nag genes are repressed by DasR, it would follow their expression
should be at least partially independent of inductly GIcNAc in adasRnull mutant.
To test this hypothesis§. coelicolorM145 and itsAdasR null mutant were grown in
liquid NMMP medium until O[y~0.2 followed by the addition of 25 mM GIcNAc.
Mycelia were harvested for RNA preparation immealiatbefore and 30 min after
GIcNAc addition. Semi-quantitative RT-PCR on taRMA samples from the wild-type
strainS. coelicolorM145 showed an induction obgA nagK andnagBtranscript levels
by two-, three-, and five-fold, respectively followg the addition of GICNAc, while
transcripts of the contrespl (for the ribosomal protein S9) were readily idéat before
and after induction and did not show significantiuation (Fig. 2BC). In contrast,
expression of th@ag genes was already high in tdasRnull mutant before induction,
with similar transcript levels before and after #uition of GIcNAc (Fig. 2BC). This is
consistent with induction of theagA nagB andnagK genes by GIcNAc and repression
of these genes by DasR. The induction by GIcNActntiksly acts via the allosteric
inactivation of DasR by the GIcNAc-derived metatolGIcN-6P (Rigaliet al, 2006
Rigali et al, 2008).

nagA and nagB gene-replacement and in-frame deletion mutants

To study the effect of the accumulation of GlcNAstated metabolites on growth,
development and antibiotic production, null mutamtsre constructed fonagA and
nagB For this, we first replaced the entire codingisagof nagA or nagB by the
apramycin cassett@a#cC4 flanked byloxP sequences and then removed the cassette to
generate the respective in-frame deletion (IFD)amist (see Materials and Methods
section). For each experiment five transformantsieting the desired double-crossover
phenotype (ApraThio®) were selected and verified by PCR as describ¢ioeiMaterials

and Methods section. The mutants were designated G#agA::aacC4, and GAM2
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A
DasR DasR DasR DasR
F 1 2 F 1 2 F 1 2 F 1 2
dre + DasR el e —
dre -— - - - -— 2 s e
B dreMaokA dre "% dre®sA ctrl’
M145 AdasR M145 AdasR M145 AdasR M145 AdasR
-+ -+ -+ - 4+ -+ - 4+ -+ - 4+
rpsi nagA nagB nagK
C

B mu4s

M145 (+GIcNAC)

604 . AdasR

50 AdasR (+GlIcNAc)
40 -

30+

20

relative mRNA level

M mTTSSsSYSSSsS

S

—_—

(=]
s
R,

rpsl nagB nagK

Figure 2. Direct transcriptional control of nagkA and nagB by DasR.

A. DasR binding to predictedre upstream ohagKAandnagB EMSAs were performed with pure DasR-His
and a 40 bp Cy5 double-stranded oligonucleotiddgaentred on the DasR-responsive elemeirs {n the
promoter regions ohagKA (dre™4, nagB (dre"%9), anddasA (dre®" positive control), with short flanking
sequences. Thas-acting element dblal of Bacillus licheniformisvas used as negative contretrk). fp, free
probe (0.25 uM of double stranded Cy5 labelled probe); 1 and2, DasRdre binding reactions with 1.75 and 2.5

UM of DasR-His, respectively; dre, DasR responsive element.
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B. Induction ofnagtranscription by GIcNAc and control by DasR. Semanqtitative RT-PCR was carried out
on RNA isolated from theasRnull mutant or its parer. coelicolorM145, grown in liquid mineral media
(NMMP + mannitol) cultures immediately prior to @) 30 min after (+) the addition of 25 mM GlcNAEhe

constitutive expression afagA, nagK and nagi dasRnull mutants and their enhanced transcript leirels
wild-type cells 30 min after induction, shows ttilaé nag genes are repressed by DasR and inducel-by

acetylglucosamine.

(nagB::aacC3 respectively. Following removal of thaacC4 cassette by the Cre
recombinase, in-frame deletion (IFD) mutants wels#aimed for nagA (designated
GAM4) andnagB (GAMS). For all experiments both the apramycinsest and the IFD
mutants were analyzed. Considering that there werphenotypic differences between
them in terms of antibiotic production and develent) from this point onwards we will
only describe the results obtained for the IFD migaunless stated otherwise. The
nagABdouble mutant GAM9 was created by repladciagAby the apramycin cassette in
thenagB™ mutant GAMS.

Effect of GICNAc on growth of thenagA and nagB mutants in liquid-grown cultures
The addition of GIcNAc is expected to result in #ezumulation of GICNAc-6P inagA
mutants, and of GIcN-6P inagB mutants (Fig. 1B). Growth ofiagB mutants was
analyzed in liquid mineral medium (NMMP) and comgzhto that of the parental strain
S. coelicolorM145. While there was little difference in terms griowth on mannitol,
nagB mutants failed to grow in the presence of GIcNAis is in line with the observed
toxicity of the NagB substrate GIcN-6P in other tesi@ (Bernheim & Dobrogosz, 1970
Plumbridge, 2009White, 1968). Addition of mannitol did not restogeowth, strongly
suggesting that rather than the inability to ugili@ICNAC, it is toxicity of a GIcNAc-
derived metabolite that prevents growthSofcoelicolorin the absence afagB (Fig. 3A).
To analyze if the sensitivity to GICNAc prevailsdlighout growth or only occurs during
the earliest growth phasese( germination and very early vegetative growth), we
monitored growth in NMMP supplemented with mannif@% wi/v), followed by the
addition of 25 mM GIcNAc at an Qfg, of 0.2 (early log phase) (Fig. 3B). Surprisingly,
under these conditions the mutant strain had alaingrowth rate as the parent,
indicating that GICNAc toxicity is alleviated onae certain amount of biomass has
accumulated. To rule out an effect specifically gpore germination, spores &.

coelicolor M145 and itsnagB null mutant GAM5 were allowed to germinate for i8h
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2xYT at 30C and used as inoculum of liquid mineral media wek. Despite the
obvious emergence of germ tubes as well as manggyvegetative hyphae, as assessed
by phase-contrast microscopy, the germinat@gB mutant spores still failed to grow in
the presence of GIcNAc (Fig. 3C). This illustrathat in the absence of the GIcN-6P
deaminase activity of NagB, GICNACc is toxic to yguegetative hyphae, but that this is
alleviated once a threshold amount of biomass bas produced.
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Figure 3. Effect of GIcNAc on growth of thenagB mutant.
A. Effect of GIcNAc on growth oS. coelicolorA3(2) M145 @) and itsnagB null mutant GAM5 §). Strains
were grown in liquid MM supplemented with eithermméol (50 mM) (M, solid line), GlcNAc (25 mM) (N,
dashed line) or mannitol + GIcNAc (M+N, dotted lnd. Effect of GIcNAc induction on growth d.
coelicolor A3(2) M145 @) and itsnagB null mutant GAM5 $). Strains were grown in liquid NMMP
supplemented with mannitol (1% wi/v), followed by thddition of 25 mM GIcNAc to the cultures at angD
~ 0.2. The addition of GIcNAc is indicated with arrow. C. Same as (A), but now with spores that were
pregerminated for 8 h in 2xYT at 30°C.
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The nagA mutant GAM4 grew with a similar doubling time (%3 h) as the
parent M145 in liquid-grown MM cultures in the peese of mannitol, but it
reproducibly reached higher biomass levels (Fig.Chnversely, in MM with GIcCNAc
the doubling time ohagA mutants was much lower {5 h) as compared to the parent
for M145 (Tq ~2 h). This suggests that the likely accumulattérGIcNAc-6P impairs
growth ofnagAmutants, but the effect is not as dramatic agtoemulation of GIcN-6P

in nagBmutants.
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Figure 4. Effect of GIcNAc on growth of thenagA mutant.

Effect of GIcNAc on growth 06. coelicolorA3(2) M145@) and itsnagAnull mutant GAM4 ¢). Strains were
grown in liquid NMMP supplemented with either mawoh(50 mM) (M, solid line) oiN-acetylglucosamine (25
mM) (N, dashed line). Doubling times were deriveshi the linear part of the growth curves.

Effect of GICNAc on development and antibiotic prodiction of the nagA and nagB
mutants in solid-grown cultures

The nagA and nagB mutants and theagAB double mutant were similar to that of the
parental strain in terms of colony morphology wligown on SFM, R5or MM agar
plates supplemented with glucose, fructose, gataect@lycerol, maltose, mannitol,
mannose, or xylose as the sole carbon source (Gupptal Fig. S1). However, major
differences were observed when GIcNAc was addedhéo media. The toxicity of
GIcNAc tonagBmutants in liquid-grown cultures was also obsemedolid media, with
nagBnull mutants failing to grow on MM agar plates plgmented with 25 mM GIcNAc
(Fig. 5A), while very poor growth was observed ob &jar plates with GIcNAc (Fig.
5B). nagA mutants showed normal growth and development on &fdr plates with

mannitol, while GIcNAc resulted in impaired growtilthough some aerial hyphae were
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A
M145 AnagA AnagB AnagK AnagBA
B AnagA AnagB AnagK AnagBA
R5 + Mann i
R5 ' GICNAC .\ e -

Figure 5. Phenotypic analysis of thenag mutants. Phenotypes o§. coelicolorM145 and itsnagA nagB
nagK nagAB mutants (designated GAM4, GAM5, GAM6 and GAM9, pestively) were analyzed by
stereomicroscopy. Colonies were grown for five daysMM (A) or R5 (B) agar plates, either with mannitol
(top) or GlcNAc (bottom). For phenotypes of theasts on other media see Supplemental Fig. S1. thate
nagBmutants fail to grow (NG) on MM supplemented w@lcNAc, while on R5 with GIcNAmagB mutants

only produced a very thin layer of biomass. For pmentation of theagAandnagBmutants see Fig. S3.

formed. Interestingly, while GIcNAc was highly texio nagB null mutants on R5 agar
plates supplemented with GIcNAc, tmagA null mutant GAM4 was able to enter
development under these conditions (Fig. 5B), anptype that is similar to that of
mutants lacking the GIcNAc transporter getagE2 (Nothaftet al, 2010). In line with
the idea that GIcN-6P accumulation causes toxititynagB null mutants grown on
GIcNAc, the double mutant GAM9 (M1AmagAB had a phenotype that was very
similar to that olhagA mutants, with impaired growth on MM with GIcNAc dmormal
development on R5 agar plates with GIcNAc (Fig. B)is is most likely due to the fact
that the absence afagA prevents the accumulation of GIcN-6P and thuscttxiof
GIcNAc to nagBmutants.

The ability of the mutants to produce the pigmengdibiotics prodiginine
(Red) and actinorhodin (Act) was assessed in detaiR2YE agar plates. Since Red
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production is switched on earlier than Act prodmet{Bibb, 2005), antibiotic production
was measured at different time points, namely a&fh of growth (for Red production
just prior Act biosynthesis) and after 48 h and I2for early and late Act production,
respectively. Deletion ofiagAonly caused a minor reduction of Red productidro(s
25%) while deletion ohagB resulted in a 2.5-fold increase of prodigininesyiathesis
(Fig. 6A). Both deletions had a more drastic eff@tAct production resulting in earlier
and higher production with a 7- and 25-fold incee@$ Act biosynthesis after 48 h of
growth for nagA and nagB mutants, respectively (Fig. 6B). After 120 h obwgth all
mutants showed similar excess of Act biosynthesimpared to the parental strath
coelicolor M145 (increase of around ¥8id; Fig. S2). In contrast,nagB null mutant
GAMS5 formed extremely small colonies, with arour@¥é reduction of Red production
and complete inhibition of extracellular Act protioa in the presence of GIcNAc (Fig.
6). After prolonged incubation (120 mjagB null mutant GAM5 accumulated large
amounts of intracellular Act on R5 supplementechv@tcNAc (Fig. S2).
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Figure 6. Quantification of antibiotic production. Production of prodiginines (top) or actinorhodimtiom)
was quantified relative to the production by theep#al strainS. coelicolorM145 (which was set to 100%).
Cultures were grown for 42 h (Red) or 48 h (Act)RRIYE agar plates with (dark bars) or without (tiglrs)
GIcNAc. For 120 h see Fig. S2.

In a control experiment, theagAand nagBgene replacement and IFD mutants
were complemented with the low-copy vector pHJL4Darson & Hershberger, 1986)
harboring the correspondimgag gene and its native promoteagA mutants GAM1 and
GAM4 were complemented with pGAM5 (pHJL4840KA andnagB mutants GAM2
and GAM5 with pGAM6 (pHJL40hagB. The nagKA operon was used for

complementation ofnagA mutants to allow expression from the operon promote
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Growth on MM and R5 agar plates with and withoutMBAc demonstrated that the
complemented mutants had normal growth and GlcN&wsisg, underlining that the
defects in growth and development in response tdN&t were indeed specifically due
to the deletion of the respectimag genes (Fig. S3). Specifically, toxicity of GICNAg t
nagB mutants was relieved on both media, and GlcNAGisgnrestored to bothagA
and nagB mutants €.g. bald phenotype and blocked antibiotic productionR# with
GIcNAC).

Effect of the deletion ofnagk

The sugar kinase NagK catalyzes the phosphorylatidggicNAc to GIcCNAc-6P and the
chromosomal deletion afiagK was performed as described previously fagA and
nagB mutants (see Materials and Methods section foaildgt We previously showed
that transport of GIcNAc is mediated via the PTSircoelicolor(Nothaftet al, 2010).

If GIcNAcC is exclusively transported via the PTBe tonly internal source of GIcCNAc is
derived from the cell wall dismantling during pragimed cell death (PCD) or chitin
degradation providing chitooligosaccharides ((GlayAe.g.(GIcNAc), and (GIcNAc);
Fig. 1B). When grown on rich medium agar platesrthgk mutant presented a 3— and
27-fold increased Red and Act production comparedthe parental strain M145.
Interestingly, on R2YE agar plates with GIcNAc thegK mutant showed partial loss of
the GIcNAc repressing effect that we could quantdyabout 75% of the wild-type
GIcNAc-mediated repression. This suggests that Géchhay be internalized in a PTS-
independent manner under these growth conditioasexdected, the additional deletion
of nagK did not significantly alter the morphology of thagA, nagBor nagABmutants

on any of the media conditions tested (data notvao

DISCUSSION

The aminosugaN-acetylglucosamine (GICNAc) is a major carbon aitdbgen source
for Streptomyceswhich contributes to both cell-wall synthesis gmanary metabolism,
but also plays an important role as developmentalafling molecule (Nothafet al,
2003 Rigali et al, 2008). The signalling cascade from nutrient sgns development
and antibiotic production is a highly complex pregebased on cooperative interaction

between signalling molecules, a phosphorylatiotesté the PTS, global and pathway-

54



Chapterll

specific regulators and their effector moleculese Wreviously demonstrated that
GIcNAc acts as a signalling molecule that contrtiie onset of development and
antibiotic production (Rigalet al, 2006 Rigali et al, 2008). Higher concentrations of
GIcNAc outside the cell loclStreptomycegoelicolor in the vegetative growth phase
under rich growth conditionddas), but activate development and antibiotic prodrcti
under poor conditionggming. This principle has been applied successfullgrbance
the expression of antibiotic biosynthetic gene teliss including the clusters for Act, Red
and the cryptic polyketide Cpk (Rigadt al, 2008). The GntR regulator DasR acts as a
responsive nutrient sensor, which has a pleiotropgrilon and among others represses
nag metabolic genes, chitinolytic genes and the payhspeecific activator genes for
antibiotic production (Colsoet al, 2007 Nazariet al, 2011 Rigali et al, 2006 Rigali

et al, 2008). Since the repressing activity of DasRrébeved allosterically by the
effector molecule GIcN-6P (Rigadit al, 2006), it follows that controlling the flux of
GIcNAc may be a promising approach for metaboligieeering relating to improved
screening of novel antimicrobial compounds.

From analysis of aminosugar metabolism and coedeptathways (Fig. 1B) it
follows that during growth on GlcNAciagAnull mutants likely accumulate GIcNAc-6P
andnagB null mutants likely accumulate GIcN-6P. IndeedJiire with the requirement
of NagA for the production of the signalling molézGIcN-6P,nagA null mutants had
lost GIcNAc sensing. This underpins the current ehaaf a direct signalling pathway
from external GIcNAc to the accumulation of GlcN;8Fhich then acts as allosteric
effector of the developmental regulator DasR. Hevewhen grown on GIcNAgagA
null mutants likely accumulate large amounts of N&#¢c-6P, which inE. coli has two
important regulatory roles, namely as allosteritivator for NagB (Calcagnet al,
1984) and as effector molecule for NagC, the resmesf thenag regulon. InE. coli,
inactivation ofnagA (and hence accumulation of GIcNAc-6P) thus evaka®pression
of the nag regulon (Plumbridge, 200%lumbridge, 1991). An additional effect is cell
lysis, suggesting moderate toxicity of the accunmteof GIcNAc-6P toE. coli (White,
1968). Similar observations were made f@agA mutants inStaphylococcus aureus
Gluconacetobacter xylinysvhich showed strongly reduced growth rates inpresence
of GIcNAc (Komatsuzawaet al, 2004 Yadav et al, 2011). Indeed, we also found

growth reduction fomagA null mutants ofS. coelicolorin liquid minimal media with
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GlIcNAc, and the negative effect of GICNAc on growttthenagAmutant was shown by
microscopy.

The accumulation of GIcN-6P is toxic & coelicoloy as demonstrated by the
inability of nagB mutants to grow on GIcNAc. This toxicity was rekel by the
additional deletion ofiagAor the completeagKAoperon AnagABK, and could also be
complemented by re-introducimgagBon a low-copy vector. Interestingly, exponentially
growing cells ofnagB mutants had overcome the sensitivity to GIcNAcaddition of
GIcNAc during early logarithmic growth (QR~0.2) did not lead to growth inhibition.
In contrast, prolonged germination of the spordsickvalso resulted in the formation of
many young vegetative hyphae, did not relieve #msigivity. This strongly suggests that
in particular young vegetative hyphae are sensitovéhe accumulation of GICcN-6P,
perhaps because alternative ways to reduce the-&cpool are not yet active enough.
GIcN-6P occupies a central position between cell-sgnthesis and glycolysis, and
besides being converted to Fru-6P by NagB, itse @icorporated into murein following
its conversion to UDP-GIcNAc by the action of GImf@hosphoglucosamine mutase)
and GImU (N-acetylglucosamine-1-phosphate uridyltransfergs&j. 1B) (Jollyet al,
1997 Mengin-Lecreulx & van Heijenoort, 1994). In the abse of NagB, the major
route to deplete GIcN-6P is incorporation into niwreCell-wall synthesis exclusively
takes place at the apical sites (Flardh, 2@ayet al, 1990) and with very few growing
tips during early growth there may not be suffitieell-wall synthesis to convert
sufficient amounts of GICN-6P, with as result thet accumulation of large amounts of
this toxic metabolite. An alternative explanatiooul be lower enzymatic activity of
GImM during early growth. IrE. coli GImM is activated by phosphorylation, either by
autophosphorylation or by the Ser/Thr kinase Stidfy et al, 1999 Jolly et al, 2000).

It is yet unknown how GImM is activated in streptarates.

Preliminary work investigating the role of the Glabl kinase NagK revealed
that the addition of GICNAc has a less profounce&ffon development and antibiotic
production in rich media when tmagK gene is deleted. The effect of NagK on the DasR
-mediated GICNAc nutrient-sensing system suggdstsaccumulation of its substrate
GIcNAc. GIcNAc is internalized via the PTS . coelicolor (Nothaft et al, 2003
Nothaft et al., 2010), the existence of another import system i@y be active under

specific growth conditions cannot be ruled out. Gradidate is perhaps the ABC
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transporter encoded by SCO6005-6007Sincoelicoloy which is orthologous to the
GIcNAc/chitobiose transport operofgcEFGin Streptomyces olivaceoviridiglthough
the sequence similarity is low (the various genedpcts share 30-40% aa identity).
Alternatively, the accumulated GIcNAc-6P (which & labile molecule) may be
hydrolyzed to GIcNAc, which is not toxic. In botlases, NagK would be required to
produce GIcNAc-6P in order to allow formation oétbasR effector molecule GIcN-6P.
Interestingly, when challenged with GIcNAc, we di#ya obtained suppressor
mutants of thenagB null mutant. This is similar to observations irhet bacterial
systems, where spontaneous second-site mutatibegeit the toxicity of accumulated
sugar phosphates imagB mutants(Plumbridge, 2009White, 1968). Interestingly, when
the nagB mutant spores were plated at high density onto Etar plates containing
GlcNAc, some colonies emerged with a frequencyrofiad 1:16, suggesting they had
undergone spontaneous suppressor mutations torrémelecolonies insensitive to the
toxicity of GIcNAc. Likely candidates for suppressmutations include the GIcNAc-
specific transporter genesgE2andnagF and the metabolic genesgAandnagK, but
analysis of 16 independent suppressor mutants atideweal changes in these genes or
their promoter regions. We are currently analyzthg genomes of a series of the
obtained suppressor mutants, and following re-grgahe mutations imagB mutants
this will reveal which genes have undergone musatiavhich will shed important new

light on the metabolism of GIcNAc iBtreptomyces
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