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ABSTRACT

Streptomyces clavuligerus a filamentous bacteriunenowned for itgrodiction
of medicinally relevant natural products such ascephamycin C and clavulanic acid.
Genome sequencingf this organismhas revealed a treasure trove of cryptic/silent
pathways, includinga large linear plasmid with numerous secondary metabdB®)
gene clugtrs. This research soughtttansferthe S. clavuligerusnegalasmid(pSCL4)
toaSMovepr oduci ng ASsraptemmyces coslitolfMl1il54), for the purpose
of activating putative cryptic gene clusters encoded by Rurthermore, synthetic
construcs were designed for the overexpressi@md purification of megaenzymes
involved in producing important antibioticsin Streptomycespp The nonribosomal
peptide synthetasel-(L-U-aminoadpyl)-L-cysteinytD-valine Synthetasg ACVS), is a
core enzyme inthe biosynthesis obacterialcephalosporins and penicillinBCVS was
fused to a 8 His-tag andexpressed using theonstitutiveermBp* promoterand was
purified using nickelaffinity chromatographyReported here is the first targeted isolation
of ACVS and hetools developed irthis studycanbe applied to aariety of enzymeand

SM gene clusters
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Chapter 1

1.01Introduction

1.0101 Secondary metabolitesand natural products

Many bioactive chemicalgnatural products) with medicinal uses, such as
antibiotics (e.gpenicillin and vancomycin, are produced via secondary metabolism
by microorganismsHowever, their medioal attributes are not limited to antibiotics:
natural products (NP) have been found to act asimunesuppressants, artfiimor
agents and as tools for developing other dryewman and Cragg 20D7n general,
secondary metabolite§SMs) are named so becauskey are oftenproducedin
stationary phaseand are thoughto be non-essentialfor life. Secondary metabolite
biosynthesigelies on a number of enzymatic reactipndich evolvedfrom primary
metabolism for example, the biochemical pathwagsulting h tetracyclinehas a
large scaffold relying on 72 enzymatic stépcCormick and Jensen 1965

Many of the organisms that produce bioactils are soHdwelling and live
in complex ecosystem@rakhage and Schroeckh 20111t is hypothesized that they
rely on these compounds to act as communication tools and potentially as defensive
mechanisms (Yim et al. 2007%. Within these ecosystems, competition and
communication has resulted ithe co-evolution of microbial communitiesover
millions of years Subsequent investigatismsing ggnome sequencinigas resultedn

the identification of silenor cryptic gene clutersthat are not readily expressed under



laboratory conditiongndcould be potentially involved in secondary metaboli(afim
et al. 2007.

The genesnvolved in te production ofSMs have survived millions of years
in their respective hostseven as they seemo be silent orcryptic at first glance
Therefore, there is great interest in identifying 8Ms producedby these clusters and

to decipher their biologicand ecological functions.

1.01.02 Hidden in the deep: cryptic pathwaysand antibiotic production potential

As technology ha®volved we have gainedhe ability to identify the genetic
potentialof microorganisms to produce SMThe explosion of genetimformation has
led to the discovery of man$M gene clusters with no obviodanction for the host
organisms(Gust et al. 2008 By mining the genomes o$uch nicroorganisms
researchers havgained insighinto previously untoldbiosyntheticpotentiab. Genomic
studieson Aspergilli, a group of filamentous fungi known for the production of both
therapeutic and toxi8Ms, havedemonstrated immenskversityin terms of theSM gene
clustersthat they harbor(Nierman et al. 2005 This diversity and complexithas also
raised questionss towhy and howboth fungi and baeria havearrangedthe genes
involved in the production of a SM together to form clust&hkiou et al. 200 In
addition fungal SM clusters have been shownreside close to theelomeres, suggesting
chromatinbased regulatioiBok and Keller 2004 This led researchers to explore the
possibility of using histone modifig to regulate and activatine production osome of

these crypticSM in fungi (Jenuwein and Allis 2001



The Streptomycesare Grampositive soil bactera renowned for theirNP
productioncapabilitiesand forharboing numerous cryptic SM gene cluste@n average,
each Streptomycespecies contas gene clusters for at lea80 predicted secondary
metaboic pathways and this appears to be abiquitous phenomenonwithin the
Actinobacteria (Tanaka et al. 2033 Interestingly, it appears that suthibitory
concentrations of antibiotics can also indegpression o€ryptic SM pathways in certain
Actinobacteria(Seyedsayamdost 2014nd there arexcellent reviews on the subject
(Craney et al. 20x3Vloore et al. 2012Yoon and Nodwell 2014

Induction of crypticSM pathways has nobeen limited to the applicatioof
chemicals Studies have also shown that production can be increased via targeted genetic
mutations in ribosome and RNA polymeraseaelated genesThrough selection for
mutatiors in the RNA polymeraseb-subunitgene(rpoB) leading to rifamp resistance
researchers were able to activamhwaysinvolved in SM production inStreptomyces
lividans a close relativef the well-studiedspeciesStreptomycesoelicolor (Hu et al.
2002. This phenomenon was originallgiscoveredwhen S. coelicolorspontaneously
developed rifampin resistandeading to theoverproductionof actinorhodin a known
blue pigmentedntibiotic(Hu and Obi 200]). It is believed that this mutatianimicked
the stringent responseavhich is involved in the production of the highly phosphorylated
nucleotide ppGpp under conditions of amino acid starvdttonand Ochi 2001 ppGpp
is known to bind to RNA polymerasand thisaltersthe affinity of the enzymdor certain
promoters and changéise correspondingene expression patterns. Tip®B mutation
leading to rifampin resistance was thought to alter RNA polymerase in the sanzs way

ppGpp binding(Hu et al. 2002 In addition, previousstudiesshowed that mutations



the rpsL gene encodinghe ribosome protein S1&d to activation ofcryptic SM
biosyntheticgenesin S. liidans and their overexpression irs. coelicolor(Shima et al.

1996. As a consequence, reew technique fothe overexpression of both cryptic and
noncryptic gere clusterswas developed and al | ed Ari bos,ommen engir
involves the introduction of mutations that confer drug resistan@ertain antibiotics

that target the ribosom{@©chi 2007.

These tools have magmssible the engineering of hdst coelicolorstrains for
the heterologousexpressiorof SM biosynthetic gene clusteiBue to the complexity of
the Streptomycegenetic makeup and tharge size of many antibiotic biosyntheticgene
clusters, previous attempts to utilize bacterial expression strains. feitedever, by
engineeringa strain ofS. coelicolorthrough targetedmutationsin the rpoB and rpsL
genes,a somewhat relaxetiostwas createqGomezEscribano ad Bibb 201). Under
laboratory conditions S. coelicoloris known to produce foulSMs (actinorhodin,
undecyprodigiosn, CPK, anda calciumdependent antibiotjc which could affect the
levels of availableprecursordor the biosynthesief other SMs (GomezEscritano and
Bibb 201). By deleting the four knowrantibiotic biosyntheticpathways, andoy
introducing thetargeed mutations inrpoB andrpsL, a S. coelicolorstrain was prepared
that could heterologously express the antibiotic gene cluster for congocidame
Streptomyces ambofacie(GomezEscribano and Bibb 20)1While the use of different
media, chemical and genetic manipulation may seanrelategthey all seem to invoke
a stress response, which resultstie production of Sl By combining the three
processegapproachedogether it is possible to obtaira viable heterologous hostor

expressingryptic SM gene clusters.



1.01.03The Streptomyces

Streptomycestand as the largest genus ihe orderActinomycetalesand the
family Streptomycetacea@oodfellow and Fiedler 20)0The ability of membersof
this gerusto produce economically valuab8Ms hasled tothe identification of many
different species (Goodfellow and Fiedler 20)0 Streptomycesare ubiquitousin
terrestrial environments anbave the ability to colonizeleep soils and into the
reaches of the rhizospher€his is accomplished via thgrowthkspread of vegetative
hyphaeand the ability of theStreptomyceso differentiate into sporegor dispersal
(Rueda et al. 2001 The life cycle of theStreptomycesllows themto survive long
periods of unfavorable conditiongEnsign 1978 with spores being recovered and
revived from 70 year old soil sampl@dorita 1985.

Streptomycesproduce a wide variety of bioactive compoundsluding
upwards of 80% of altlinically usedantibioticsof microbial origin(Goodfellow and
Fiedler 2010. Antibiotic production $ generally growth phase dependant is also
influenced by media and culture conditioi®r example, antibioticand otherSMs
are produced at the onset of stationary phase in liquuttures and during
morphological differentiatioon solid medigManteca et al. 2008There are complex
global regulatory pathways that control cellular development and secondary
metabolism in theStreptomycegLiu et al. 2013. This highlights the complexity of
gene regulation within this genus, astresses themportance of thes&&M gene
clustersin the life cycleof Streptomyces

Many SM biosynthetic capabilitieare encoded biarge gene clusterswhich

alsocontain pathwayspecific regulatory genethat are switched on due to a number



of environmental and physiological factdtsu et al. 2013 Paradkar 2013 Production
of SMs is not onlystimulatedby environmental stresseBut can also be activatel
response tometabolicimbalances, physlogical stresss and signaling molecules
(Eckwall and Schottel 1997Hood et al. 1992 The exact mechanismoif the
activation of SM productiofiincluding antibiotics) is not well understoodhowever,it
does appear that growth raded nutritional factorearecommon denominatsiin most
instancegFrisvad 2012Kieser et al. 2000

An immediate concernin antibioticproducing bacteriais the inherent
detrimental impacbf the end producbn the producing organisnio overcome this,
such bacteria have developed a series oblgtions to become resistant to the
antibiotics they produce(Malla et al. 201D. One suchexampleis the presencef
geneswithin antibiotic biosynthetic gene clustetisat encoe transmembrane efflux
pumps, which pump out the antibiotioom the cell once it is produceXu et al.
2012. These resistancgenes may also be responsible facrossresistance to
clinically used antibioticsTherefore, due toheir ubiquitous nature and thgossible
role in passing resistance genes via horizontal gene trai@&feptomycesnay play a
significant part in the spread ahtibioticresistancéWiener et al. 1998

Streptomycespp. have G+C rich DNAranging betweer61% - 81% (Wright
and Bibb 1992 Furthermore, mostStreptomyceshave large genomesand some
contain additional linear megafasmids (Zhou et al. 201 S. clavuligerusATCC
27064 which is the focus of most of the described work in this thésis a 6.78bp
chromosome and a 1.798bp megaplasmidpSCL4), making it one of the largest

plasmids to be sequencedo date (Medema et al. 2090 Another distinguishing



feature of manyStreptomyceds the presence of a linear chromosofiopwood
2006, which may besomehowrelated to the casual amplifications and deletitiret
their chromosomesindergo atfrequencies ranging betweeh1%1.0% within the
population (Cullum et al. 1988 Leblond et al. 1990 Plasmids are found imany
species and cabe linear or circular with their size covering a broad rarfjinashi
201]). Out of all the medicinally importan$treptomycespne described species in

particular is hiding many secrets deep within.

1.01.04Streptomyces clavuligerus

Streptomyces clavuligerus animportantproducerof commercially impomnt
NPs with the renowned ability to produce thk-lactam antibiotic cephamycin C
(Alexander and Jensen 1998nd theb-lactamase inhibdr clavulanic acidBrown et
al. 1979. By itself, davulanicacidis a weak antibioticbutit can beused along with
certains e mi s y n-ladtagst(d.gcamdxicillin) to treat infectionghat are resistant
t o -ladiamsdue to b-lactamaseproduction (Brogden et al. 1981 Although the
biosynthetic pathways for producing cephamycin C and clavulanic acid are distinct,
the biosynthetic gnes forthese SMsre clustered together to formbadactamsuper
clusterin S. clavuligerus(Liras et al. 2008 Furthermore severalother antibiotics
have been discovered that are producedsbylavuligerusincluding holomycin(Li
and Walsh 2010andthe 55 clavamsthe latter ofwhich are related to clavulanical
but differ in their 5S stereochemistryas compared to theR5configuration of
clavulanic acid(Kwong et al. 2012 In addition, S. clavuligerusalso produces some

SMs with other bioactivitie$Li and Walsh 201



The genomeof S. clavuligerusATCC 27064 was sequenced aadalyzedfor
possibleNP biosyntheticgene clustergMedema et al. 20)0The study showed that
S. clavuligerusATCC 27064 only has one plasmid, 4.8 Mbp linear megaplasmid
denselypackedwith 25 possibleNP biosyntheticgene clusterand a6.8 Mbp core
chromosome which contains23 putative NP gene cluster{Medema et al. 2010
Interestingly, earlier work exploring th&. clavuligerusgenome from the strain
NRRL3585 found the genomic make up that organisnto include a chromosome
along with three linear plasmids: pSCL1 (11.Bk), pSCL2 (120kb), and pSCL3
(430kkp) (Wu et al. 2006 Wu and Roy 1998 The discrepancy in the reported
presence/nmbers of plasmids 5. clavuligerugaises intriguing questions abatlte
actual genetic composition of this industrially important bacterium, which warrant

further investigation

1.01.05 The machinery: NRPS and PKS

Secondary metabolitbiosyntheticgeneclusters encodenany different types
of proteins none more important thamassive enzymes callatbnribosomalpeptide
synthetases (NRPS) and polyketide synthases (RK8)eh et al. 2008 Certain
PKSes(type | only) havesimilaritiesto fatty acid synthase@AS), these complexes
are made up of modular units, which act as an assembly line where each conserved
domain incorporates a single piece of the growing pcofferueh et al. 2008 PKSes
differ from NRP&s in that they condense activatgdimary metabolites such as
acetytCoA and malonyiCoA to form larger polymers. Iturn, PKSes differ from

FASes as they do noecessarilyeduce the final product, resulg in a highly diverse



spectrum of possible polyketide chaiffajii et al. 200). Interestingly manyNRPSes
and PKSes seem tocalizeto the inner surface of the cytoplasnmembrane of the
organism they are expressed8traight et al. 2007

NRPSes work by condensirgpth poteinogenicand non-proteinogenicamino
acids into eptides. These massive enzymesmagasynthetases, are involved in the
synthesis of some of the most important bioactive metamliranging from
antibiotics like penicillins to immunsuppressants like cyclosporin€igure 1.01).
The diversity of NRPS producs is of striking consequence when considering the
highly conserved mechanisused for NRPbackbone biosynthesis

In multimodular NRPSes, eacmoduleincorporates a new amino acid, where
the number of modules matches the numberaaiino acids contained in the end
product(Marahiel 2009. Each of the modules can beoken down intdhreecatalytic
domainsthat act to covalently linkubstrates tthe carrie4 -gphosphopantethee arm
(PPan (Marahiel 2009. The first domainwhich isthe adenylation domaifA), acts
as a discriminatory gate keeper: it selects the specific amino and generates a
aminoacyl AMRmixed anhydride via ATP hydrolysisFigure 1.02) (Mootz and
Marahiel 1997. Following the initial binding, e intemediateis attacked to a thiol
moiety on the PBnpr o st h et which i§ eonmadied to the peptidyl carrier
protein (PCPor P) downstream of the Alomain(Stachelhaus et al. 1998The PCP
then acts like a swinging arm: transferring the heytergy thioester substrate,
inclusive of all previous elongation intermediates, between catalytic @tasahiel
2009. The condensatiomomain (C) activates the condensation between the two

intermediates forming the peptideclkbone. A nucleophilic attack is then carried out



by the Gdomain and the growing peptide is transided down the assembly line
(Stachelhaus et al. 1998This alows the upstream PP&MCP toload the next
reaction(Marahiel 2009. The thioesterase domain proceeds to catalyeeelease of
the end producvia hydrolysisfrom the PParprostheticarm. This culminates in four
essential domains: C, A, PCP, and.Tehe final product of an NRPS can undergo
modification during assemblyy severaltailoring units(Marahiel 2009.

PKSes can be divided intthree different types, ach producing a different
style of compound. Type tomprisesone or more large multifunctional proteis
divided into modules, with each module carryiogt a single notiterative cycle of
elongation(Cheng et al. 2003 Type |l PKSesare multiproteincomplexes that can act
iteratively (Cheng et al. 2003 Type lll enzymes reembletype | PKSes in that they
comprisea singlepolypeptideprotein; however they operaiteratively like the type Il
complexes (Shen 2008 PKSes are responsible for producingany common
antibiotics (erythromycin, epothilone, and rapamygi(Figure 1.03) (Cheng et al.
2003. Type | synthasegqnot types Il and I} are modular and have multidomain
catalytic units that are responsible for a single step of elongéfioattai et al. 200)

A different module adds each extender unit; therefore, the order ofneadhle in the
PKS determineshe chemical structure of the produétiqure 1.04). These catalytic
domains can tolerate a broad range of subetrahereby increasing the bdélaand
diversity of the end product. PKSes have the distinct advantage of still being
catalytically active viaen the modules are rearrang@thattai et al. 200)7 This allows

for a potentially limitless diversity of polyketide products; while at the same time also

indicating that modules are frequently shuffled dur@wglution(Thattai et al. 200/
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PKSesgenerallycomprisethree coredomains per mdule (type I) or proteins
(type II): the acyltransferase (AT), the acyl carrier protein (ACP) and the ketosynthase
(KS). In a single step,hte AT primesa phosphopaheinyl armof the ACP domain
with a malonyl residueFollowing this, the KS domain catalgg decarboxylative
acylation, thereby extending the prod@bBonadio et al. 207). The process addsvo
carbon units per cycle meaning thata ring containing 14 carbons, such as
erythromycin, requires at least 7 cycles to be produSesieralmodificationdomains
may alsobe involved, including ketoreductase, dehadatase, and @yl reductase
(Donadio et al. 2007 Finally, the thioesterase or cyclagmmain catalyzes the release
and cyclization of the produdDonadio et al. 2007 The polyketide is cyclizedn
either anendto-end mannerto give a large ring or internally to form a fused ring
product.

NRPSsand PK®sare lyncipins in the production of many medically relevant
bioactive compoundsin some cases, hybrids betweéime two exist where a
polyketide isfused toan NRP, leading to even more diversity and complexity in the

derivedNP (Boettger and Hertweck 2013

10106 T h e(L--aminoadipyl)-L -cysteiny+D-valine (ACV) synthetase (ACVS)
and cephamycin C production inS. clavuligerusas a model system for studying
NRPS proteins

The genetic organizatioof antibiotic gene clusters complicated Often times

theyareorgai zed as -tlusterge 8 9 ognending ewsbiosynthetically
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different, yet functionally relateccompoundssuch is the case with cephamycin C and
clavulanic acidWard and Hodgson 1993

The U-(L-U-aminoadipyl)L-cysteinytD-valine (ACV) Synthetase (ACVSE a
known NRPS with awell-characterizedfunction in the biosynthesis of the
c o0 nv e n t-lacamsaand will actas a modelfor typical NRPSbasedstudies
ACVS is one of the initial enzyms involved not only in the cephamycin C
biosynthesis pathway, budlso in the production of all natural penicillinand
cephalosporins and is the link between primary and secondary metalfghamg and
Demain 1992 It is classified as a megaenzymsmceit is predicted to bet04-426
kDa in size(Hamed et al. 2012 Functionally,ACVS utilizes ATP tocondensd.-U-
aminoadipic acid, talanine, and tcysteine intoa tripeptide U-(L-U-aminoadipyl}L-
cysteinytD-valine (Figure 1.05a/b) (Jensen et al. 1990The NRP producis then
cyclized by ACV cyclasdo form isopenicillin N (Liras 1999. Isopenicillin N can
then either be passed to ACMLansferasesventually leading to the penicillin G in
fungi (Liras 1999, or to the IPNepimeraseduring cephalosporibiosynthesigLiras
1999. ThelPN epimerase then converts theJtaminoadipic acid side chain into the
D-configuration (Laiz et al. 1999 resulting in penicillin N that is acted on by
penicillin N expandaséor expansion of the-garbon thiaolidine ring into a écarbon
dihydrothiazine ring, a characteristic of all cephalosporin antibiaficsas 1999.
Following this, the DAOC hydroxylasadds a hydroxyl group to the dihydrothiazine
ring, and e final steps in cephamycin C prodwctiinclude the carbamoylation of the

C30 and the introduct i7positionsfLiraa1989et h o x y |
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Given its important role ilNP pathways, it is no surprise that ACVS is one of
most highly characterized NRRfoteins However,due b the extremely large sizef
NRPS proteins there is very little information available on their native structures

Therefore, novel methods are requifed purifying these proteins for future studies.

1.01.07 Megalasmids from Streptomycefave natural product biosynthesis
potential

Mini- and giant linear plasmids exists within ma8ireptomycespp.and are
treasure troves of biosynthetic potent{&inashi 201). At least two Streptomyces
spp. havelarge megaplasmidsS. clavuligerusATCC 27064(1.8 Mbp megaplasmid,
pSCL4) and Streptomyces cattleydNRRL 8057 (which harbors al.8 Mbp
megaplasmidand a 6.3Mlp central chromoson)eg(Barbe et al. 201)1 Both of these
megaplasmids are packed with multipledictedSM biosyntheticgene clusters.

Another pertinent Streptomycesharboring plasmidss S. coelicolor which
containsSCP1,a 350 kbp plasmid(Kinashi et al. 198y SCP1containsthe genes for
methylenomycinproduction, the first antibiotic discovered for which the genetelus
was located on a plasmitKirby and Hopwood 197)/ Streptomyces rimosuR6
contains @87 kbp linear plasmid fPZG10). A crosswer event between the plasmid
pPZG101 and the chromosonmeS. rimosusled to an increase inopy number of the
genesinvolved in oxytetracyclinebiosynthesisleading to itsoverproduction(Pandza
et al. 1998. As more genomes are published, it will become apparent how prevalent
large plasmids and megaplasmids are throughout the gnasbecoming clear that

Streptomyceplasmids act as reservoirs of SM gehesters.
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1.01.08 Focus of described work

Here we explorel two facetsof naturalproduct biosynthesidn Chapter 2we
attempted to introduceghe pSCL4 megaplasmidfrom S. clavuligerusinto a S.
coelicolor heterologous host iorderto activate theSM hiosynthetic gene clusters
present on the plasmidn Chapter 3,we develogd a noveltool for the structural
study of NRPSes. By using ACVS as a model, we targetedvibeexpressiorand
purification of ACVS from S. clavuligerusfor further structuralstudes using cryo-

electron microscopy andray crystallography
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Penicillin N

SalinopormdeA

Figure 1.0 Examples of clinically usefutonribosomapeptides. Salinosporimide A
was isolated from marine sangsl and has potent antitumactivity (Feling et al.
2003; Zwittermicin A is an example of a NRPEKS hybrid that is used
agriculturally totreatplant diseasdéStabb et al. 1994 Penicillin N is a precursor to
the b-lactamCephamycin GLiras 1999.
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Lovastatin

Figure 1.03: Examples of clinically useful polyketides. Erygmycin A is an
example of a macrolide antibiotic and was originally isolated from the soil dwelling
bacterium Saccharopolyspora erythreugMcGuire et al. 195p tetracycline is
characterized by the classic feung core structure, which is thealtmark of a
subsequent subclass of polyketidéSuggar 1948 Lovastatin is used to treat
dyslipidemia and was isolated from the fung@spergillus tereus(Alberts et al.
1980.
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Chapter 2

Mobilizing large extra-chromosomal elements fronStreptomyces

clavuligerus
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2.01- Introduction

The evolution andgrevalence of large plasmids withthe Stregomycesand
the analysis of their biological functions is an important area of rese@kblarez
Alvarez et al. 2014Barbe et al. 20L1Kinashi 2011 Medema et al. 203 (Netolitzky
et al.1995. Megaplasmids (>1Mbp) istreptomycesre untapped sources of Sks
they contain numerous clusters foproducingsuch compound¢Barbe et al. 2011
Medema et al. 2000 Several theories on the origins of these megaplasmids have been
suggestedndinclude (i) a plasmidthat hasundergme a double crossover with the
core chromosomg(jii) a chromosome arrthat hasfragmened off with an integrated
and independent origin of replication; ¢iii) multiple consecutive recombination
eventsthat haveresuledin one linear megaplasmid and one linear core chromosome
<7Mbp (Medema et al. 2000 The stochastic nature &treptomycegenomes has
made it difficult to study how plasmids arise, are maintained, and how common they
are in the genus as a whole. The current crisis tbiatic resistance has resulted in a
tremendous pressure to better understand and exploiStieptomycedor useful
naturalproducts(Overbye and Barrett 2008Vright 2007 2012.

S. clavuligerusNRRL 3585 harbors four plasmids, two of which are greater
than 400kbp (Song et al. 2010 A 1.8Mbp extrachromosomalelement (pSCL4)
encodes upwards of 20 potential SM gene clusters (Figure&).@ut of the 48 total
clusters identified in this organisifMedema et al. 20)0 Many of these scalled
Acryptico clusters (producing no obvious

could be involved in the production of novel antibtotandidatesTargeting each
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gene cluster for individual activation, without functional knowledge, is time
consuming and may not be successful. Furthermore, functional prediction of gene
clusters can only providasight intothe predicted structure of tigoduct and not the
bioactive function. Therefordt is necessary to develop a simple method for large
scale expression and activation of these cryptic genes.

Recently, severaB. coelicolori su-per ai nso (M1146, M1152
were developedyhich can act as a heterologous hosts for SM gene clugamnez
Escribano and Bibb 20)1These stains havergetedmutatiors in genes associated
with the ribosome(rpoB and rpsL) that physiologically mimic the stringent response,
which is known to increase the pradion of certain SMgGomezEscribano and Bibb
2011). Furthemore, M1154 has had four knowMMSpathways knockedut, resulting in
an overabundance of precursors that can be used by alternate pathWags
introduction of heterologousgene clusters involved in thproduction of known
antibiotics into these strains demonstrated that the sstp@nscould produce these
metabolites at higher levels than the native produ&@uwmezEscribano and Bibb
2011 Jones et al. 20)3Here we presenbur attemps to mobilizethe S. clavuligerus
pSCL4 through protoplast fusion inf& coelicolorM1154 for the induction of ciptic
pathwayson the plasmidlt is unknown if pSCL4 can be mobilized between different
species or ifit can be readily maintained within a heterologous host. Furthermore, if
pSCL4 cannot be transferred t8. coelicolor, we hope to achieve either the
mobilization of one of the smaller plasmids or the productbéra genomic chimera
betweenS. clavuligerusandS. coelicolorM1154,in an attempt to get the production of

previously unrdescribed metabolites from either organism.
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2.02Materials and Methods

2.0201 Culture conditions and general pocedures

2.02.01.01 General equipment and procedures

All microbiological manipulations were conducted using aseptic techniques with
sterile reagents and glassware. Reagents, antibiotics, and media, unless otheedise stat
were purchased from Sigma AldricGanada Fisher ScientificCanada or VWR
International. Media and solutions were prepared with high performance liquid
chromatography (HPLC) grade,® and were sterilized by autoclaving or biter
sterilization usingd.2e m f i | t e4Bls VWR2l@etndt®nal Edmonton, Albertp
when applicable. Standard equipment used throughout the study include the following:
Eppendorf 5424nicro-centrifuge (022620401, Hamburg, Germargy)fhermo Scientific
Sorvall ST 16 R centrifugé/5004380 Waltham, Massachusetts, UB#ith a TX-400
Swinging Bucket Rotor (75003629, Waltham, Massachusetts, USA);ralmdpden P300
NanoPhotometer(Implen GmbH, Minchen, Germany).Streptomycesmycelia and
Escherichiacoli cultures were harvested by téfugation at 3500 rpm for 5 minutes
4°C, and protoplasts at 1000 rpm for 10 minuésf#'C, unless otherwise stated. All
Streptomycespp. (spore, protoplasts, or mycelial stocks) &hdaoli strains were stored
in 20% v/v glycerol at -80°C, and DNA wvas stored at-20°C. Additional
reagents/chemicals/kits were stored and used ath@earanufactured s di recti ons,
otherwise specified. All polymerase chain reactions (PCR) were conducted using an

Eppendorf VapoProtect Mastercycler P{@50040015 Hamburg, Germany and all
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images and gels were photographed usingv® GelDoclt® TS2 imager (7100578

Upland, California, USA

2.02.01.02 Strains, media and growth conditions

Cultures ofS. clavuligerusand S. coelicolorwere grown at 2&, and liquid
cultureswere grown with agitation at 220 rpm baffled flasks or flasks with springs,
unless stated otherwis8. clavuligerusstrains wereculturedon ISR4 (M359, HiMedia,
Mumbai, India) platesor in Trypticase Soy Broth (TSB) (236950, BD Biosciences,
Franklin Lakes, New Jersey, USA) supplemented with w86 starch (TSBS) (S9765,
SigmaAldrich, St. Louis, Missouri, USA)S. coelicolorstrains werecultured on Soy
Flour Mannitol (SFM) (Kieser et al. 2000plates or inbroth consisting of 4:1 ratio of
Yeast Extract Malt ExtractYEME) (Kieser et al. 2000and TSB media When required
the appropriate antibiotics were included as lisiedTable 201, unles otherwise
specified.

E. coli was grown at 3 and liquid cultures were agitated at 200 rpm. Strains
were maintained orLB (Lennox) (BP1426500, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) agar plates or in LB broth, supplemented with &apfgopr
antibiotics as listed in Tab[201, or as otherwise specified. A list of all the strains and

plasmids used throughout this study can be found in a0k

2.02.01.03 Standard DNA manipulation procedures
Standard procedures (agarose gel electnegs®y etc.) were performed as
describedpreviously(Sambrook and Russell 200For the isolation of DNAfragments

agarose gelsvere visualized under ultraviolet (UV) light using a UVP benchtop UV
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transluminato (95-045201, Upland, California, USA)DNA was extracted from agarose
gel slices using either tHeZ-10 Spin column DNA gel extraction kiB6353,Bio Basics
Inc, Markham, Ontaripor the Wizar® SV Gel and PCR Cleadp System A9281,
Promega, FitchburglVisconsin USA) according tah e ma n u firsstcuttians with 6 s
the exceptiorthat33¢ bf sterilewaterwarmed to 5%C was used for elutioror plasmid
DNA isolation from E. coli cultures, 35 ml of LB supplemented with appropriate
antibiotics wasnoculated witheithera single colony oE. colior with 5l of a glycerol
stock, and the broth wasncubated with shaking fot6-24 hours.Plasmid DNA was
isolated from overnight cultures using the-EEZ Spin Column Plasmid DNA kit (BS423,
Bio Basics In¢ Markham, Ontario), with the exception that DNA wasuspended in 33
ul of diH2O. Alternatively, plasmid DNA was extracted using a modifig2chboim and

Doly (1979 method as describdakfore(Sambrook and Russell 2001

2.02.01.04 Preparation and tranformation of chemically competentE. coli cells

5mlof 22 YT (1.6%wl/v tryptone, 1%w/v yeast extract and 0.5% NaCl w/v) was
inoculated with a singl&. coli colony and grown overnight at %7, after which 200m|
of prewarmed 2 YT was inoculated with 2nl of the overnight growth. This was
agitated at 200 rpm with 5:1 headspace volume &€ 3intil the ORg of the culture
reached 0.2, following which Mg€&ivas added (final concentration &tM) and culture
was returned to the incubatontil the ODggowas between 0.49.55. The cultures were
transferred to 5@nl round bottom centrifuge tubes awereincubated on ice for 2 hours.
The ells were harvested by centrifugatiah £C and were resuspended in 10l of

fresh, filter sterilized13 C&*Mn?* soluion (0.394 g anhydrous NaOAc1.76 g
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CaCl-2H,0, and 1.66g MnCk-4H,0, pH5.5 in 60ml diH,O) prechilled at 4C and
were incubated on ice for an additional 45 minutd$ie ells were harvested by
centrifugationat £C and resuspended in 1Ml of 13 C&"Mn?* solution containing 15%
v/v glycerol,andaliquots (20Qul each) were dispensed into grkilled 1.5ml Eppendorf
tubes {20°C for at least 1 hour), and were flafshzen in liquid nitrogen for storage at
80°C.

To transform the competent celldigaots of the chemically competenE. coli
cdls were thawed on ice. Meanwhile pl of plasmid DNA was combined wittiiH,O to
bring up the volume to 2fl in a separate tube, which was then added tql56f the
chemically competenkE. coli and incubated on ice for 30 minutes. Cells were heat
shockel for 5 minutes at 3T, andquickly transferredo 975ul of ice-cold LB broth in a
1.5ml Eppendorf tube and incubated for 1 hour &C37he tubes were centrifuged for 2
minutes at 12000 rpm and 9Q0 of supernatant was removed and the remaining 00
of suspension was plated onto a single LB agar plate containing the appropriate

antibiotics.
2.02.02 Genomic manipulation oStreptomycespp.

2.02.02.01Conjugation with S. coelicolor

This procedure was carriedit as previously describéiieser et al. 2000 except
that the S. coelicolorrecipient strain was cultured @25 ml of 1:1 YEME:TSBfor 36
hours andthe E. coli donor strain wasultured in 50 ml of LB. The entire conjugation
mix was spreadmio SFM agarplates and incubated at 28 and after 24 hrsthe plates

were inspected for recoverfgparse growth) and were flooded with the appropriate
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antibiotics in water as described previou@fyeser etal. 2000. When isolated colonies
were observed after incubation, they were patched onto fresh SFM plates. Following
sporulation, spores stocks were prepared for stotagesuspending spores in 20%

glycerol

2.02.02.0%enerating S. clavuligerusprotoplasts

S. clavuligerusspore stock¢10 €l) were used to inoculate 125 mpring flasks
containingl5 ml YEME with 10 ml of TSBS supplemented with 0.%% glycine and
appropriate antibiotics. The cultures were incubated % & 48 hours at 200 rpm, after
which themyceliawere harvested bgentrifugation anaverewashed twiceavith 10 ml of
sterile solution o0fl0.3%w/v sucrose. The mycelia were either frozenr8f’C or were
used for protoplast preparation immediately. If frozen mycelia were used for preparing
protoplass, the samples wereashed once in 10.3%/v sucrose prior to use. Washed
mycelia were resuspended in #l of P-Buffer [10.3%w/v sucrose, 0.05M K,SO,, 10
mM MgCl,, 0.005%w/v KH,PO,, 0.368%w/v CaCb, 0.573%w/v TES (pH 7.2), 0.59
eM ZnCl,, 1.48eM FeCh, 0.12eM CuCh, 0.10eM MnCl,, 0.052eM NayB,O; and
0.016eM (NH4)sM070,4] (Kieser et al. 2000+ 2 mg/ml lysozyme and incubated at’28
for 1 hour, with gentle manual rotati every 10-15 minutes.An additional5 ml of P
buffer was then added to the sample and the protoplasts were filtered through a sterile
nontabsorbent cotton wool plug placed in a sterilenbsyringe. The protoplasts were
then tarvested by centrifiagionand washe twice with 10ml of 10.3%w/v sucrose, and
were resuspended in Bnl of P buffer. Aliquots (1 ml) were dispensed ia 1.5 ml

Eppendorftubes and were either used immediately, or were slowly frozelorigiterm
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storage by placing the tubes on ice, fokamlby storage a80°C.

2.02.02.03%Generating S. coelicolorprotoplasts
S. coelicolorprotoplasts were prepared using the same procedure as used for

clavuligerusexcept that 2%nl of 1:1 YEME: TSBwas used as the growth meut.

2.02.02.04 Protoplast faion

Both parental $. clavuligerus grvme6p::neoand gblsl:tsr) and recipient $.
coelicolor M1146/plJ8660 M1154/plJ8660 M1154/plJ866) protoplast suspensions
were adjusted to have approximately the same turbidity, as judged visually, apdda00
each were mixed. Protoplasts were haeediy centrifugation and the supernatant was
discarded. The protoplast pellet was thesuspended by gentle tapping in the remaining
drop of liquid and was washed withrdl of P buffer followed by centrifugation. The
supernatant was discardadd the prtoplasts weremmediatdy re-suspededin 0.8 ml
of 50% w/v PEG 1000 in P buffer by gentle pipetting. The tubes were incubated for 2
minutes at room temperatyrafter which the protoplasts were plated onto fresh R2YE
(Kieser et al. 2000[(35% sucrose, 0.025% RO, 0.1012% MgG 6H,0O, 0.10%
glucose, 0.010% casaminoacids, in di@i2+ 2.2% biological agar) + (per 100 mintd
10% yeast extract, hl 0.5% KHPQ,, 8.0 ml 3.86% CaGIl2H,0, 1.5ml 20% L-proline,
10 ml 5.73 TES (pH7.2), 0.58 MZnCl,, 1.48¢M FeCh, 0.12eM CuCh, 0.10eM
MnCl,, 0.052eM Na,B,O7, 0.016eM (NH4)sM07024, and 0.5 ml 1 N NaOH)ithout
sucrose (R2Sysing a Pasteur pipette with a bent tip in order to ensure that only light
pressure was applied to the protopla3ise pates were incubated at %8 for 1620

hours before being flooded with 1mi sterilediH,O containingl250¢ gapramycin and
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1800¢g thiostrepton or 1256 d¢kanamycin. Following 72 hours of incubation, colonies
were picked and patched into quadrammsR2S containing 10@ g/ml thiostrepton and
wereincubated at 2Z& for 72 hours. After double selection, the patches were streaked for
lawns of growth oto R2YE andwere incubated for 7 days at 28, following which
portions were streaked again onto R281v00¢g/ml thiostrepton to confirm resistance.
Theplates were harvested to makgcerol spore stocks in the casetlod M1146 strains,

and glycerol mycelial stocks in the case dhe M1152 and M1154 strains. The
thiostrepton resistanS. coelicolor strains potentially harboring thé&. clavuligerus

plasmid were referred to &x1146/1152/1154, henceforth.

2.02.03Chromosomal DNA preparation and confirmation of strain identity

2.02.03.01 Preparation of chromosomal DNA fronStreptomycespp.
ChromosomalDNA was preparedrém each strain using a modifiedphenot
chloroform extractiormethod(Kieser et al. 2000 Mycelia from 10 ml cultures (grown
using TSBS andl:1 TSB:YEME media for S. clavuligerusand S. coelicolor,
respectively)were harvestedand washed twice in 10.3%/v sucrose. The mycelial
pelletswere either frozen aBO°C for future use or were immediately procesdédycelia
(Iml) weretransferrel to 15 ml Falcon tubs containing2 ml of lysozymebuffer (25 mM
Tris-HCI pH 8.0, 0.3 M sucrose, 25 mM EDTA, 4 mg/ml lysozyme, ande50/ ml
RNaseA)and the tubes were incubated aB7°C for 30-45 minuteswith gentle manual
inversionevery 5 to 10ninutes.Next, 500¢ Iof a sterile2% w/v SDSsolutionwas added
and the tubes were shaken vigorously uthté viscosity of the contentslecreaed. A

phenotchloroformrisoamyl alcohol (25:24:13olution (5001) was carefully addetb the
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tubes which were then sealed with Parafilm®Mndwere shaken until the liquid inside
devel oped a A mi ltdbgsweracenirituged a HhOOCH rpon F irutes
after which thetop agueous phaswas transferred to a fresh tub&he DNA was
precipitatedby the addition oB0O ¢ lof a 3M sodium acetatsolutionand 1 volume of
100%isopropanol. The ubes were inverted gently and incubated onfacelO minutes
before vortexinguntil clumps of DNA became visibl@he DNA was carefully spooled
and transferredusing a pipet tipgo Eppendorftubes containingZ00ul of ice-cold 70%
ethano) andthe tubeswvereimmediatelyplaced at-20°C for 24 hours Later, the DNA
was harvested by centrifugation amas transferred to new tubes containing 708l
70% v/v ethand, and after incubatin for 24 hourdhe tubeswere centrifuged at 10000
rom for 5 minutes andhe supernatantvas discardedThe tubes were spun again to
compact the pellet further and any residual supernatant was removed pgBtiea The
pellets were airdried for 10 mmutes in a biosafety cabinet andappropriate amount of
water was addedfollowed by incubation overnight at 32 to redissolve the
DNA. Samples weréhenfrozen at-20°C until further ue.

Chromosomal DNA from 1@nl cultures ofS. clavuligerusand S. coelicolorwas
also isolated using a modified protocol and the DNeasy 88606, Qagen, Venlo,
Netherlands)Buffers AL and ATL(200mM) wereadded to mycelia in a 8 screw cap
tube that also contaied acidwashed bead¢$BAWZ 400-250-35, OPS Diagno4ts,
Lebanon, NJ, USA)The amples were homogenized usitige SpeedMill PLUS Bead
Homogenizer (845000082, Analytik Jena AG, Jena, Germany) with thare

programmed fiBacteriad protocol (two threeminute on and off cyclgs After
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centrifugation for 1 minutat 10000 rpm, the supernatants were transferred to fresh 1.5
ml Eppendorf tubg containing 200 lof 95% v/v ethanoland were vortexedoriefly,
followed by centrifugationNext, the spernatants were transferred to spin coluransl
the columnaverecentrifuged at 8000 rpm for 1 minu@dthe flow-throughliquids were
discarded Then, theAW2 buffer (500M) was addedo each spin column, anthe
columnswere centrifuged at 14000 rpm for 3 minutes. Again, the ftbwoughliquids
werediscardedand any residual buffer was removiedm each columiby an additional
centrifugationfor 1 minute at 1400 rpm. The spin colunsrwereeachplaced irto a fresh
1.5 ml Eppendorf tube anthe DNA was elutedby adding100 € lof diH,O to each
column and theimcubating thecolumnat room temperature for2 minutes followed by
centrifugation at 8000 rpm for 1 minut&his was repeated using an additional riiG&f

diH>O in order to maximize the amount of DNA recovered.

2.0203.02 Confirmingthe Sx strain identity

Confirmation of host strain identity was carried out using PCR amplification and
subsequent Sanger sequencing of the products to identify mutationspoBwendrpsL
genes(GomezEscribano and Bibb 201Hu et al. 2002 Shima et al. 1996 Suspected
strains isolged by protoplast fusion were subject to a series of PCR amplifications to
identify the potential presence 8f clavuligeru®DNA. To eliminate ambiguity between
S. clavuligerusaandS. coelicolor thedagA (not present irS. clavuligeruswas amplified
to confirm that the isolates wef coelicolor.In order to check for the transfer of tBe
clavuligerusplasmid, ten regions (~180gkapart) were selected from the plasmid using

the Artemis softwaréRutherford et al. 2000 The targeted regions were amplified using
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the primers described ifable 203 and were Sanger Sequenced at The Centre for
Applied Genomics ifforonto, Ontario or ataboratorio Nacional de Genomica Para la
Biodiversidadin Irapuato, MéxicoThe PCR productaere generated using KAPA Taq
(BK1000, KAPABIosystems, WilingtonMassachusettsUSA) as perthe following
thermocycling conditions: initlalenaturation at 98 for 3 minutes followed by 35 cycles

of denaturation at 96 for 30 seconds, annealing at 65or 30 seconds, extension at

72°C for 45 seconds, and final extension at7fr 5 minutes.
2.02.04 Bioinformatics

2.02.04.01 Phylogestic analysis of Actinomycetes

RpoB Actinomycete protein sequencé$46 in total) were obtained fronthe
National Center for Biotechnology Information (NCBIYhirty-seven 16S DNA
sequences (®alue 0.0, Identity >97%) were obtained from NCBI based Sn
clavuligerus sequence homologyThe RpoB and 16S DNA sequences from
Catenulispora acidiphilavere included as otgroups andthe S. cattleyasequences were
alsoincludedsince this specids alsoknown to have a megaplasn(@arbe et al. 201)1
Sequences were aligned using the MEGAG6.0 softwWaenura et al. 20)3with the
Multiple Sequence Comparison by L-égpectation (MUSCLE) algorithrfEdgar 2004
Phylogemtic trees were generated using the MrBayes3.2 software with set parameters
(model=4by4 or protein, NST=mixed, covarion=No, # States=4, Rates=Invgamma,
Generations=100000Q)Ronquist et al. 20)2 and the treesvere graphically viewed
using FIGTreel.4(Rambaut 2018 Plasmids were identified by mining NCBI for

published sequences indicating the presence of extra chromosomal elements.
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Comparative synteny plots were generated using the R2CAT softWasemann and

Stoye 201D

2.02.04.02 Large plasmid mnotation

SM biosyntheticgene clusteron the S. clavuligerus(Gl: 294810834 and Gl:
294816545 (Medema et al. 2030and S. cattleya(Gl: 357397620 and Gl: 357407371
(Barbe et al. 20)1Imegaplasmidsvere annotated using antiSMASHZMedema et al.
2011), with further annotation being carried out manually using ArtéRigherford et al.
2000. Hypothetical or putative proteins and pathways were further annotated using Pfam
(Punta et al. 20)2and SBSPKS(Anand et al. 2010 Gene cluster homology was

analyzed using MultiGeneBla@¥ledema et al. 2033
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2.03 Results and Discussion

2.03.01ldentification and comparison of sequenced megaplasmids iStreptomyces

In order to determine the uniqueness of pSCL4, the NCBI genome database was
mined forStregomyceghat harbor megaplasmids. Only one other spe@8#gftomyces
cattleyg was identified with a sequenced megaplasr{Bdrbe et al. 2011 Using 16S
rDNA andRpoBas a marker, a species tree was generated and analyzed in the context of
the evolutionary history of large plasmiduffplementaryrigures 1 and 2). Even though
both S. clavuligerusandS. cattleyaharbor megaplasmids, they themselassnot closely
related based on the analysis. T&e cattleyaplasmid (pSCAT) is 1.8 Mbp and is
predicted to encode 1713 protei(Barbe et al. 20)1as compared to pSCL4, which
encodes 1581 predicted proteifMedema et al. 2030 Using AntiSMASH2.0Q it was
predicted that pSCATarries25 SM biosyntheticgene clustersincluding NRPSesb-
lactams, siderophores, PKSes, and other putative pathways (Ted)leT2 explore the
similarities between the two megagmaids further, a comparative synteny plot was
generated (Supplementaiigure 3). The plot identified 87imsilar genes, with no
extensivesimilarities otherwise. This indicates that both plasmids are unique and arose
independently, perhaps through a chreomal arm breaking off or the chromosome
undergoing recombination with a plasmid. Both megaplasmids are loaded with SM
biosyntheticgeneclusters;however, their similarities appear to end there (Supplementary

Figures4 and 5).
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2.0302 Attempted mobilizaion of pSCL4 based on antibiotic resistance selection
marker transfer

The transfer of pSCL4 was attempted by fugangtoplasts othe S. clavuligerus
donorstrainandthe S. coelicolorhost strais. Selection of plasmid transfélom donor to
host was tased on resistance phenotypes and colony morpholdgy pSCL4 donor
strain was S. clavuligerusgblsl:tsr, which harbos the thiostrepton resistancgene
cassettavithin the pSCL4 - borneclavulanic acidparalogue gene clustélensen et al.
2000. To selet for theS. coelicolorhost strains, the plJ8660 integrative plasgddn et
al. 1999 was first introduced into eactstrain to give S. coelicolorM1146/plJ8660,
M1152/plJ8660 and M1154/plJ866The plJ8660 plasmid integrates into th€31
phage integration site on th®. coelicolorchromosome and hartsothe apramycin
resistance cassettallowing for selectionof the S. coelicolorstrainsin the presence of
apramyen. The S. coelicolorhost strainscontaining plJ866Qvere tested for apramycin
resistance and weihown to beable to grow on R2@ith 25¢ g / apdamycin(Figure
2.02-1). As expectednone of the host strains could grow B&S containing25¢ g / ml
apramyi and60 e g / thdstrepton Figure2.02-11). The products of protoplast fusion
using S. clavuligerusgblsl:tsr and S. coelicolor M1154/plJ8660showed resistance to
both apramycin and thiostrepton (Fig@2-111), suggesting that they contaboth the
M1154/pld8660chromosome harboring tlewramycin resistance cassedted thepSCL4
plasmid cartying the thiostrepton resistance gemotoplast fusions using M1146 and
M1152 did not result in the recovery of any colonies and were therefore not pursued

further. Interestingly,each of thethree apramycin and thiostrepton resistant colonies
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selected for downstream analyésd designate®&x 1, Sx3 andSx5) showed different
phenotypes when grown on RZ=r exampleSx1 (llI-E) hal distinctly small colonis
and grew sparsely. It also g@w substantially slower than the othewo strainsand
exhibiteddelayed aerial mycelium formati@ndweak sporulation (7 days aft8x3 and
Sx5). Sx3 (Il -F) was found tayrow better thatsx1; however it laggedbehindSx5 (l11-
G). Based on thesenorphologicaltraits, Sx 1 was selecteés an ideal candidate for

downstream genotyping

2.03.03 Analysis ofhe Sx 1 strain arising from protoplast fusion using PCR
Afi shingo

Ten screeningprimer sets were designed based an@INA sequence of pSCLA4,
with each set targeting a ~600bp region, ~10kbart. Oligonucleotide primer sets
specific toS. clavuligerusandS. coelicolochromosomal DNA were used to differentiate
between the two species using PCR, based opdb&Band dagA genes, respectively.
The tsr resistance cassette was also targeted for amplification to confirm the transfer of
the resistance gendlositive controlreactionswerefirst setup in order totest the primer
setsusinggenomic DNA from the donor strais. clavuligerusyblsl:tsr. As shown in
Figure 2.03l, PCR productof the expected sizerere seen for all 10 of the targeted
regiors from pSCL4. Bandsf the expected siz@ere also seen f@cbAB tsr andrpsL,
and somenonspecific amplification wasobserved fordagA (smearing), which is
consistent with the absence of this gdrem S. clavuligerus Amplification reactions
using genomic DNA fromS. coelicolor M1154/plJ8660confirmed thatthe fishing

primers @ not amplify any native chromosomal regsos. coelicolorM1154 is pSCP1
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and pSCP?2 (GomezEscribano and Bibb 20)1and no products were observed using
the pcbABspecific primersAs expectedPCR product®f the correct sizavere seen in
the case of thdagAandrpsL genespecific primers (Figure 230111).

The pSCLA4fishing primersets,the tsr-specific primer set and the chromoseme
specific primer seta/iere usedn PCR reactionalong with genomic DNA fron$x1, Sx3
andSx 5in order to detect the presence of pSCL4 and the chromosomapémsfc to S.
coelicoloror S. clavuligerusAs expectedSx1 genomic DNA resulted i?CR products
with the correct sizéor both thedagAandrpsL regions, confirming that the chromosome
of Sx1 was fromS. coelicolorM1154/plJ8660(Figure 2.03ll). However, @ obvious
PCR products for thesr resistance gene could be detecteor were products observed
using any of the pSCL4 fishing primer s@&gure 2.03ll). Similar results were obtained
usinggenomic DNA fromSx3 andSx5 (results not shown)This indiates that pSCL4
was not transferred fron®. clavuligerusto S. coelicolorin the protoplast fusion
experiment

Thiostrepton is a macrocyclic thiopeptide that inhibits translatiomtgracting
with prokaryotic ribosomegWalter et al. 201R It does this by binding the ribosome
within the GTPas@&ssociatedcentrebetween the Nermiral domain and the L11/23S
rRNA loops(Walter etal. 20l However, the exact nature o
of action (MOA) is still debate@WWalter et al. 2012 Spontaneous thiostrepton resistance
can be traced back to the loss of ribosomal protein L11 (encodgdkiyin Bacillusspp.
or a 6 bp deletion in theplK gene inS. coelicolor A3(2) (Bascaran et al. 1991
Kawamoto et al. 19970chi et al. 199Y The mutants in these previous studies were

generated using low concentrations of thiostreptore #8l); furthermore, spontaneous
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mutations are unstable and sensitivity can usually tstagned through reelection on
replicate media laced with higher concentrations of thiostrefaser et al. 2000 A
drawback of protoplast regeneration is that it can result in a number of genetic changes,
resulting in phenotype alteration®©chi 190). This includes increased antibiotic
resistance, in some cases spontaneous kanamycin resistance as higheag 1(6fitta
et al. 1988 This could explain the high level of thiostrepton resistance foun8. in
coelicolor M1154/plJ8660 after protopladusions, without the transfer of pSCL4
carrying thetsr resistance geneThe possibility of confirming the mechanisms of
resistance observed in these protoplast fusions is discussed in the summary.
Protoplast regeneration is a sensitive process, protefdakta cell well and will
lyse with ease. Sucrodeas been used with success as an osmotic stabitiegring
prevent protoplast lysiand increase protoplast regeneration efficigitidpng et al. 198%.
During preliminary experiments, recoveri®y coelicolorM1154 protoplasts on R2YE
(including sucrose) resulted in spontaneous resistance to thiostrepton. Theusimse s
was omitted from the recovery media as describedJtnyes et al. (2013 where
thiostreptonwas used as a selective marker $n coelicolorM1154. The exclusion of
sucrose and increased risk of spontaneous resistamggs into qustion the use of

thiostrepton as a marker during protoplast fusion studies.

2.03.04 Confirmation ofthe rpoB and rpsL mutation status in Sx 1
PCR analysis was conducted in order to confirm thatgh8 andrpsL genesn
strain Sx 1 retained the advantgeous point mutations that provide increased SM

productionin S. coelicolotM1154 (GomezEscribano and Bibb 20)1Sequencing of the
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rpoB andrpsL PCR products fronthe parentS. coelicoloiM1154/plJ866Gstrainreveakd

the presence dhe expectedpoB[C1298T] andrpsL{A262G] mutations(Supplementary
Figure 6), confirming the identity of the strain aS. coelicolorM1154. Subsequent
sequencing of thepoB andrpsL genes from straitsx 1 on the other handgvealed a
different story. In all threstrains,both therpoB[C1298T] andrpsL{A262G] mutations

were absent (Supplementary Figure 6). The loss of these mutations could be due to
reversions during protoplast preparation/regeneration or due to homologous
recombination withS. clavuligerusDNA during protoplast fusin. This indicates that
low-level selection using rifampin and streptomycin may always be required when
working with S. coelicoloM1154 to maintain the mutations during protoplast fusion and

regeneration.

2.03.05 Repeat of protoplast fusioexperimentusing kanamycin as the resistance
marker on pSCL4

Due to problems with spontaneous thiostrepton resistanc§. ircoelicolor
M1154/plJ8660 as described abpwwo more attempts at protoplast fusion were done
using the S. clavuligerus donor strain grvme6p::neg@ which harbors the neomycin
(kanamycin) resistance gene cassette on pSCTh#lan et al. 2007 This was done to
test the hypothesis that spontanemssstancéo kanamycirmaybe less likely to arise in
S. coelicolor M1154/plJ8660as there are no reports of point mutations leading to
kanamycin resistance at significant frequenciBse protoplast fusions were repeated
twice usingS. clavuligerusqrvibp::neoandsS. coelicolotM1154/plJ866Gand recovered

on R2S however, viable protoplast fusions or spontaneous kanamycin resistace in
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coelicolor M1154/plJ8660were not observed (Figure @4). Repeating the fusions with
R2YE may increase efficiencyhe otherS. coelicolorsuperstrains (M1146 and M1152)
were nottestedbecausethey previously did not produce viable fusions; furthermore,
M1154 produces greater amounfsheterologous SMsompared to M1152 and M1146

(GomezEscribano and Bibb 20).1

2.03.06S. codicolor M1154 is not the ideal host for protoplast fusior mediated
transfer of pSCL4

The primary goal of this work was to mobilize pSCL4 fr@mclavuligerusnto S.
coelicolor. Admittedly, this was a lofty goal; however, the benefit of introdugi2g SM
biosynthetic gene clusters into a hoghat was specifically engineeredfor SM
overproduction far outweighed the difficulties associatgth transferring a 1.8Mbp
plasmid.Bioinformatics analyses hayeedicted a wealth of interesting potential pSGCL4
encoded SMs including a meonomwike compound, NRPSes with ketansferase
independent biosynthesis, and NRPS/PKS hybf(Medema et al. 20310Song et al.
2010.

One of the primary assumptions of this waristhat pSCL4 is a plasmigndcan
transfer between strains and replicate independently. Protoplast fusion is a common
method for transferring DNA segmentstiveenStreptomyceg¢Baltz and Matsushima
1981). It is efficient and does not depend on external genetic influences. Multiple PCR
amplifications on three different protoplast fusions failed to produce any signal for
pSCL4 from S. coelicolor M1154/plJ8660. This suggests the possibilibhere isa

mechanism preventing. clavuligeruNA from enteringS. coelicolor
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Toxin-antitoxin (TA) systens have been described i&treptomyces spp.
(Sevillano et al. 2013 These are plasmid stabilizatiogssems where TA proteins are
encoded by the chromosome or plasnijithyes 2008 Normally the toxin has a
longer halflife than the antitoxin and the binding of the two neutralizes the activity o
the toxin. In case the replicon encoding the genes is lost, the antitoxin is degraded at a
faster rate leaving unbound toxin protein, which is deleterious to the(ldalyes
2003. These fundbnally paired proteins are usually only 75 to 100 amino acids long
and are highly divergent. TAs are specialized to their particular organism making
them difficult to detecusing bioinformaticfHayes 2003 Based on DNA sequence
data, pSCL4 encodes at least 4 putative-Tri&lated proteins, which could somehow
influence or prevent its entry and establishmentSincoelicolor However, further
experimental evidence is required in order to tes hypothesis.

A more plausible explanation as to why pSCL4 was not transferre8. to
coelicolor could involve the complex restriction endonuclease system founithisn
organism Most of the described work with th8. coelicolor super hosts involves
introducing gene clusters through a foethylating intermediate host such B&s coli
ET12567(GomezEscribano and Bibb 201lones et al. 20}3 It is well established that
S. coelicolordoes not readily take up DNA from oth&treptomycesspp. directly
(GarciaDominguez et al. 1987Kieser et al. 2000MacNeil 1988, and historically,
alternate methods were used when transforming DNA $itgoelicabr. Streptomyces
spp. are home to over 600 restriction endonucleases and some 100 me{Mdadés|
1988. These systems usually involve a methylase thethylateshostspecific DNA

sequences and a correspomgdi@ndonuclease, which cleaves foreign DNA that does
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contain the specific DNA sequences dhatdoes not match the host methylation pattern
(MacNeil 1988. In E. coli, DNA is methylatedin vivo by Dam, Dcm, and Hkis
restricted byS. coelicolor(GonzalezCeron et al. 2009 FurthermoreS. coelicoloralso
restrictsmethylatedDNA underin vitro conditions(GonzalezCeron et al. 2009 Null-
mutants of Dcm and Dam endonucleaseS.ioelicolordo not alleviate restriction, and
novel restrictiongenes have been deted(GonzalezCeron et al. 2009 These studies
notedthat theS. coelicologenome has evolved to maintain a strict restriction system and
strongly sggeststhat a normethylating donor host is required (such Bs coli
ET12567) A possiblesolutionfor introdudng pSCL4 intoS. coelicolormay be theuse
of an intermediate donor such @geptomyces lividansvhich ismore closely relatetb
S. coelicabr A3(2) thanS. clavuligerugSupplementary Figusel and 2. S. lividans has
a uniquen vitro restriction system that makes it an ideal host for the uptake of DNA from
other Streptomycespp. (Zhou et al. 1994 It is known thatS. lividans66 is readily
transformed byS. clavuligerusDNA (GarciaDominguez et al. 19§7and it has been
shown to act as a nanethylating intermediate fdhetransfer of DNA intoS. coelicolor
(Zotchev et al. 1995

The S. coelicolor superstrans have been effective at owexpressing
heterologous antibiotic gene clest cloned into cosmid vector&hich are introduced
through an intermediate nemethylating E. coli host. The transfer of megaplasmids
directly into S. coelicolorM1154 is probably not a viable method for introducing
biosynthetic pathways and activating cryptic gene clusters. The advantageous mutations
within S.coelicolorM1154 also need to be maintained with basal levels of rifampicin and

streptomycin, during protoplast regeneration. However, using the lessons learned during
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the current study, we hope to circumnavigate $ecoelicolorrestriction system by
repeating the abowvdescribed experiment witB. lividans66 as a host for pSCL4. In
addition, S. lividans66 can then be bioengineered to perhaps act as spBdtiucing
super strain (through mutations igioB and rpsL genes). HoweverS. lividans66 does
not produce SMs at the same level compared daldse relative,S. coelicolorA3(2)
(Shima et al. 1996 Alternatively, S. lividans66 could act as raintermediatehost for
pSCL4 betweels. clavuligerusandS. coelicoloM1154. If this were successful, it would
be interesting to begin transferring other megaplasmids thr8udividans66 into S.
coelicolor M1154, such as th8. cattleyamegaplasmid to investigatanc activate the

production of biologically relevant SMs for future applications.
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sclav _pl427
sclav pl474
sclav_pl1586

iii

S. clavuligerus

(

.

\

J

f i |-|.1.f.

(

S. coelicolor M 1154

4 A

._.,I

\ y
S

> |

\ y
N
J

identification was performed using AntiSMASH2(@Ilin et d. 2013. (B) During

protoplast fusion there are three possible outcoifiepSCL4 is mobile and can move
between different speciegji) pSCL4 is not mobile, one or more of the other
previously described plasmids frog clavuligerusare mobile;(iii) The plasmids are
not mobile and recombination occurs betweenShelavuligerusand theS. coelicolor

M1154 chromosomes leading to chimeras.
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Table 201 Antibiotics usedthroughout this studywith stock and experimental
concentrations

o Stock . Experimental concentration
Antibiotic Concentration
(mg/ml) (eg/ml)
S. clavuligerus S. coelicolor E. coli

Apramycin 50 50 50 50

Chloramphenicol 34 25 25 25

Kanamycin 50 50 200 50

Nalidixic Acid 50 25 25 25

Thiostrepton 50 10 (liquid) and 60 (solid media) NAL

Rifampin 50 NA 10 NA

Streptomycin 100 NA 50 NA

Ampicillin 100 NA NA 100

L NA = Not applicable, antibiotic was not used with this organism
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Table 2.02 Plasmids andtsains used during this study

Name Relative genotype and comments Reference
plJ8660 Integrative plasmid containinggfp andaac(3)V (Sun et al. 1999
puUZ8002 Helper plasmid for conjugatiomeo (Paget etl. 1999
E. coli
ET12567 Non-methylatingE. colistrain for conjugationcani , tef (MacNeil et al. 199p
DH5 U General lab strain for the introduction of plasmid DNA (Bethesda Research

S. clavuligerus
NRRL3585

cvmep

bisl

S. coelicolor
M1146

M1146/plJ8660
M1152

M1152/plJ8660
M1154

M1154/plJ8660

Wild Type (WT), also referred to as ATCC27064

gqrvmep::neo
ablsl:tsr

qact

qact
qact

qmCt,
qmct,

qact

cdp

cdp,plJ8660
cdp, rpdB[C1298T]

cda, rpd[C1298T], plJ8660
cap, rpdB[C1298T], rpsLA262G]

cdp, rpdB[C1298T], rpsl{A262(d, plJ8660

Laboratoriesl 986

Northern Regional
Research Laboratory,
Peoria, Ill.

(Tahlan et al. 2007

(Jensen et al. 200

(GomezEscribano and
Bibb 201)

This study

(GomezEscribano and
Bibb 2011

This study

(GomezEscribano and
Bibb 201)

This study
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Table 203: Oligonucleotidesusedduringthis study

Primer Name Sequenceg 5366 ) Purpose Tm(°C)
L-TSRF ATGACTGAGTTGGACACCAT PCR amplifytsr resistance gene 59
L-TSRR TTATCGGTTGQCCGCGAGAT PCR amplifytsr resistance gene 59
L-SCP1F TGGGGCAACTGTCTCTTGTA Confirmation ofS. clavuligerupSCL4 59
L-SCP1R AAGACCCAGACTTCACAGCG Confirmation ofS. clavuligerupSCL4 59
L-SCP2F GAATACACATCCCGGGTCCT Confirmation ofS. clavuligerupSCL4 59
L-SCP2R TATACGGCGAGCATCACGAT Confirmation ofS. clavuligerupSCL4 59
L-SCP3F GTAGACGACGACTGAGCAGA Confirmation ofS. clavuligerupSCL4 59
L-SCP3R AAGTACGAGTATCCCGACCC Confirmation ofS. clavuligerupSCL4 59
L-SCP4F TGCGCCTGTAAAATCAAGGG Confirmation ofS. clavuligerupSCL4 59
L-SCP4R TTGTTGGTGTAGTCGACGGA Confirmation ofS. clavuligerupSCL4 59
L-SCP5F GGAGCGGAGAAGAAGGAAGA Confirmation ofS. clavuligerupSCL4 59
L-SCP5R AACAGGAGTGGGACTTCGAC Confirmation ofS. clavuligerupSCL4 59
L-SCP6F CCGAGGGATGAAGTGTGACT Confirmation ofS. clavuligerupSCL4 59
L-SCP6R GGTCTTTCCGATCATGCTGG Confirmation ofS. clavuligerupSCL4 59
L-SCP7F GTGTCCTTCTCCTCCTCGAC Confirmation ofS. clavuligerupSCL4 59
L-SCP7R CACTGTGACCGGGGAGTATG Confirmationof S. clavuligerupSCL4 59
L-SCP8F CTGGGACTCGTGATGATCCA Confirmation ofS. clavuligerupSCL4 59
L-SCP8R CTTGAGGATGCTGGAGTGGT Confirmation ofS. clavuligerupSCL4 59
L-SCP9F GAGTTCATTCCGCCATGTCC Confirmation ofS. clavuligerupSCL4 59
L-SCP9R CCCACGTATATCCCGGTGTT Confirmation ofS. clavuligerupSCL4 59
L-SCP10F CTGGATCACGGGCTTCTTG Confirmation ofS. clavuligerupSCL4 59
L-SCP10R TCTCCGGTGTTCTCGTACTG Confirmation ofS. clavuligerupSCL4 59
P1rpoBS. coelicolor~ CCGAGTTCACCAACAACGAGACC PCR amplify mutations of therpoB gene from S. 59

coelicolor
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P2rpoBS. coelicolor R

P3 rpoB S. coelicolor F
(SEQ)

rpsL S. coelicolor F
rpsL S. coelicolor R
L-SCOAGF
L-SCOAGR
L-SCACVF
L-SCACVR

CGATGACGAAGCGGTCCTCC

GGCCGCTACAAGGTGAACAAGAAG

ATTCGGCACACAGAAAC
AGAGGAGAACCGTAGAC
CAGGCGGGAATCGAAGA
CGTTCCGTGAGGTGCTG
GACGTGACCATGCGATGTAC
TACGGGTCGATGAGGAACAG

PCR amplify mutations of therpoB gene from S.
coelicolor

PCR amplify mutations ofthe rpoB gene from S.
coelicolorfor sequencing

PCR amplify mutations of thgosL gene frontS. coelicolor

PCR amplify mutations of thgsL gene fromS. coelicolor
S. coelicolodagAgene

S. coelicolordagAgene

S. clavuligerugpcbABgene

S. clavuligerugpcbABgene

58

59

45
47
61
61
59
59




Table 204: The SMgene tusters located on pSCAT are as diverse as those found on
pSCLA4.

S. cattleya S. clavuligerus
Predicted Product Locus' Predicted Product Locus'

NRPS scat_ p0038 Terpene sclav_p0067
Terpene scat p0077 NRPSTerpene sclav p0290
NRPS scat p0179 Terpene sclav_p0497
Terpene scat p0222 Terpene sclav p0564
t1PKS' scat p0312 Putative sclav p0610
Putative scat p0420 Terpenedantipeptide  sclav p0640
TerpeneNRPS scat p0615 Putative sclav_ p0676
Putative scat p0755 Terpene sclav p0766
b-lactam scat p0820 Butyralactone sclav_p0808
Terpene scat p0891 Putative sclav p0935
Putative scat p0927 NRPS sclav_p1005
Butyrolactone scat p0948 b-lactam sclav p1075
Putative scat_ p0976 Bacteriocin sclav p1116
Putative scat p1107 Terpene sclav p1177
NRPS scat p1181 PKS sclav_p1233
Siderophore scat p1214 t1PKS sclav p1272
Putative scat p1258 t1PKSNRPS sclav_ p1369
Putative scat p1307 NRPS sclav p1427
Putative scat p1367 Putative sclav p1474
Putative scat p1428 Putative sclav p1586
t1PKS scat p1475

Putative scat p1523

Putative scat p1589

Putative scat p1629

t1PKS scat p1670

! Approximate locusiumber relative to complete gene cluster

2t1PKS = type 1 polyketide synthase
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Hog strains Hog strainsand donor fain
A apra’ B apra’ tsrt

Protoplast fusons
C aprat tsrt

Legend
i = M1146p138660

i = M1152p133660
: - iii = M1154p133660
iv = Oblsl::tsr
v =Sx1
vi = Sx3
vii = Sx5
apra’ = indudes apramycin
tsr = indudes thiogrepton

Figure 2.02 Thiostrepton and apramycin resistance profileshokt and donor
protoplast regenerations angrotoplast fusions.(A) Host strains are resistant to
apramycin. Protoplasts @&. coelicolorM1146/plJ8660(i), M1152/plJ8660(ii), and
M1154/pl1J866(Q(ii ), grown onR2Swith apramycin 2% g / forl7 days at 28C. (B)
Host and doar strains are not resistant to apramycin and thiostrefootoplasts of
S. coelicolorrecoveredon R2Swith 60 ¢ g / tmbstrepton and 2% g / aptamycin
for 7 days at28°C. (i) M1146/plJ8660 (ii), M1152/plJ8660 (iii), M1154/plJ8660Q
(iv),andS. claviigerus gblsl:tsr. (C) Sx strains obtained following protoplast fusion
are resistant to apramyc2be g / and thiostreptos0¢ g / vamen grown on R2S for
7 days at 2&. Ten colonies were recovered after protoplast fusion, however, only
three were ableotsurvive reselection(v) Sx1; (vi) Sx3; (vii) Sx5.
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