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ABSTRACT

Sponges represent the most prolific producers of novel marine bioactive
secondary metabolites. In the last years, several drugs derived from marine
natural products have appeared in the market, and others are in clinical
trials. The aim of my research project was to exploit the unusual and often
surprising chemistry of marine sponges, in the frame of the more general
purpose of discovering and develog new drugs from natural products.

The research work presented in this PhD Thesis was directed to two
different aspects of the study of marine secondary metabolites. On one hand,
in parallel with the advent of environmental genomics from a drug
discoveryperspective, the largest part of my research activity focused on the
metagenomic analysis of the Caribbean spdhge@mplexand was aimed at
the identification of new genes coding for polyketide synthases (PKSs), the
giant enzyme complexes that produce polyketides, a large class of
secondary metabolites that include many antibiotic and antitumor
compounds.

On the other handhe remaining part of the research described in this
PhD Thesis was more related to the #fc
chemistry, and directed to the isolation and structure elucidation of new
bioactive compounds from different specimens of spongegylin tropical
oceans, wonderful sources of unusual molecular architectutes used as
leads and scaffolds for the elaboration of new drugs.

Metagenomic investigations orPlakortis simplex (Demospongiae,

Homosclerophorida, Plakinidae) was started beeahe sponge is known



for the production of large amounts of polyketide peroxides, of which
plakortin is the most abundant. Plakortin is of special interest due to #s anti
malarial activity, which is retained also against chloroquigsstant strains

of Plasmodium falciparum Therefore, a study of the biosynthesis of
plakortin was undertaken, with the final aim of its biotechnological
production. Most nomromatic polyketides are synthesized by type |
polyketide synthases (type | PKSs), produced inuenber of cases by
bacterial symbionts. The bacterial origin of plakortin is therefore a
reasonable hypothesis, and indeed cell fractionatidh simplexhas shown

that plakortin is mainly present in the bacterial cells. Since cultivation of
true sponge y8nbionts failed in most cases, the search for the plakortin
genes had to rely on cultivatieandependent techniques, such as the study
of the sponge metagenome (collective genome of the sponge and its
symbionts). While the putative genes implied in plakothiosynthesis
could not be identified, an unexpected result from the metagenomic library
screening was the discovery of Swf, a new group of mroodular type |
PKS/ FAS (Ahybrid polyketide synthase/fatt)
to be specifically ssociated to sponge symbionts.

The putativeswf operon consists adwfA (FAS/PKS [),swfB(R and ST
domains), andwfC (radical SAM). SwfA contains a single PKS module,
which builds the backbone of the acyl chain by recruiting iteratively
malonyl units acording to the substrate determining motif of its AT
domain. The domain organization of SWfA is &3 -DH-ER-KR-ACP and
from this architecture a saturated fatty acyl chain is expected, although a

(poly)unsaturated and/or (poly)hydroxylated acyl chain cabaaxcluded,



Abstract

because in iterative PKSs the reduction domains can be optionally used
during each of the elongation steps. SwiB [composed of R (thioester
reductase) and ST (sulfotransferase) domains] and SwfC (a radical SAM),
are expected to modify the a@Hain produced by SwfA in unknown ways.

As the R and ST domains are contiguous in SwfB, the expected product
of elaboration of an acyl chain by SwfB would possibly be an alkyl sulphate
or an alkylaminosulphonate: while the R domain can reductively retease
assembled chain as a primary alcohol or amine, the ST domain can transfer
the sulfate group to the hydroxyl or amino group. SwfC represents a radical
SAM enzyme which can catalyze methylation of the substrate through a
radical mechanism.

Two different examples of thewfcluster were found in the metagenome
of P. simplex PS11G3 and PSA11D7 (PSA11D7 lacks shdC gene). In
addition, PCR amplification of metagenomic DNA from three different and
taxonomically distant A h j Aplysinanrfulvar o b i al a
Smenospongiaureaand Pseudoceratina crassajith primers designed for
swf, produced amplicons which showed high sequence similarities to the
AT domain of swfA. Therefore, theswf cluster is widespread in marine
sponges and presumablgsaciated to ubiquitous sponge symbionts. It
represents the second group of moamadular PKS, after theupAfamily, to
be ubiquitously present in marine sponges.

Preliminary studies of heterologous expression soff genes were
undertaken with the final ai of characterizing the unknown metabolite
produced by the clustefctivation of the ACP domain of the SwfA protein

to its holeform by coeexpression with the phosphopantetheinyl transferase



Svp was the first functional proof @wf type genes in marine sponges.
Furthermore, applying homologous recombination for expression vector
engineeringswfA was clearly expressed at the protein levet.icoli BL21-
CodonPIu§(DE3)-RIPL cells by coexpression with the chaperone plasmid
pTfl6, whch encodes for the molecular chaperone Trigger factor aiding the
protein folding process.

After cloning the wholeswfoperon into the expression vector pHIS®p
by homologous recombination, the new recombinant construct was used for
heterologous expressi trials of the whole cluster i&. coli BL21-(DE3)
BAP1. Methanol extracts of transformants and their culture broths were
analysed by LEHR-ESIMS, but no compounds which were present in all
the transformants and absent in all the negative controls beuttetected.

In addition,fatty acid composition of transformants and their culture broths
was characterized by saponification of the lipid extract and derivatization to
fatty acid methyl esters (FAMES) followed by GC/MS analysis. Even in this
case, no ng metabolite was detected, suggesting thastgwathwayis not
functional in thisexpressionsystem. As a consequence, the biosynthetic
function of theswfclusterremains unknown at present.

In parallel, metagenomic investigations conducted using-igiughput
sequencing based on massively parallel 454 pyrosequencing led to a
comprehensive overview of the polyketide metabolisn?.sfmplexand its
symbionts, shedding light on the existence of novel polyketide synthase
pathways potentially involved imioactive compound biosynthesis.

454 pyrosequencing was performed on complex and hetemgeMCR

products amplified from the metagenomic DNA ¢&f.simplex with
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degenerate probes targeting ketosynthase and acyltransferase domains of
type | PKSs. Next generation sequencing of AT amplicon mixture generated
8995 readsapplying this modern approaamp PKS/FAS other than known
SupA and SwfA could be found. Almost 5186the total reads belonged to

the Swf enzymes, while only the 4% was represented by AT belonging to
SupA enzymes (the remaining reads appear not to be related to AT
domains).

On the other hand, 454 pyrosequencing of KS amplicon PCR mixture
generated 193reads. Besides the expected huge presence of KS forming
parts of SupA enzymes (~ 80% of the total reaBEASTx analyses led to
the detection of 8 new KS fragments, not reported in genbank database.

All the eight putative KS fragments (which based orylphenetic
analysis appeared to be part of one hybrid NRB&T PKS and sevenis-

AT PKSs) are signifi ca’nto eagh othérfahder e nt
BLASTx analysis as well as the rebuilt phylogenetic taxonomy revealed that

they are only distantlyrelated to PKSs of characterized function. In
addition, phylogenetic analyses suggest that these KS fragments are mainly
related to PKSs fronCyanobacteria Actinomycetesand Myxobacteria
commonly known as precious sources of bioactive polyketides. These
fragments may represent important starting points for further research
towards the isolation of new PKS genes.

The second line of research of my project was directed to the isolation
and structure elucidation of new secondary metabolites from two tropical
sponges, Chalinula molitba and Plakortis cf. lita. Stereo structure

determination of the new compounds was determined by a combination of

(|



mass spectrometry, monand bidimensional NMR experimerasad micre
scale chemical degradation.

The analysis of th@rganic extract of the Caribbean sporigemolitba
led to the identification of chalinulastera, new G24 chlorinated sterol
disulfate. On the basis of the structural similarity with the PXR agonist
solomonsterol A, the possible role of chalinulastexslmodulator of the
pregnaneX receptor activity was evaluatdéxy carrying out a transactivation
assay (luciferase assay) on HepG2 cells, a human hepatocarcinoma cell line.
Despite the structural similarity, chalinulasterol failed in transactivating
PXR. The possibility that chalinulasterol could act as potential PXR
antagonist was investigated, thus, also in this case, failed to reverse the
induction of luciferase caused by rifaximin. Although negative, these results
have an important implication in terntd structureactivity relationship,
because they suggest that the sulfate group (absent in chalinulasterol)
present in the side chain at positior2€ of solomonsterol A is essential in
the ligandreceptor binding and receptor transactivation, confirmang
proposed binding model where a clear interaction of theuffate with the
positively charged Lys210 is hypothesized.

Chemical analysis of the Indonesian sporijelita revealed, as first
remarkable result, a secondary metabolite profile (glycolipidpahoids,
polyketides) that, in spite of the geographical distance, was very similar to
that of the Caribbean sponges of the geRladkortis Taking into account
that secondary metabolites are often of bacterial origin, this indicates that
bacterial commuties associated to many speciesPddikortis sponges are

highly specific and consistently conserved in specimens collected in
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different times and geographical areas, suggesting vertical transmission
within their hosts. In addition, among the many knowmmpounds,
plakohopanoid, a novel type of hopanoid, was isolated. Plakohopanoid is
composed of a £ hopanoid acyl estdimked to a mannosyinycinositol

unit. It is interesting to note thatz£hopanoic derivatives are commonly
considered as geohopanoids, diagenetic products formed through abiotic
degradation of the hopanoids biosynthesized by bacteria (biohopanoids). As
a consequence, the presence of plakohopanoid in a marine living organism
is worthy of note, because it shows that there is a biosyatpathway to

Cs2 hopanoic acids, which therefore should not be classified anymore as

sure geohopanoids.



ABSTRACT

Nel mondo marinoi, poriferi rappresentano urtkelle piu proficueisorse di
metaboliti secondari bioattivi. Negli ultimi anni sono comparsi sul mercato
diversi farmaci derivanti da molecole di origine maringntre altrisono
attualmente in fase di sperimentazione clinica ecpireca. Esplorare la
sorprendente e inusitata chimica delle spugne marine e stato il filo
conduttore del mio progetto di ricerca perfetta sintonia con i propositi
che animano la scoperta esddluppo di nuovi farmaailai prodotti naturali.

Il lavoro presentato in questa Tesi di dottorato ha seguito due percorsi

differenti della ricerca nel campdella chimica delle sostanze naturali

mari ne. Da un | at o, I n S e g uentéle all avver
finalizzata alla Adrug discoveryo, gran p.
focali zzat a sull danal i si m dlakargse n o mi ¢ a de
simplex nell 6i ntento di identi ficare nuovi

complessi multienzimati responsabili della biosintesi di polichetidi, una

classe di metaboliti secondari che spesso ha rivelato interessanti proprieta

farmacologichdantibiotici, antitumorali)

Dall 6altro | at o, |l a seconda | inea di rice

Ted, ispirandosialla tradizionale attivitadi ricerca della chimica delle

sostanzenaturalsi @ i ncentrata sull 6i sel amento e

strutturale di nuovi composti bioattivi da diverse spugne marine provenienti

dagli oceani tropicalirisorse di architetture molecolari davvero insolite da

i mpi egare come filead compoundso nella proc
Le indagini sulmetagenoma (DNA della spugna e dei microorganismi

simbionti) di P.simplexsono staténtraprese in quanto la spugaanota per



Abstract

la produzione di grandi quantita di polichetidi a nucleo endoperossidico, di

Cui la plakortina il pi % abbondant e
del |l 6estratto I|ipofilico della spugna)
particolare interesse p&x sua attivita antimalarica, che si estende finanche

sui ceppi diPlasmodium falciparunelorochinaresistenti. Di conseguenza,

e stato avviato uno studio sullaobintesi di tale polichetide;on il fine

ultimo di realizzarnela produzione biotecnologicd.a plakortina, come &

stato verificato per diversi altri polichetidi (onnamide, psimberina,

swinholide A) e prodotta dai batteri che vivono in simbiosi con la spugna,

secondo quanto testimoniato da studi sulla localizzazionela@l dei

metaboliti secondari isolati d&. simplex Sull a base del | 6ar
molecolare e della natura non aromatica del composto, la plakortina e
presumibilmente biosintetizzata da una polichetide sintasi (PKS) di tipo I.

Dal momento che la coltiveane dei microrganismi simbionti delle spugne

marine prevede la realizzazione di condizioni difficili da riprodurre in

laboratorio, la ricerca del cluster genico della plakortina e stHidata

all 6i mpi ego di tecni che ularedlioguvelio dent i d e
del metagenoma estratto dalla spugna.

Lo screening della libreria metagenomicadisimplexnon ha condotto fino

ad ora all 6isolamento del cluster geni
plakortina. Tuttavia, un risultato del tuttoaspettato € stato conseguito

dal |l danal i si met agenomi ca, |l a scoperta
sintasi mo n o poryewidespréada t Iwf a(cii d synt hases
sembra sia strettamente associato ai batteri simbionti delle spugne marine.

Lo screening mediante PCRnpiegando primers specifici per il dominio



aciltransferasi dswf, ne ha infatti, rivelato la presenza nel metagenoma di
altre tre spugne ad el evato contenuto di
abundanceo0 Smepaspogga ayrea Aplysina fulva e
Pseudoceratina crass&wf rappresenta, dopo Sup, il secondo gruppo di
PKS monomodulari ubiquitario nel metagenoma delle spugne matrine.
Léarchit et t swiaicodreith matianteeanabsnbéinformatica,
consta essenziaknte di tre geniswfA swiBe swfC

La proteina SwfA rappresenta il modulo di una polichetide sintasi di tipo |
iterativa, che attraverso il reclutamento sequenziale e reiterato di unita di
malonikCoA costruisce il backbone della catena acilica. Sudlsebdella
contemporanea presenza dei domini DH, ER e KR (DH = deidratasi, ER =
enoilreduttasi, KR = chetoeduttasi), si prevede la formazione di una
catena acilica completamente safura a n c Ip&esi glieunalcadtena peli
insatura e/o polossidrilatanon puo essere esclusa, dato che in alcune PKS
iterative i domini preposti alla riduzione possono essere impiegati in
maniera facoltativa in ogni step di allungamento della catena.

La proteina SwfB rappresenta unodéipotetica
N-terminale tioestereeduttasi (R) e un dominio -@rminale
sulfotransferasi (ST)La canbinazione dedomini R e STnella proteina

SwfB suggerisce che il prodotto finale di eledmnone della catena acilica
assemblata da SwfA potrebbe essere rappresentato da un alchilsolfato
oppure da uralchilamminosolfonato: se il dominio R catalizzafatti, il
rilascio riduttivo della catena acilica sotto forma di ammina o alcol
primario, il dominio ST puo trasferire il gruppo solfato sulla funzione

amminica o ossidrilica generatasi. Il geswfC codifica per una proteina
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Aradi cal , &g un enbceanismo radicaliéo,in grado di

metilare il metabolita finale del pathwawf

Stud preliminari di espressione eterologa dei gewi sono stati intrapresi

nel | 6i nt e nzrzaoe il dlustercda uguntd @& vista funzionale

definire il metabolita finale del nuovo pathway L6 atti vazi one del
ACP (nacyl c a rSQwiAenella sua oldafoema natiraversd ila
coespressione della fopanteteneiltransferasi Svp costituisce la prima

prova dellaf unzi onal i t "~ del | 6operone swf nel
medi ante | 6applicazione della ricombina
un adeguato vett orsfAd statoseppresss a livello e i (
proteico in linee cellulani E.coli BL21-codonplus(DE3) RIPL attraverso

la coespressione del plasmide pTfl6, che codifica per lo chaperone
molecolare Trigger factor, coadiuvante del processo di folding delle

proteine.

Al fine di eseguire tentativi ompi espres
aver redizzato il clonaggio del completmperone swf nel vettore di

espressione pHIS8vp mediante ricombinazione omologd, nuovo

costrutto ricombinante € stato trasferito attraverso elettroporazione in linee

cellulari di E.coli BL21-(DE3)BAPL1. L 6 teago metanolico delle colture

dei trasformanti e del brodo di coltura & stato analizzato mediantéR-C

ESIMS senza rivelare la presenza di alcun metabolita che fosse assente nei

relativi controlli negativi. Inoltre, il contenuto di acidi grassi ded@ture

dei cloni ricombinanti € stato caratterizzato attraverso saponificazione

del | 6estratto | ipidi caesteemdilgidmcleesnsi va der

guesto caso, l 6anal i si degl i esteri me |



GC-MS ha riveato un profilo essenzialmente analogo ai relativi controlli
negativi, suggerendo che il pathwawf e inattivo nel sistema eterologo
prescelto. Di conseguenza, la funzione biosintetica del gsvferesta
sconosciuta per il momento.

Parallelamente, indagini sul metagenom& gimplexcondotte mediante
| 6i mpi ego di tecniche di sequenzi amento
pyrosequencciomgsée,nthamnadi reali zzare wundane
metabolismo polichetidico della spugrejidenziando la presenza di nuovi
sistemi di polichetide sintaspotenzialmente coinvolti nella biogenesi di
molecole bioattivel | AR454 pyrosequencingod  stato e
ed eterogenei prodotti di PCR, amplificati direttamente dal metagenoma d
P.simplexmedi ante | 6i mpiego di pri mers degener
amminoacidiche conservate dei domini aciltransfe(a3i) e chetosintasi
(KS) delle PKS di tipo .
Léoapplicazione di guesto metodo innovati\
ampliconi AT di 8995 sequenze,; |l 6anal i si k
evidenziato esclusivamente la presenza di polichetide sintasi ndée del
famiglie SupA (4%) e SwfA (51%), ubiquitarie nel metagenoma dei poriferi
(il restante 45% degli ampliconi @stituito da sequenze non correlate ai
domini aciltransferasi)
Il pirosequenziamento della libreria di ampliconi KS ha rivelato dati piu
i nteressantii, generando ben 19333 sequen:z
cospicua di frammenti di domini KS di Supk i rca , | a&@%lal i si
bi oinformatica ha ¢ o mtboutovi ramamenti @i dent i fi ca

KS, non presenti nelle banche dati geniche.particolare, sono state
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individuate una sequenza che e parte di una PKS/NRPS (sistemi
multienzimatici ibridi cle s i caratterizzano per | 6 al
PKS e moduli di pede sintetasi non ribosomial® 7 sequenze parziali di

domini chetosintasi dcissAT PKS (PKS che includono il dominiecil-
transferasi all 6interno del cluster gen
implicate nella biosintesi di metaboliti secondari Eisimplex sono
sostanzi al ment e diver%e etrladaln@al o si( Ee v
mediante BLASTx come la tassonomia filegetica ricostruita hanno

indicato che soneoltario lontanamente correlate alle PKS caratterizzate in

l etteratura. Il nol tre, | 6anal i si filoge
sequenze parziali ricadono nel clade di PKS isolateCdanobatter]

Attinomicet e Mixobatteri comunemente riconosciuti come preziose risorse

di polichetidi bioattivi. Questi otto frammenti di domini chetosintasi
rappresentano il punt o di partenza per
metagenoma d?.simplex

La seconda | inea di ricerca del mi o pro
e la determinazione strutturale di nuovi metaboliti secondari dalle spugne

Chdinula molitba e Plakortis cf. lita. La ricostruzione dellsstrutturadei

nuovi composti isolati estata eseguita attraverso una combinazione di

tecniche di spettroscopia NMR mene bidimensionale, spettrometria di

massa ESI ad alta risoluzione, &S e degradazione chimica in piccola

scala.
Léanal i si del | 6estratto Caomnlgbaha co del |
condotto all 6i denti fi camzsiewla aisolfdte | chal.i

clorurato in catena lateralsul G2 4 . Sul | a base del | 6omol «



con il solomonsterolo A, agonista del recettore PXR, € stato valutato il
possibile ruolo del chmulasterolo come modulatore allosterico del
recettoredel pregnanoX, attraverso un saggio di transattivazione sulle
cellule HepG2, una linea cellulare di epatocarcinoma umano. Nonostante
| 6evi dent e similarit?® strut ttto daal e, i c h
transattivazione del recettore nucleare. Di conseguenza, € stata verificata la
possibilita che il chalinulasterolo potesse agire da antagonista del recettore
PXR; tuttavia, anche in questo caso, non ha prodotto alcuna interferenza
nel | 6i ndlu&e omreeek gando dekta ludiferasi ansata dba
rifaxi mina. Nonostante | 6esito negativo,
rilevante implicazionenella definizione della relazione strutttativita,
suggerendo che il gruppo solfato sul2€ della catna laterale del
solomonsterolo A(assente nel chalinulasterolo) riveste un ruolo cruciale
nel | 6i nt er arecettore dn piereoraonctardoocon il modello di
bi nding proposto che ipotiz2daelaundi nter azi
Lys210 del sito rectdriale.
Léanal i si del | destratto oPr ftaami co del | a
evidenziato, come primo risultato degno di nota, un profilo metaddin
particolare glicolipidi,opanoidie polichetid) analogo a quello delle specie
caraibiche del generédllakortis nonostantela differente provenienza

geografica. Partendo dal presupposto che spesso i metaboliti secondari sono

prodottdi dai mi croorgani s mi Si mbionti d e
composi zione del |l 6estratto omgani co rapp
del | 6esi stenza di ceppi batterici associ a

generePlakortis, che vengono conservati maniera rilevante in esemplari
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raccolti in tempi e luoghi differenti, suggerendone la trasmissione verticale

nel corsod e ¢évbluzione della specie ospiténoltre, accanto gli altri

composti noti isolati, un nuovo metabolita di tipo opanoidico e stato
identificato nell destratto dostitpiof i I i co d
dal | 6aci dos estgribicat@ coo an s&luo di mannosimyo-

i nosi t ol o. acido oppanoico % soho contleeméni@ considerati

gec-opanoidi, prodotti diagenetici, che si formano dalla degradazione

abiotica dei bieopanoidi presenti nei batteri. Di conseguenza, la scoperta

del plakopanmle in un organismo viventmarino costituisce un evento di
particol are rilievo, i ndi cando | 6esi st

del | 6aci dag, chepgaimdp hoo uo Essere sempre classificato

come un gempanoidesfuggenddalvoltaagli schemiradizionali.






INTRODUCTION

The chemistry of marine naturgroducts has experienced enormous
develgments in the last five decadésading to the discovery of a myriad
of compounds with unusualnd complexchemical architectures having no
equivalent in the terrestrial environment. On land, communication between
insects relies mainly opheromoneswhich are generallgtructurallysimpe
and easy to synthesizebecause they need be volatile. Inthe marine
environmentcommunication between living organisis strikingly related
to the hydrophylicity the natural consequenckeing more complex
structures and larger molecular weightor the compounds implied in the
regulation ofthe relationshipsbetweenorganisns. In addition, alarger
number of organisms and less genetic homogeneity between separate
populations of the same species exist in the marine compared to the
terrestrial environment. This results in a higher structural diversity at the
molecular level.

The huge biodiversy occurring in an aqueous environment finds its
clearest evidence in the coexistence of a number of species which are able to
interact with each othe€hemistry plag a crucial rolen this interactionall
the marine living organisms can synthesize hgrhselves or receive from
their microbial symbionts secondary metabolites, representingmihie
characters regulating communications between species or within a taxon.
Secondary metabolites are the final result of the perpetual competitions
which all forms of life are subjected to. Besides the adequate water

solubility and the marine world biodiversjtyhe evolutionary pressure led



the organisms inhabiting seas and oceans to produce an enormousfrange
secondary metabolites as means to explicate diffdn@togical activities.
Among the other functions, most of them being still unknown, these
compounds are repelents for predators by their toxicity attractive
molecules to make reproduction more probabltecan even plag role in

the complex food chain of the marine environment, determining what is
edible and what is not.

Taking together all these factors, it is not surprising that marine organisms
are a wonderful source of bioactive natural products.

Sponges represent the most piié marine producers of novel
compounds, with more than 200 new metabolites reported each year. In
addition, more spongderived metabolites are in clinical and jotanical
trials than metabolites fronany other marinephylum. The frequent
detection of structurally relatedcompounds intaxonomically unrelated
spongedasled to the hypothesis that these molecalehiosynthesized by
specific spongenicrobe consortia. Considering that chemical synthesis of
sponge derived chemicals is often difficult aexpensive because tieir
structual complexity andhe manychiral centersthe ideathatat leastsome
of the secondary metaboliterom sponge are obacterial origin is
encouraging Indeed, this would potentially makepossible to obtain a
sustainable and unlimited supply of compounds for clinical trials and-large
scale drug production, for istance via cultivation of the relevant bacteria.

Sponge derivednatural products belong to many differeakasses,
including polyketides, terpenoids, peptides and alkaloaisl showa wide

range ofpharmaceutical activities (e.g. anticancer, antibacterial, antifungal,
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antiviral, antiinflammatory and antifouling). Despite the large number of
novel spongealerived bioactive compousdonly two nuckoside analogs
(Ara-A and AraC) have been approved astiviral and anticancedrugs
respectively,and arein the market These drugsre not direcly isolated
from sponges but are synthetic derivatives based on compdumishe
Caribbea spongeCryptotethia cryptaHowever several promising sponge
derived compoundarein clinical and preclinical trialgs antitumor drugs,
as for exampleE7389, a synthetic analog of halichondrin B from the
Japanese spongtalichondria okadai

The main obstacle topharmaceutical applications of marine natural
products is the soalled supply problemBiologically active natural
products areften produced ismall amounts aridr by rarespecieswhose
natural populations cannot sustain the extensiveecitinsthat would be
requiredby clinical trials. Therefore dternative means for producingrge
amounts othese compoundsre required.
The most obviousway to guarantee a sufficient supply is chemical
synthesis,but a costeffective industriatscale synthesiof a complex
natural compound is usually impossiblélternative approaches have
therefore been proposed, such as the cultivation of the organism of interest
under controlled conditions (aquaculture3imulating the natural
envirnment and the laboratory production of metabolites in bioreactors
from cell cultures.However, the scaleup of the operation to the levels
necessary focommercial production ieot easyto realize usually because
of the smallamountsin the spongeissuesof the compoundof interest,

which makethe aquaculture option eewomicallyunfeasible



An alternative method for accessing the hidden chemistry of marine sponges
is represented by the cultivation of metabepteducing microorganisms

The potentl advantage from the cultivation approacire substantial: if

the metabolite producersan be isolated on artificial media and grown to
significant cell numbers (while cotinuing to produce the bioactive
metabolite),then this obviates the need forassve collectionof natural
sponge individua, with ts environmentally andceconomically negative
implications. However, onlya small fractionof the spongessociated
microorganisms can be cultivatadingthe current techniques.

Recently, the advent of metagenomprsvidedan interestingand culture
indipendentapproach to investigatéhe biosynthetic potential of marine
sponges. The analysis of gesonfoome f r agment
complex spongenicrobe consortia can leado the isolation of the
biosynthetic gene clusters of bioactive metabqlifegving the way for
largescale, sustainable productionheterologous hosts (e.g. coli).

The aim of my research project was to exptbi unusual and often
surprisingchemistry of marine sponges the frameof the more general
purpose of discoveringnddeveloping new drugsom natural products.

The presentPhD thesisdescribes the research work performed at the
Department of PharmacyUniversity of NaplesfiFe der i cim I 1 o,
collaboration with the NeaNAT groupNeaNAT is a multidisciplinary

researb group foundedby Professor Ehesto Fattorusso. The groumas

been active for over 40 years in the isolation and identification wirada

products of marine origiexpandingthis ficore activity to the study of the

biological and pharmacological properties of the isolated compounds as well
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as to the understandirgf the biosynthesisof secondary metabolites at a
genetic level The largest parbf my research actiwt focused on the
metagenomic analysis tie Caribbean spoerd. simplexand wasimedat

the identificaion of newgenes coding fopolyketide synthases (PKSshe
multi-domain enzymes or enzyme complexes that produce polyketides,
large class ofsecondary metabolitethat include many antibiotic and
antitumor compoundg. g.the antibioticerythromycin) Marine sponges of
the genusPlakortis (Demospongiae, Homosclerophorida, Plakinidae) are
known for the production of large amounts of polyketjpleroxdes, of
which plakortinis the most abundant. Plakortis of special interest due to
its antrmalarial activity, which is retained also against chloroquasstant
strains of Plasmodium falciparum Therefore, myresearch group as
undertaken a study of the biosynthesis of plakortin, with the final aim being
its biotechnological productionWhile the putative gerse implied in
plakortin biosynthesis could not be identifiesh unexpected result from the
metagenomic library screenigas the discovery of Swf, a new group of
monomodular type | PKS/FAR A hybri d of pol yketi de
acid s y nhidhn aappears) to bevidespread n marine sponge
metagenomes argpecifically associated to sponge symbiofeliminary
trials of heterologous expression efvf genes were performed, outlining
interesting perspectives fathe biotechnological production of sponge
symbiont metabolites.

In parallel, metagenomic investigations conducted using-thighughput
sequencing ksed on massvely parallel 454 pyrosequencinigd to a

comprehensive overview of the polyketideetabolism ofP.simplexand its

Sy



symbionts,shedding light on the existence of novel polyketide synthase
pathways potentially involved in bioactive compound biosynthesis.

A seconl line of research was directéaithei c or e a@fcnatural i t y O
product chemistrythe isolation and structure elucidation of new bioactive
compounds from different specimens of sponges living in tropical oceans,
wonderful sources of unusual molegularchitectures tbe used as leads
and scaffolds for the elaboration of new drugsthis respect, the analgs
of the organic extracts of the spongelsalinula molitbaand Plakortis cf.
lita was undertaken, allowing the isolation of new interesting secondary
metabolitesChalinulasterola new chlorinated sterol disulfate, was isolated
from the Caribbean spong€halinula molitbaand its possible role as
modulator of the pregnar¢-receptor was westigated, giving useful
information about the structural requirements for the interaction with this
nuclear receptor.On the other handan unusual Cz; biohopanoid
plakohopanoid,was isolatedfrom the Indonesian sponge. lita. The
presencef plakohopanoidn a marine living organism shows that there is a
biosynthetic pathway to &£hopanoic acidswhichshould not be considered
anymore as sure geohopanoids.

Therefore, the results related to a thyear research work have been

organized in twanain sections:

U Metagenomic analysis of polyketide metabolism of the Caribbean
spongePlakortis simplexand biotechnological prospects
U Isolation and structure elucidation of new secondary metabolites

from the marine spongesChalinula molitba and Plakortis cf. lita.






PART |

Metagenomic analysis of the Caribbean sponge
Plakortis simplex
and biotechnological prospects









Chapter 1

Porifera

Marine sponges are among tmestrepresentativephyla of the benthic
community not onlyin terms of biomass but also for theioblogicalrole in
benthic and pelagic ecosystemSponges (phylumPorifere)[l] are the
simplest andnostancient phylum amongulticellular animals known as
metazoansThey are sessile, filtdeeding organismsvhich obtain their
nourishmen{thetiny and floating organic particldghown asplanktor) and
oxygen from the surroundingiater that they filter through their body.
Spongesare ubiquitous animals andhabit a wide variety of marine and
freshwater environmentsecause of their ability todapt in tropical, polar
and temperate area3here are from 5,000 to 10,000 knowpecies of
sponges, most of them living salt water; only about 150 species live in
fresh water.

The phylum Porifera is a paraphyletic grouping consisting of three main
classes: the Hexactinellida (glass sponges), Calcarea (calcareous sponges),
and Demospongiae (demonsponges), with the last sublineage including the
majority of the known sponge species. Sponge morglyols strikingly
related tomany biologicalfunctions of these organismsrhe histological
architecture is made upf several cell layersThe outer layer is formed by
pinacocytesgepithelial platelike cells which digest food particles too large
to enter thepores ¢stig located on sponge surfacehe body plan consists

also of specialized tubdike cells called porocytes which controktia,
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channels lading to the interior of the spong&he internal side of the
sponge consists of a series of chambers constituted by choanocytes,
cylindrical flagellated cks. In these chambers, -collectivelgalled
choanoderm, choanocytpamp in waterthrough the ostidy the flagellar

beat and filter out food particles from the watdsuch as bacteria and
microalgae)which are then digested in the mesohyl. Thesahyl is the
gelatinous matrix within the spongmainly made of collagen where
phagocytosis of food particles by the archaeocytes takes place.
Archaeocytes are basal cells able to differentiate into any other sponge cell
line and are located into the nobyl together with several symbiont
microorganismsOnce fitered in the chanocyte chambers, water flows out

of the spongehrough large openirsgcalled osculacarrying outalsowaste
products.It has been estimated that up to 24,000 liters of waterbean

pumped through a-&g sponge in a single day.

mesohyl osculum

pinacocytes

ostium

Figure 1.1 Sponge body structure
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The basicbody plan of sponges is reinforcdxy the skeletongomposed of
collagen fibers and spicule€alcareous sponges produce spicules made of
silica calcium carbonatevhile the larger class (90%) of Demonspongiae
produce a special form of collagen called spongigether withsilica
spicules; glass sponges, common in pokater and in the depths of
temperate and tropical seas contain gtiacin their structure which enable
them to extract food from these resoupo®r waters with the minimum of
effort.

The simplest body structure in spongesitube or vase shape known as
fiasconoid®, but this severely limits the size of the animal. The body
structure igndeedcharacterized by a stalike spongocoel surrounded by a
single layer of choanocyte$he limited chonaocyte layer extension affects
negatively the pumping activity which is essential to supply food and
oxygen to sponge tissuesand influencesthe growth of the organism.
Asconoid spongs seldom exceedmimin diameter.

Some sponges overcome this limitation by adopting figconoid/?
structure, in which the body wall eated The inner pockets of theleats

are lined with choanocytes, which connect to the outer pockets of the pleats
by ostia. This increase in tmumber of choanocytes and hemegumping
capacity enables syconoid sponges to grow up to a few centimeters in
diameter.

Leuconoi® spongscontain a network of chambers lined with choanocytes
and connected to each other and to the water intakes ands twtletbes.

Thanks to this netark, the pumping capacity is so amplifitiat these


http://en.wikipedia.org/w/index.php?title=Syconoid&action=edit&redlink=1
http://en.wikipedia.org/wiki/Pleat

Chapter 1

organisms can grow to over 1 meter in diameter anény direction

acquiring the most different shapes.
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Figure 1.2 Sponge classification: a. asconoid; b. siconoids; c. leuconoids

Most sponges are hermaphrodites (each adult can act as either the female
or the male inreproductionjzs] Fertilization is iernal in some species;
other individuals releasgperm(produced by choanocytesgndomlywhich
floats to another sponge with the water current. If a sperm is caught by
another choanocyte of a sponge of the sameiespdertilization of an egg
(eggs are formedybtransformation of archeocytes ohoanocytesby the
travelling sperm takes place inside the sponge.

The resulting tiny larva is released and is fs@@mming; it uses tiny cilia
(hairs) to propel itself lough the water. The larva eventually settles on the
sea floor, becomes sessile and grows into an adult.

Sponges also reproduce asexuallgrough three distinct waysby
fragmentation, by budding, and by producing gemmfiés

Fragments of their bodgre broken off by water currents and carried to

another location,and, by using the mobility of their pinacocytes and
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choanocytes as well as the remodelling of the mesdtigy, can reattach

themselves to an appropriate surfagieere the sponge will grownto a

clone of the parent sponge (its DNA is identical to parent's DNA).

Very few individuals can reproduce by budding: buds are formed outside

the sponge and are similar to fAminiatu
det ached from t heendrarrmindweomanisns.ponge can ¢
Some sponges are able to produce gemmules inside their body. Gemmules

are mainly made up of archeocytes, contained in wrapped shsj®ogin,

often reinforced by spicules. Once germination takes place in a suitable
environment, gmmules release archeocytes through an opening located on

the surface, called micropilum, in order to generate a new individual

Figure 1.3The pongesstudiedin this PhD ThesisPlakortis simplex
Chalinula molitbaandPlakortis lita
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Spongemicrobe associations

Different types of Demonspongiae, such as the Caribbean sponge
Plakortis simplex are associated with endosimbiotic miorganisms and
these symbiontscontribute to 3&%7% of the total sponge biomas.
Bacteria and fungi are mostly present in the mesohyl, which contains
heterotrophic (eubacteria, archea) and some autotrophic bacteria. As
spongemicrobe interactions are widespread and some bacteria teeben
specific and permanently associated with the sponges, the existence of
spongebacteria symbiosis is well established. The spesygebiont
relationship can be categorized into obligatory mutualism (i.e. the symbiont
play an essential role in the mietdism of their host), facultative mutualism
(they have a beneficial effect on their host, but the host will survive without
the symbiont) or commensalism (they are present without obvious beneficial

effects to their host).

According to the literature, gsible aims of spongmicrobe symbiosis

are:

0 providing nutrition through intracellular digestion or tsfcation
of metaboliteg”

il access of newproducts via nitrogen fixatigh
i stabiization of the sponge skelet$h

U prevention against |]oredation or fouling througfecondary
metabolite productioft
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The microbiota from a variety of marine sponges haeen studied using
cultured independent methods. Hentschel and colleByssrformed
phylogeneticanalyses withspongederived 16SYRNA sequences, most of
them being from Aplysina aerophoba Rhopaloeides odorabile and
Theonella swinhoei Even if these three sponges were phylogenetically
distantly related and were cdited from different geographical areas
(Mediteranean Sea, the Great Barrier Reafd Micronesia/Japan/Red Sea,
respectively, they showed to share largely their microbial commuflity
Comparative studies of Antarctic spongésve shown that sponge
symbionts are species specifigyith sponges fronthe same specidseing
inhabited by similar microbiota that are distinct from thosé other species

of sponges from the same locati@rin addition bothcultivation-based and
molecular methods have provided evidence for distinct microbial
communitiesbetween sponges arttle surrounding seawateBubsequent
studiesled to similar results, giving further weight to these notions. The
existence of widespread microbial associations within marine sposwes

of which being also species specifigs becomsomething of a paradigm.

In total, I7 bacterial phyla and both major archael lineagaenarchaeota
and Euryarchaeota have been reported in the census of sp@sgeciated
microorganismsAcidobacteria Actinobacteria BacteroidetesChloroflexi
Cyanobacteria DeinococcusThermus Firmicutes Gemmatimonadetes
Nitrospira, PlanctomycetesiPoribacteria @roteobacteria(Alpha, Beta,
Delta, and Gammaproteobacter)a Spirochaetes Verrucomicrobia
Chlorohi, Lentisphaeraendthe candidat@hylum TM6.°! Besides the high

diversity of the microbial communities associated withiRorifera,
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biological surveys revealed the simultaneous presence of the three domains

of life, Bacterig ArchaeandEukaryainhabiting marine sponges.

2.1 Diversity of uncultured bacteria associated with the
marine spongeP. simplex

The microbiota associated with the marine spdPigéortis simplexhave
been studied using a culture independent approach in order to realize a
general survey about the identity of the sponge symbionts, representing a
precious source as producers of lots of bioactive metaholi&s rRNA
amplicon library was preparedofn metagenomic DNA extracted from
sponge tissue. 16S rRNA genes were amplified by PCR using 16S rRNA
primers specific for bacterigielding a band of the expected size of ~ 1450
bp. PCR products were subcloned via T/A cloning into the vector
pBluescriptl SK(+) and representative plasmids were sent for single read
sequencing. 42 unique partial 16S rRNA gene sequences were obidieed.
rRNA sequences were analysedsing the RDP (RIBOSOMAL
DATABASE PROJECT) SEQ MATCH tool as well as BLASTn search
and were shown to belong for the mosiart to seven phyla of bacteria,
which comprisedProteobacteria(15 strains),Acidobacteria (5 strains),
Chloroflexi (12 strains),Actinobacteria(2 strains),Nitrospira (3 strains),
Firmicutes (1 strain), Gemmatimonadete€l strain); the remaining three
strains (PSB2, PSB25 and PSB33) could not be classified because they
shareat mostonly 79% sequence identity with bacteria of the phylum

Chloroflexi as shownby a BLASTn search. RDP analyses of partial 16S
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rRNA fragments from PSB2, PSB25 and PSB33 confirmed the previous
matches supported by low scores (S_ab scores were, respectively, 0.434,
0.391 and 0.410)None of the sequences corresponded exactly to any
known bacterial specieandoverall thesequencerslyss clearly indicate

the high diversity of bacterial phylotypes of the microbes associatedPwith
simplex that fall in the ¥ sponge specifisymbiont phyla detected by
Taylor et al. A neighborjoining tree ofthe 16S rRNA fragments (figure
2.1) was built applying maximum composite likelihood as statistical
method andit displayed the sameseven phyla detectetirough the RDP
SEQ MATCH tool. The same clade formation and branching patterns were
observed in minimum evolution tree using eitpedistance or maximum
composite likelihoodstatistics. Bacterial topologyere basically supported

by high bootstrap values in all phylogenetic analyses.

Proteobacteria The group of Proteobacteria (figure 2.) in the
phylogenetic tree displays three mailades corresponding td 2 and U-
Proteobacteria 7 strains (BB6, PSB7, PSB12, FISB23, FISB29, FSB36 and
PSB37) cluster with phototropl-Proteobacteriaand are purple sulfur
bacteria according to the rebuilt phylogenetic taxonon8B® PSB12 and
PSB29 are closely related with  haloalkaliphilic bacteria such as
Alkalispirillum  mobile, Thioalkalivibrio thiocyanodenitrificansand
Thioalkalivibrio denitrificans, = members of the family
Ectothiorhodospiraceawhile clones BB6 and FBSB37 find the autotropli
bacteria Halochromatium glycolicumand Halochromatium roseum
(Chromatiaceagas their closest homologs among the BLASTn hi&BP

andBB9 ar e i ncl uded-Proteobactere arsl arb membeusp o f
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of the phototroph heterotrophic famiRhodospilllaceaeas underscored by

the detailed hierarchy traced by RDP a@hdhigh bootstrap value (99%) in

the phylogenetic treewhere they are closely related with an uncultured
Rhodospirillaceae bacteriungfigure 2.). Four strains (8B5, PSB28,

PSB16 and BB3 5) ar e af fi |l i astubdidsion waft hi n t he
Proteobacteria particularly, F’5B16 and B35 belong to the anaerobic

order ofDesulfovibrionalesas shown in the taxonomy attributed by RDP.

Chloroflexi. The second predominant bacterial group found in Fhe
simplex 16S rRNA amplicon library was the phylun€hloroflexi

subdivision of the green nesulfur bacteria. Clones3B19, ISB20 and
PSB21 cluster together witlCaldilinea aerophila(bootstrap value 99%).
On the other hand, the other nine 16S rRNA phseguences &BS,

PSB10, FSB14, FSB17, FSB18, ISB24, FSB31, FSB40, FSB41) present in
this clade are only distantly related to the bacteriDehalogenimonas

lykanthroporepellenasit can be deduced from the phylogenetic tree.

Acidobacteria The distinct clade ofAcidobacteria supported by a bootstrap
value of 98%, included five clones §B13, I5B27, FSB30, FSB34 and
PSB38). Clones PSB27 and BB30 are members of the subdivision Gp6
within the phylum Acidobacteria while PSB38 is affiliated wih the

subdivision Gp9 as suggested by high scored RDP matches.

Gemmatimonadetes, Firmicutesnd Nitrospira. Among the microbial
community associated witRlakortis simplex one strain of the phylum
Gemmatimonadetesvas detected; its representative clone&SBP, has

Gemmatimonas aurantiaca strain T28 its closest known relative (99%
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bootstrap value ; max identity 86% in tlB2ASTNn search). This strain,
recently discovered (2003) is a gramagative roeshaped aerobe that
appears to replicate by buddifiyThe Firmicutesclone FSB39 was found

to have the highest sequence identity with Gpositive lactic acid bacteria
from the genusGranulicatella The phylumNitrospira in the phylogenetic
tree includes one clone sequenc8EB2) strikingly related withNitrospira
moscoviensis strain NSP-Mand the relationship is clearly supported by a
bootstrap value of 100% as well as by tBEASTn scores (89% max
identity). PFSB11 and PSB15 appear to be affiliated with the phylum
Nitrospira according to the reported taxamy, even if BLASTn searches

and RDP seq match tool showed conflicting results.

Actinobacteria PSB22 and ISB42 are representative clones of the suborder
Acidimicrobineaewithin Actinobacteriaaccording to RDP reconstructed
hierarchy and share high sequence identity (89% and 91% respectively)
with lamia majanohamensis strain NBRC 102%8@kigned as the first hit in

the NCBI 16S ribosomal RNA sequences (Bacteria and Archaea)

databas&”
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Figure 2.1 Neighbor joining tree displays phylogenetic taxonomy of symbionts associateR.siitplex
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2.2 Physiology of Spongéssociated Microorganisms

16S rRNA amplicon library screening showed a great deal of diversity in
the bacteria associated wikh simplex which was found to be the host of
bacterial groups previously identifieds symbionts of othenarine sponges.
Most amplicons(67%) matched mainly with partial 16S rRNA fragments
amplified from metagenomes of the marine spongestospongia muta
(Florida, USA),Xestospongia testudinar@anado, Indonesia) arfdeodia
barretti (Norway). Itis also interesting tmote that 19% of the 16S rRNA
fragments fromP.simplexmetagenomaeare closely related to uncultured
bacteria inhabiting the Caribbean coMbntastraea faveolatas clearly
shown by the high scores (>0.855) in the RDRde&d aken together, these
data confirm thatven unrelated sponges with nonoverlapping geographic
ranges cashare a common core of bacterial associates

The lack of knowledge about the physiological features of sponge
symbionts is due to the unavailability of their pure cultures. Then, the
detection and analysis of 16S rRNA genes supported by the few existing
pure culture studies represent one of the sawiays to infer metabolic
properties of spongassociated bacteria. Generally, among other functions,
microbes are capable of photosynthesis, methane oxidation, nitrification,
nitrogen fixation, sulphate reduction, and dehalogenatidProteobacteria
affiliated with the familyRhodospirillaceaeand o-Proteobacteriafrom the
family Chromatiacea@ccurred among the microbial community associated
with P. simplex Members ofRhodospirillaceaeand Chromatiaceaewere
already isolated from spongéinia sp. and Euspongia officinalign the

1970s and play a key role in the sulphur cycle as sulphur oxidizing bacteria,
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capable of oxidize reduced sulphur compounds such,8s Furthermore,
besides the presence of sulphur oxidizing bacteria, sulphate reducing
microbes from the phylumi-Proteobacteriumwere observed withirP.
simplex and areapparentlymembers of the ordebesulfovibrionales
Desulfovibrierelated organisms were already found in enrichment cultures
grown on Aplysina aerophobaerived brominated pheho compounds.
The coexistence of sulphate reducing bacteria and sulphur oxidizing bacteria
suggested that a possible endosymbiotic sulphur cycle can take pRce in
simplex as it has been demstnated for an oligochaete ahgpothesized for
other sponges. Strains strikingly related to the gerhisalkalivibrio (-
Proteobacteria were found to inhabiP. simplex Members of this genus
aretypical chemolithotrophyic and sphur oxidizing bacteriaand asmost
purple phototropic bacteria of the familfectothiorhodospiraceaéhey are
capable of nitrogen fixation. Amplification ohifH genes encoding for a
subunit of the dinitrogeneducing enzyme nitrogenase was reported for
some Ectothiorhodospiraceae including genera Thioalkalivibrio and
Alkalispirillum, but also forU and o-proteobacteriainhabiting several
Caribbean spongé%.’” 16S rRNA phylogenetic analysis revealed the
presence of bacteria from the phyliNttrospira, known as nitrite oxidizing
microorganisms. Thesepresent essential charactershia nitrogen cycle of
spongedor the biological conversion of the toxic waste metabgplioduct
ammonia into nitratewhich can be recycled by sponges. The widespread
presence oNitrospira in sponges may indicate low nie availability in
these hosts, as members of tNgtrospira typically favor lownitrite

habitatd®
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2.3 Cellular localization of metabolites fromP.simplex

The bacterial content iRlakortis simplexs particularly high, around 90
bacteria per sponge cell, which are permanently associated with the host.
The isolation of bacteriohopanoid€ that are typical bacterial metabolites,
from the sponge led to the hypothesis that not only these compdautds
also the other characteristic metabolites isolated fPosimplexsuch as the
artimalarial polyketide plakortii® and several unusual glycolipid&* *3

may be produced by its symbionts.

Figure 2.2 Transmission electron mmagraph (TEM) of thd>. simplexnesohyl.
S sponge cellN, sponge cell nucleu, bacteria. Scale bar 2 um

This hypothesis was first tested by localizing specific metabolites in cells
using physical separation of sponge cells, bacteria and extracellular matrix
by differential centrifugatiof® The obtained fractions were separately
analyzed for the typicaPlakortis simplexmetabolites by NMR and mass
spectrometry. The results suggestedt thhacterial symbionts are the

producers of most of the secondary metabolites isolatedPtakortis.
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Figure 2.3 Cellular localization of secondary metabolites frBrsimplex

In fact, hopanoids and glycolipids were found only in bacterial cells, while
the polyketide plakortin and its derivatives were present in both bacteria and
sponge cells. However, the amounts were considerably different, as the
bacteria fraction contained fivéntes as much plakortin as the sponge cell
fraction. All the metabolites were also present in the extracellular matrix,
either because the metabolites are excreted, or because part of the cells
producing them are lysed during the cell separation process.

The bacterial origin of these metabolites may be the key to overcome the
problem of the limited availability of sponge material, which rises every
time the commercial production of a marine compound of pharmaceutical
interest from a sponge is hypothesiz6dhe metabolite is produced by a
bacterium, then largscale laboratory culture is possible, and the need to

harvest sponges from their natural environment is eliminated.
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In the attempt to identify the microorganisms producing the metabolites
found in P. simplex over 150 strains were isoldtérom the pool of its
symbionts; 30 representative species were cultivated and subjected to
chemical analysis in search of glycolipids and plakortin. Unfortunately, we
could not find the metabolites in any strainEhese results were not
surprising, because it has been estimated that less than 1% of marine
microbes are cultivable in the laboratory today, and this is even more true
for symbiotic bacteria. In addition, it is not uncommon that biosynthetic
gene clustergemain silent unless some particular culture conditions are
met.

Therefore, a culturendependent approach was explored, the search for
genes responsible for the production of the antimalarial polyketide
plakortin. The final aim of this research is tarisfer the plakortin genes
into a bacterial host, which would become capable of biosynthesizing
plakortin, and would allow its production on large scale through a

fermentative process.
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Plakortin

Malaria is one of the major causes of mortality in the tropical regions.
Based on documented cases, the WHO estimates that there wendli®ho
cases of malaria in 2010 resulting in 660,000 deatigsmajority of whom
are young children in SuBaharan Aica. This is equivalent to roughly
2000 deaths every dafregnant women ai@so especially vulnerabland
in SubSaharan Africamaternal malaria is associated with up to 200,000
estimated infant deaths yearlthough some are under development, no
vaccine is currently available for malaria; preventive drugs must be taken
continuously to reduce the risk of infection. These prophylactic drug
treatments are often too expensive for most people living in endemic areas.
Chloroquine is very cheap and, ungcently, wasso effective, that it has
been administeredsthe antimalarial drug of choice for many years in most
parts of the world. However, resistance Blasmodium falciparumo
chloroquine has spreaquickly from Asia to Africa, making the drug
ineffective against the most dangerdtlasmodiunstrain in many affected
regions of the world. In those areas where chloroquine is still effective it
remains the first choice. Unfortunately, chloroquresistance isalso
associated with reduced sensitivity to other drugs, such as quinine and
amodiaquine.

The more recently discovered artemisinin, a sesquiterpene endoperoxide
from Artemisia annua is active againstPlasmodium falciparumand

chloroquine resistant stranArtemisinin and its semisynthetic liposoluble
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(artemether and artether) and water soluble (artesunate) derivatives are
characterized by a 1,2tdioxane g-membered ring containing 3 oggn
atoms) that is the essential pharmacophoric group for theuitpcEven
though its mechanism of action hast been exactly determined yet, there is
experimental evidence that the artemisinin endoperoxide funidiorucial

for the pharmacological activityArtemisinin and its derivativeproduce
carboncentred fee radicals in the presenoé catalytic quantities ofree

Fe* and/or by reacting with the heme iron atdfiyure 3.17 3.2). The
reaction yields an oxygen radical, and after a rearrangement a carbon
radical. This alkylating species could be respomesibl the antimalarial
activity by forming covalent adducts with parasite proteiRarticularly,
recent studies showed that the inhibition of the SERCA orthologue
(PfATP6) of Plasmodium falciparumrepresents, among several and
sometimesconflicting hypotheses,one of the main mechanisms of action

for the parasiticidal activityof artemisinin™?

Fe(lllo o1
Fe(ll . 1
H H
abstraction 0
'0-2 radical' O '0-1 radical' O 'C-4 radical' o
w-cleavage -Fe(ll)
Y
4
-CH? H
-Fe(ll) 3
= 7 e
o H
2
o]
'seco C-4 radical’
B

Figure 3.1 Pathways proposed for activation of artemisinin by ferrous iron leading
to the seco & radical and G4 radica) and theendproductsA and B Neither A
or B possesses antimalarial activity, and thus antimalarial activity is claimed to
reside in the radicals by their reacting wilensitivebiomoleculeéin the parasite.



Plakortin

H 4
H z (Felll), +CH,

o~-cleavage (Felll~0 v

e
T
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Figure 3.2 Proposed activation pathway for artemisitiby ferrous leme (Fe(ll)
protoporphyrin 1X) leading to the seco-4Lradical 2 and alkylated adducB
(pathway a), or by presumed loss of the seebr@dical4 from the keme (pathway
b) to alkylatefiessentialparasite proteim ((Fell)- and (Felll}: ferrous andferric
heme residue).

The problem with this compounds is their neurotoxic activity which is
related to the endoperoxide ring; for this reason new antimalarial
compounds are required trae safer andam be synthesizedndpreserved
more easily In this respect, several secondary metabolites from sponges
show an endoperoxédring similar to that of artersinin. Therefore, these
compounds are being tested in order to evaluate their possible antimalarial
activity. The first active compound, isolated in 1978 by Faulleted. from
the lipophilic extract of the spond&lakortis halicondroidesis plakortin,a

6-memberedyclic peroxide.
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Figure 3.3 Plakortin

Most polyketides that are appearing in the literature have some common
key features: they all contain a idibxane ring with an acetate residue at
position 3 and alkyl chains at positions 4, 6, and 6. Related molecules with a
5-membered peroxide ring (tdoxolane), such as Plakortide E, were also
discovered. The analysis of the lipophilic extracts of the Caribbean sponge
Plakortis simplexshowedthat plakortin is the major constituent of this
fraction (20%) together with 9,14@lihydroplakortin and the -Bhembered

Plakortide E.

Figure 3.4 Dihydroplakortin &) ard Plakortide E 1)
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These three metabolites were tested for their antimalarial acigawnst
D10 chloroquinesensitive and W2 chloroquineresistant strains of
Plasmodium falciparum (table 1). Parasite growth was determined
spectrophotometricallfOD650) by measuring the activity of the parasite
lactate dehydrogenagpLDH), according to the method of Maklet al.
(1993), in control and treatedcultures® Both plakortin and
dihydroplakortin have a good antimalarial activity, while plakortide E is
inactive, proving that a simiembered peroxide ring is essential for activity.
Plakortin is very active on thehloroquineresistant W2 strain because
endoperoxide compounds are active agatiasmodium falciparumwvith a
different mechanism compared to chloroquine. The biological target of
plakortin is similar to that of artemisinin, but the former shows a lower
activity, probably related to its 1;8ioxane ring instead of the 1,2doxane
of artemisinin. In fact, it seems that the oxygen not involved in the peroxide
moiety can make the radical production easier, increasing the antimalarial
activity.” In spite of its lowe activity, its simple structure and insignificant

cytotoxicity make plakortin a very interesting compound.

Compound D10(CQ-S)IC5ouM W2(CQ-R) IC5ouM
Plakortin 0.80 0.38
Dihydroplakortin 0.86 0.44
Plakortide E inactive inactive
Artemisinin 0.05 0.01

Table 3.1 In vitro antiplasmodial activity against D10 and W2
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3.1 Polyketide synthases

The stulies about cellular localion showed plakortin to be present
mostly in the bacterial cells. Because amtempt to isolate the plakortin
producer bacterial strain wasmsuccessfula culture independent approach
appeared to be the best alternatieed screeing of the metagenomic
(sponge + symbiont) DNA fror®. Smplexwas conducteavith the aim to
find thegene responsible for the biosynthesis of plakortin.

On the basis of its chemicatructure, plakortin resembles the architecture
of apolyketide, and polyketides are biosynthesized by polyketide synthases
(PKS), enzyme complexes which are widespread icteb@a andhave
recentlyraised greainterestdue to their involvement in the biosynthesis of
many bioactive secondary metabolites.

PKSs are large (1600000 KDa) multienzymatic systems responsible
for the production of extremely complex natural products from simple
building blocks with 2, 3 or 4 carbon atoms suchaastylCoA, propionyt
CoA, butyry-CoA and their activated derivatives malofyhethylmalony
and ethylmalonyiCoA. They show strong genetic, structural, and
mechanicistic similarity with fatty acid synthases.

The key step in the biosynthesis of polyketides is chain elongation,
obtained through Claisen condensation and decarboxylation. Unlike fatt
acid biosynthesis, in which every chain elongation step is followed by a
fixed sequence of ketoreduction, dehydration, and enoylreduction, the
reaction intermediate obtained during the polyketide biosynthesis are
subjected to none, some or all these rhcalions, yielding very complex

products. An added degree of complexity comes from the possible use of
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different starter and elongation groups as well as from the formation of new
stereogenic centres.
In the microbial kingdom, three types of PKSs wemnidied that differ in

the architecture:

U Type | PKSs(figure 3.5): large multifunctional proteins, which can be
either modular (erythromycin, rapamycin and rifamycin) or iterative
(lovastatin). Iterative PKSs are involved in the biosynthesis of
polyketides such as-6nethyl salicylic acid and aflatoxin in fungi; these
multidomain proteins include all the active sites for the biosynthesis of
the polyketide and they reuse domains in a cyclic fashion like the fatty

acid synthases.
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Figure 3.5 Deoxyeythronolide B synthaseg cis-AT type | modular PKS.

U Type Il PKSs: they show active sites similar to those of type | PKSs,

but they are distributed on different small monofunctional peptides.
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They are involved in the biosynthesis of bacterial aronw@opounds

such as doxorubici(figure 3.6).
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Figure 3.6 Doxorubicin type Il PKS

U Type Illl PKSs: iterative PKSs responsible for the production of
chalcones and stilbenes in plants and polyhydroxy phenols in bacteria.
Chalcone synthases consisting ofsiagle polypeptide chain do not

show ACP domain, and their substrates are directly CoA derivatives

(figure 3.7).

] OH gnz OH OH
—/'L o s % o OH
o]
CoAS | CoAS WOH ) | O |
3X
0o O 0O O OH O naringenin chalcone

Figure 3.7 Chalcone synthetic pathway. CHS, chalcone synthase.

Modular PKSs are very interesting enzymes; they contain a sequence of
separate modules; a module consistaartrepeated catalytic domains with

defined function separated by short spacer regions. Each module is
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responsible of one step of polyketigdongation and of modification of

functional groups. The most common catalytic domains found in PKSs are:

Acyltransferase (AT): this enzyme transfers the elongation group (malonyl
or a malonyl derivative) from CoA to the ACP module. This module is
responsible for the selection of the proper elongation group.

Acyl Carrier Protein (ACP): this domain binds the elongation group and,
after the Claisen condensation, the growing chain through the t&itél

gr oup o phosphbpantethéine arm. This f@a is biosynthesized as

an Il nactive form and -gHospeopantetheiren sl at i o
through a serine residue

Ketosynthase (KS): catalyzes the displacement of the growing polyketide
chain from the ACP domain of the previous module td &Hl in the KS
domain itself, and then the decarboxylative Claisen condensation with the
elongation group linked to the ACP domain of the current module, leading
t o -keatoabyl.

Ketoreductase (KR): this NADRHependent domain catalyzes the
reduction reactionohte-k Bt 0 a c ¥ynydroxy acyla b

Dehydratase (DH): this enzymatic subunit catalyzes the removal of a water
mo | e c ul e -hydroxymcyltwithahe formation of a double bond.
Enoylreductase (ER): catalyzes the reduction of the double bond produced
by the DH domain

Thioesterase #): this domain is present only in the last module, and

catalyzes the release of the polyketide from the last ACP domain.

All the modules are at least composed of a KS, an AT, and an ACP domain.

Moreover, specific combinationsf KR, DH, ER and also epimeragg)
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and methyltransferasgMT) domains can be present in each modullds

type of PKS, where each forming module contains the AT domain, is called
cisAT PKS. Recently, an architecturally unusual typefioA-T e PEKD

has been discovered during studies about the secondary metabolism of
bacteria and has been calledransAT PKSF® While revealing a
multimodular organisation, his distinct type of PKS is composed by
modules lacking the AT and receives building acyl blocks by astie®ding

AT. There are only one to three Adnzymatic functiongncoded by each
gene cluster, either encoded on individual gefesed as tandem ATs or
fused wth an oxidoreductase domadimat serves as @mans-acting ER. The
same ATs are thereforesed iteratively to acylate each module, and due to
this mechanisneach PKS module is usually loaded with the same type of
acyl unit malonytCoA. In spite of the supécial similarities to cisAT
systemsjrans AT PKSs exhibitanimpressivevariety of module types and
combinations Cis-AT PKSsdisplay only eight differentdomain sets (KS

AT ACP, KS AT KR ACP, KS AT DHKR ACP, KS AT DH ER KR ACP

and theircorrespondingcombinationswith MT domains),and die to the
nortiterative nature of these enzymes, it is possible to predict the structure
of the polyketide produced by a PKS on the basis of the number of modules
of the PKS and the domains present in each maduieme@lair i ).In r ul e o
contrast,more than 50 module variantgve been reportefbr transAT

PKSs. Mdules withunusual domain orders, novel types of domains or
repeatedlomain sets, modules split in various ways between two prasins

well as redundant anapparently useless modules occutransAT PKSs,
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breaking the colinearity rule sthat it is more difficult to predict the

polyketide structure from the domain organisation.
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Figure 3.8 Macrolactin synthasetransAT PKS.

Type | PKS modules caalso work together with nenbosomal peptide
synthetases (NRPS3p yield complex biosynthetipathways capable of
producing a range opeptide metabolites with exotic chemistridhese
mixed type | PKSNRPS systemsften occurin sponge metagenomes, and
depending on the direction of the growing chaime order can be PKS
NRPS, in which the polyketide intermediates are extended by amino acid
extender units, or vice versa NRPES, in which the peptide intermediates

are extended byarboxylic acid extendemits.
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3.2Proposed biogenetic pathwayf plakortin

If, on the basis of the rule of colinearity, polyketide core structures can be
deduced from gene sequences with high confidence, conversshalto
possible to predict the modular architecture RKSs breaking up the
chemical structures of polyketideinto its building acyl blocks.As
discussedn previous section, plakortin is presumably biosynthesized by a

CiS-AT type | PKS.

Figure 3.9 Biogenetic dissection of plakortin

Looking at thestructure of plakortin, it is quite apparent that carbon
skeleton should be produced by condensation of three butyrate, one
propionate, and one acetate units. Alternatively, thar at the end of the
molecule could arise from two acetate units instebdne butyrate. The
reactions that lead to the formation of plakortin can be grouped into four
cycles (corresponding to four modules of a PKS), each composed of several
steps catalyzed by different catalytic domains. As in all modular and non
iterative PKS, the synthesis proceeds through a cascade mechanism and the
reaction product of each reaction is the substrate for the next reaction.

Based on the above discussion, the reaction sequence for the biosynthesis

of plakortin can be hypothesized as follow:
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Figure 3.10 Proposed biogenetic pathway of plakortin
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Loading
The loading stage consists of three steps. First, the loading AT domain
transfers the starter group from ethylmale@gA to thei SH group of the
ACP domain, followed by decarboxylation to give butyACP.
Cycle 1
The elongation group is loaded by the current AT domain onto the ACP
domain, vyielding ethylmalonyACP. The ACPbound elongation group
reacts with the butyryl residue bound the ACP of the starting module in a
Claisen condensation and decarboxylation, gatal by the KS domain.
The obtkeitnead yi g r o ulydroxysby theekiRwWemaid. t o D
Then, the DH domain splits off a water
unsaturated thioester (intermediate A) which is the substrate for the
subsequent enzymatieactions.
Cycle 2
The second cycle is similar to the first one, but in this case the AT
domain loads a methylmalon@oA molecule instead of ethylmalor@loA
onto the ACP module. The decarboxylative Claisen condensation (KS) is
followed by reduction (KR) dehydrati on (DH)-breactions
double bond reduction, catalyzed by ER domain (intermediate B).
Cycle 3
The KS domain catalyzes the condensation between compound 2 and
et hyl mal onyl resi due -ketoac praup A domai n.
growingc hai n i s r educ ed-hyaroxgacyt deleydrastonb s equent

yields the intermediate C.
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Cycle 4

The AT domain loads a malon@oA onto the ACP domain. The Claisen
condensation and decarboxylation (KS) between mala@® and the
intermediate C followedby reduction (KR) and dehydration (DH) produces

the intermediate D.

Oxidative Cyclisation

As in literature there are not comparable examples, it is difficult to
hypothesize an accurate mechanism of oxidative cyclisation. The reaction
could take place inhe presence of singlet oxygen through a Didier
type mechanism. This reaction yields the intermediate E and, after the

reduction of the doublbond and hydrolysis of the thioester, plakortin.
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Swif, a New Group of Mona-Modular Type-I
Polyketide Synthases from Spong8ymbionts

Since cultihation of true sponge symbiontss failed in most cases, the
search for the genes for plakortin had to rely on cultivatoependent
techniques, such as the study of the collective genome of the sponge and its
symbionts (e.g. the metagenome).

While the putative gene for plakortin biosynthesis could not be fashti
an unexpected result from this study was the discovery of Swf, a new group
of monemodular type | PKS/FAS, which appears to be specifically
associated to sponge symbionts.

Only one example of the cluster is present in the literature, but has been
corsidered to be orthologous to thel'rkp cluster, which is not the case.
The putativeswf operon consists of swfA (FAS/PKS 1), swiB (R and ST
domains), and swfC (radical SAM). Activation of the ACP domain of the
SwfA protein to its holdorm by ceexpression with Svp is a first functional
proof of swf type genes in marine sponges. However, biesynthetic
function of theswfcluster remains unknown.

Two different examples of th@wfcluster were found in the metagenome of
P. simplex both very similar to a PKS previously identified in the genome
from a single cell of &oribacteriumfrom thespongeAplysina aerophoba
The swf cluster was then shown to be also present in three different,

taxonomically distant sponge species. It represents the second group of
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moncomodular PKS, after theupAfamily, to be ubiquitously present in

marine sponges.

4.1 Isolation of the clusters

For the screening of a metagenome, degenerate PCR primers targeting
conserved motifs of the ketosynthase (KS) domain of modular PKS (so
called type | PKS) have been successfully used in the'pasiwever, in
sponge metagenomes the search for PKS biosynthetic genes for secondary
metabolites is severely hampered by a group of type | PKS that is present in
sponge metagenomes at very high quantities and diversity. These dominant
genesd named sup for sponge symbiont ubiquitous pks & usually
compose ~85% or more of the total PCR amplicons obtained with the
degenerate KS primefs’

Therefore, a different approackhas adoptedand degenerate primers
AT1F and AT3R2 were designed targeting the conservedegions
FPGQGsQW and QGEIAAA, respectively, of the acyltransferase (AT)
module of a type | PKS. Using these AT primers, we amplified and
analyzed twelve AT domain DNA sequences (ca. 290 bp) from the
metagenome of. simplex Even with the use of the AT primers, eight of
these sequences showed high similarity wsthp genes. However, the
remaining four sequences (PSAT_PCRO01, PSAT_PCR14, PSAT_PCR20,
PSAT_PCR28) were not part ofsapcluster, and appeared closely related
to eah other. In a BLASTp search, the proteins deduced from these four
sequences were all highly identical (77% to 84% identical) to the

POR_0547 open reading frame (orf) from the genome of a sponge symbiont
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(see below}!! All of the other BLASTp hits showed remarkably lower

similarity to any proteins in the databases. A largert 8,00€clone fosmid
library was then constructed from the metagenomeP ofsimplexand
screened by PCR using the AT primers. Two positive clones were detected,
of which one (pP33H10) was readily shown to be of theptype, and not
further studied, while the other (pPS11G3) was different and therefore
completely shotgun sequenced. The PKS gene cluster was located on 2
contigs interrupted by a small gap, which was closed by primaking.
Because a portion of an outer ORF on the pPS11G3 insert, encoding a
putative radical Sdenosyl methionine (radical SAM) enzyme, was
missing, a larger metagenomic fosmid library of ~245,000 clones was
constructed and screened for a fosmid cointgithe whole cluster using the
specific primers 11G3_SAM. Two clones containing the PS11G3 cluster
were found, and the sequence of the cluster was completed by primer
walking.

Screening of this large library also led to the isolation of another fosmid,
pPSA11D7, containing a second, different cluster (PSA11D7). This was
also shotgun sequenced, and contained a PKS gene cluster truncated at the
end by the vector sequence. The sequence of PSA11D7 was completed by
primer walking after isolating further clonesntaining the cluster.

Conserved domain analysis of the PS11G3 and PSA11D7 inserts clearly
showed that they encoded a type | PKS system. Recently, Hentschel and
coworkers published a very similar PKS operon (ORFs PORIi10547

POR_0550) isolated from a singleacterial cell of a ubiquitous sponge

symbi ont of the ¢ andiTldease¢geencp birgilaritiew njPor i bac:
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between homologous parts of the #ifeKS clusters are moderatehigh
(58-73% identity over ~1000 aa, Tabl2and3), and also the PKS dorins
are the same, although the arrangement of the ORFs is slightly different

(Figure4.l).
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Figure 4.1 Genomic contexts of th@wvfgeneclusters: A) POR_054POR_0550,
B) PS11G3, and C) PSA11D7

In the absence of any close homologue, POR_0547P&#R 0548 had
been designated in the original study as belonging to eRwgle PKS.

In spite of this classification, POR_0547 and POB48 share onliow
similarity with WcbR-type PKS and, in additionthe two ORFsreveal
comparabldow identity valueswith severalcharacterized PKSpresent in
the genbank database.

Thewcb clusters (and the orthologousrkp clusters§®" are involved in

| i popolysacchari de bi o-Brgteobabtexrid which and ar
can induce root nodule formation in plan(for instance bacteria of the
taxon Rhizobiales). Additionally, other bacteria living in symbiosis with
pl ant s cont ai n t h-reteobageeian ¢he clustersipeci al | y

Burkholderia are designated awsch while those inNitrosomonas(and
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Rhizobiun are calledkp, most of the genes efcb andrkp clusters being
homologs.

Beside the type | PKS genw¢bRrkpA), the cluster comprises several
genes for the biosynthesis and the @xpf capsular polysaccharidés g.,
WcbA/rkpZ1/rkpZz2,  Wcb@kpU,  WcbD/rkpR/kpse,  WcbO/rkpJ,
wzm2/rkpT1, wzt/rkpS), one ac@oA- or aminotransferase (wcbT/rkpG),
one sulfatase (WcbQ, rkpl), one oxidoreductase/dehydrogenase
(WcbP/rkpH), and in some cases a deacetylase (WchS), glycosyltransferases
(wcbBEH), and GDHD-mannose dehydratase (wcbK).

However, the discovery of PS11G3 and PSA11D7 shows that the
assignment of POR_0547 and POR_0548 to a \WgpR PKS needs to be
revised. The similarity to WcbR is only moderate (POR_0547: 96%
coverage, 33% identity with NP_8435; POR_0548: 65% coverage, 35%
identity with EGDO01311). Furthermore comparable similarities are
observed to very different type | PKS enzymes, such as those involved in
the secondary metabolism (e.g. 32% identity of POR_0548 with AnaF from
the anatoxira synthetase gene cluster).

These data, together with the close homology between the three gene
clusters, the analogy of their domains, and the absence of the other genes
normally present in thavcb clusters, suggest that the clusters belong to a
separate group of PKSs, with no particular relationship tomttecluster.

The nameswf ( $ponge (symbiontwidespreadfat t y aci dhasynt haseso)
been proposedin contrast to thesup genes, the other groupf type |

PKS/FAS that are widespread and abundant in sponge metagenomes
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4.21In silico analysis of cluster sequences

4.2.10rganization and genomic contexts of the swf gene clusters

Cluster PS11G3 The overall GC content of the contig containing the
swf cluster is 67%. The variation of the GC content is from 55 to 75%
suggesting multiple origins of the genes, although no genes for
transposases/integrases were found. Only sequences upstream of PKS
operon are known, which hampers a direct comparisdmtive POR contig
where (with the exception of POR_0546) only ORFs downstream the PKS
operon are knownBLASTp searches (Tabld.2) revealed no functional
correlation of those ORFs with genes of the original wcb/rkp cluster. Solely,
ORF15 and ORF18 (both tananti sigma factors) were found to be
frequently involved in capsular exopolysaccharide biosynthesis, for instance
in the Bacteroidete&Chlorobi group. The PKS gene (SwfA) has a very high
homology to a fusion of POR_0547 and POR_0548. It is followeds3 S
which encodes for thisterreductase (R) and sulfohsierase (ST)
domains (high homology to POR_0550), and by SwfC which encodes for a
radical SAM (high homology to POR_0549). Interestingly, the two latter
ORFs have changed their relative positioospared to the POR operon

Cluster PSA11D7. On the library fosmid BSA11D7, theswf cluster
was located on a contig containing 12 ORFs (Fighu®, with the swf
cluster at the end. Like foPSL1G3, no further ORFs orthologous to
wcbikp were present (Tabld.l). Unlike the two other contigs, three
integrases (ORF3) were present upstream the cluster, which is consistent

with the variance from 55% to more than 80% in the GC content throughout
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the contig. Thisswfoperon contains only twORFs (SwfA and ®fB), but
a gene for a radical SAM, that would be homolog to SWRGLLG3) and
POR_0549, is not present RBA11D7. More sequence information about
downstream ORFs is not available (Figdr#).

POR cluster. The cluster is contained indhcontig c00157_POR, from
the shotgun sequencing of the whole genome of a single Poribacterial cell
by the group of Ute Hentschel, and comprises the ORFs POR_0546 to
POR_0562 (Figurel.1). The GC content of c00157 is on average 59.4%
(with a variation from~40-60% in a 200 bp window size). Only the
sequences downstream the putative WHik& operon (POR_0546 to 0550)
are known. All those ORFs have no correlation either with genes from the

wcb/rkp clusters or with those from the contigsR#11G3 andPSA11D?7.

Table4.1Putative genes identified on the genomic fragment pPSA11B7gimple). Genes encoding enzymes in thhed LJ2 Y
6a8YOoA2Yyd0 S6ARSELINBIR Tl Gde FOAR aeyidKlIasSae o{sF0o Of dzd

ORF Position  No. Putative function Closest homologaccession#) organism expect identity/
[nt] of value positives
aa [% aa]
ORF1 1564 358 glycosyl transferase Z0D2009_15156 (ZP_08045396), 5e-63 36/53
488 Haladaptatuspaucihalophilus DX253
ORF2 3534 654  hypothetical protein Y11_36911 (CBY28839), Yersinia enterocolitica ~ 3e-78  31/49
1570 subsp. palearctica Y11
ORF3 3985 96 hypothetical protein sce5011 (YP_001615654), Sorangium 2e-17 50/69
3695 cellulosum 'So ce 56'
ORF4 4123 566 HNH endonuclease Anael09_1700 (YP_001378888), le-14 54/71
5823 Anaeromyxobacter sp. Fw109-5
ORF5 5926 413 integrase/recombinase R0S217_01170 (ZP_01038402.1), Roseovarius  2e- 49/66
7167 sp. 217 114
ORF6 7161 303 integrase/recombinase  XerC (P_002540039), Agrobacterium vitis S4 3e- 55/70
8072 103
ORF7 8069 330 integrase/recombinase  KKY_3614 (YP_004901348|agibacterium 6e- 72/86
9061 halotoleransB2 171
ORF8 10431 348  NAD dependent Hoch_1681(YP_003266124), Haliangium 8e36  35/48
9385 epimerase/dehydratase ochraceum DSM
ORF9 10469 104 hypothetical protein SeloA3_010100011807(ZP_09956060) 7e1l  36/60
10784 Sphingomonas elodesTCC 31461
ORF10 10837 484 sugar transporter ED21_29266(ZP_0186498), Erythrobacter sp. 3e-79 37/53
12291 SD-21
SwWiA 12302 2361 type | PKS (KS AT DHER POR_0547 (ZP_06385951), Candidatus 0.0 73/84
19387 KR ACP) Poribacteria sp. WGA-A3 (aa 3i 1111)
POR_0548 (ZP_06385952), Candidatus 0.0 65/77
Poribacteria sp. WGA-A3 (aa 1118-2345)
SwiB 19396 832 R + ST domains POR_0550 (ZP_06385954), Candidatus 0.0 58/73
21894 Poribacteria sp. WGA-A3
ORF13 22917 329 Oxidoreductase GobsU_010100005149 (ZP_02731160), le-49  35/52

21928 Gemmata obscuriglobus UQM 2246
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Table4.2Putative genes identified on the genomic fragment pPS1183gimple}. Genes encoding enzymes in thed LJ2 y 3
(symbiont)g ARSALINBFR FridiGe | OAR &deyikKFasSaég o6{sF0 Ofd&AGSNIIN

ORF Position  No. Putative function Closest homolog (accessiongganism expect identity/
[nt] of value positives
aa [% aa]
ORF1 515 423 aminotransferase HNE_2588 (YP_761278), Hyphomonas 4e-44 31/51
1783 neptunium ATCC 15444
ORF2 4873 1025 TonBdependent Acid_6465(YP_827674), Candidatus Solibacter 0.0 43/60
1796 receptor usitatusEllin6076
ORF3 5016 375 hypothetical protein SRM_00098 (YP_003569971) , Salinibacter 4e-75 41/53
6143 ruber M8
ORF4 6241 500 D-glutamate deacylase  Acid345_3040 (YP_592115), Candidatus 4e- 48/63
7743 Koribacter versatilis Ellin345 140
ORF5 7792 711 Peptidase S9 A3S1_03433 (YP_002762198jitalea 0.0 52/71
9927 halalkaliphilaLW7
ORF6 10017 295 i -lactamase Rhom172_1530(YP_004825287), 4e-81  48/62
10904 Rhodothermus marinusSG0.5JP17-172
ORF7 10922 490 i -actamase SinacDRAFT_5672 4e-79  43/56
12394 (ZP_09567976),Singulisphaera acidiphila DSM
18658
ORF8 13621 403 i -lactamase SinacDRAFT_1225 (EHO65342), 4e-44 31/49
12410 Singulisphaera acidiphila DSM 18658
ORF9 14889 423 hypothetical protein HMPREF0765_1491 (ZP_03967296), 5e-71 35/55
13618 Sphingobacterium spiritivorumATCC 33300
ORF10 15102 372 FAD dependent Acid_5446 (YP_826678.1), Candidatus 7e-99 51/62
16220 oxidoreductase Solibacter usitatusEllin6076
ORF11 16245 402 aminomethyltransferase  Acid345_1269 (YP_590345), Candidatus 2e- 49/65
17453 Koribacter versatilis Ellin345 122
ORF12 17453 537 FAD dependent Acid345_1270 (YP_590346), Candidatus 0.0 66/82
19066 oxidoreductase Koribacter versatilisEllin345
ORF13 19063 534 FAD dependent Acid345_1270 (YP_590346), Candidatus 2e- 41/60
20667 oxidoreductase Koribacter versatilis Ellin345 130
ORF14 20708 388 aminomethyltransferase GB2207_03824 (ZP_01224676), gamma 2e- 55/73
21874 proteobacterium HTCC2207 146
ORF15 21969 218 anti-anti-sigma (ACY25442), uncultured microorganism from le-15 40/61
22625 regulatory factor Aplysina aerophoba (aa 13-111)
hypothetical protein POR_0546 (ZP_06385950) Candidatus le-15 44172
Poribacteria sp. WGA-A3 (aa 136-195)
ORF16 23738 358  alcohol dehydrogenase HMPREF0017_00813 2e- 51/71
22662 (ZP_06068892),Acinetobacter Iwoffii SH145 131
ORF17 23842 557 permease SupE (ABE03914), Aplysina aerophoba 2e- 44/64
25515 bacterial symbiont clone pAPKS18 136
ORF18 25597 115 anti-anti-sigma (ACY25442), uncultured microorganism from 3e-13 35/58
25944 regulatory factor Aplysina aerophoba
ORF19 25987 92 hypothetical protein POR_0546 (ZP_06385950), Candidatus 8e-21 48/72
26265 Poribacteria sp. WGA-A3
SwfA 26422 2349 type | PKS (KS ATDHE POR_0547 (ZP_06385951), Candidatus 0.0 70/83
33471 KR ACP) Poribacteria sp. WGA-A3 (aa 1-1108)
POR_0548 (ZP_06385952), Candidatus 0.0 63/76
Poribacteria sp. WGA-A3 (aa 1105-2326)
SwfB 33468 839 R + ST domains POR_0550 (ZP_06385954), Candidatus 0.0 59/74
359087 Poribacteria sp. WGA-A3
SwfC 36003 585 radical SAM POR_0549 (ZP_06385953), Candidatus 0.0 65/79
37760 Poribacteria sp. WGA-A3

4.2.2 Analysis of swf operons

The putativeswf FAS/PKS operon consists eivfA (FAS/PKS 1), swfB

(R and ST domains), arsvfC(radical SAM, not present IRSA11D7).
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POR_0547 POR_0548 POR 0549 POR 0550
[ ks AT DH >| ER KR AcPIZIEXT
POR
swfA swfB swfC
[ ks AT DH ER__ KR Ac:|>| R sT
PS11G3
swfA swiB
[ ks AT DH ER KR ACF>| R ST >
PSA11D7

1kb

Figure 4.2 True to scale sketches of the domain organization cfwligene
clusters: A) POR_054POR_0550, B) PS11G3, and C) PSA11D?7.

SwfA. The SwfA proteins are each composed of only one complete PKS
module, indicative of either an iterative mode of action or a single
elongation. The domain organization of SwfA is-R$-DH-ER-KR-ACP.

From the domain organization of SwfA, a saturated acyl chaidugtas
expectedalthough gpoly)unsaturated and/gpoly)hydroxylated acyl chain
cannot be excluded, because in iterative PKSs the reduction domains can be

optionally used durig eat of the elongation steﬁé

" multimodular cis-AT PKS

N
[ KS AT DH ER KR _ACGP Pks2 (Mycobacterium avium) NP 962698
40 " ppsA [Mycobacterium tuberculosis] ZP 06522487
. 100 % AT DH T ER KR ACP  Ks2 (AT2) > SupA
30 PKS/INRPS
56 98
mycor synthase (Rhodopirellula baltica) NP 867299
92 o multimodular FAS | (protists)
48 RkpA (Legionella longbeachae) ZP 06187358
I\
58 =1 KS AT DH ER KR ACP) \WchR
92 100
e [ KS AT DH ER KR ACP) RkpA (Sinorhizobium fredii) AAW78650
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100 v
N
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98 N v
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Figure 4.3 UPGMA tree showing phylogenetic relationships of-K% domains

from different types of PKS and FAS enzymes, anddale sketches of domain
architectures. Branches comprising multiple sequences have been collapsed and are
illustrated as triangles; bootsfr values are shown at the nodes.
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A phylogenetic comparison between SwfA and some related Y&k
PKS proteins is shown inigure 4.3. SwfA starts with a KS domain (~420
aa) with moderate homology to type | PKSs from various organisms.
Phylogenetic angbis (KS tree rooted with the type Il KS FabB frdmm
coli) shows a clear separation of the new speatgyeved SwfA enzymes
from the WcbR/RkpA sequencesidbre 4.4). The KS domain of SwfA
shows features that are not shared by any other KS domains, mgcludi
WcbR/RkpA Figure ) . I n addition, the second AQ
is replaced by either Al 0 or AVO, which
PKSs (all cisAT and WcbR/RkpA sequences possess an intact DPQQR
motif), and the motif HGTGT of ci&T and WcbR/RkpA sequences i
changed to HATGT. This explains whgwf sequences may be
underrepresented or absent in previous PCR screening§¥fis in sponge
metagenomé&® which targeted the standard DPQQR and HGTGT motifs.
For the AT domain, the sequence of aa #7232 of allSwfA homologs
illustrate the motif IAFH, which suggests maloiGbA as the substrdt®
(Figure ), but the other substrate determining motif GHSSGE, present at
aa 610615, is unusual, because, amting to Smith and Taf an amino
acid larger than Seis normally present in malonfoA specific AT
domains. The QCALVEL motif (aa #59897) is unique to Swfky, and is
also present (with some variation in the first and last aa) in thesfafukT
fragments amplified from the metagenome Bf simplex with the
AT1F/AT3R2 primers. It appears to be a watinserved signature motif for
swfA genesand was used to design primers to screen for the presence of the

swf cluster in the metagenomes of other species of spomgeaiseful
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homology information coulde obtained for the DH, ER, KR, and ACP

domains. The BLASTp hits were heterogeneous and displayed only

moderate to low homology.
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Figure 4.4 Neighborjoining tree of full length KS domains from type | FASs-

AT PKS, transAT PKS, Sup (sponge symbiont ubiquitous pks), PKS/FAS,
PKS/NRPS, RkpA/WcbR. The KS tree is rooted with the type Il KS FabB Eom
coli. Bootstrap valuearegiven at the nodes

SwfB. The ORF encodes a predicted fusion of atefninal thioester
reductase (R) domain and at&minal sulfotransferase (ST) domafig(re
4.2). SwfB shows high similarity to the -t@rminal two domains of two
multimodular type | FAS of protists of the cla€eccidia(Table4.1 and

4.2), the only known homologues in which the R and ST domains are
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contiguous as in SwiB. Because no functional gsidiave been conducted
with this gene, the function of SwfB cannot be inferred.

R domains are frequently present in modular enzymes of fungi,
myxobacteria, and cyanobada™ They can reductively release the
assembled chain as an aldehyde (often éurélaboratedo primary alcohol
or amine)*¥ or they can be redeinactive catalysts of carbon chemistry,
for instance to form heterocycld. ST domains catalyze transfer of a
sulfonate group to a hydroxy or amino grotthThe resulting sulfate gup
is usually found in the final metabolite, but sulfonation may also be a means
to generate a good leaving group as repoiteduracin A biosynthesfs®
i n whi ch s u khjidooxyadyHA®PiIs faldwedaby thioesterase
(TE) mediated hydrolysiglecarboxylation, and sulfate elimination to give a
terminal alkene. For SwfB, the combination of R and ST modules could
suggest conversion of the terminal carboxylate to a primary sulfate group.

SwfC. SwfC shows high similarity to a number of radical SA&kkzymes.

It has a predicted fterminal (aa #1229) vitamin B12 binding domain and

a central (aa #17846) radical SAM superfamily domain, including the
characteristic CYCX,C motif. Radical SAM enzymes can catalyzeaaray

of different reaction&” ¥ The first event is always the extraction of a
hydrogen radical from an unreactivé® G bond, but the final outcome of
the reaction can vary greatly, including isomerizations, complex
rearrangements, oxidations, and methylations. In a phylogenetic tree
corstructed using radical SAM proteins which have been functionally
characterized, SwfC clusters with proteins that actnashyltransferases

(Figure4.5). Therefore, SwWfC might act as a methyltransferase as well. The
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closest homologue of SwfC in the treeais enzyme (HpnP) responsible for
2-methylation of hopanoid$? While a similar enzymatic activity must be
present in some of the bacterial symbiontsPof simplex because 12
methylhopanoids have been found in large amounts in the extract of this
spongée?? it appears unlikely that SwfC is involved in this specific activity.
Summarizing, SwfA is expected to assembly an acyl chain which is
modified by SwfB and SwfC in unknown ways. While the expected product
of elaboration of an acyl chain by SwfB wouddssibly be an alkyl sulphate
that might be methylated by SwfC, no such metabolites are known to be

present irP.simplex

100 AAP34382 PqqE ‘

68 AAC38153 ORF2 ‘ Cofactor Biosynthesis
35 ABS75716 MoaA
AAU40501 SpiB
100 E3PRJ3 LAM ‘ Aminomutases

Ay196214 BIsG
100 P42632 PFL activase
| S 1RBW_A GD glycerol dehydratase activase

CAOB9443 BioB ‘ Sulfur Inserting Enzym
2L ACN15589 LipA | 9 Enzymes

[———— SwiC (PS11G3)
0L AFM84672 HpnP
BAAO7117 BepD
AAF61217 SanA
BAAQ8420 Fms7
51 ACGT70826 Fom3

Glycyl Radical Activases

Methyltransferases

Figure 4.5 Neighborjoining tree (condensed tree, cutoff value is 35%) displaying
topology of radical SAM enzymes with knowhiological function. SwfC
(PS11G3) clusters with radical SAM methyltransferases. Bootstrap values are
given at the nodes

4.3Widespread diffusion of theswf cluster

For a preliminary analysis of the diffusion and diversity of Hvef
cluster, we designed the primers SWF_ATF and SWF_ATR from the

conserved regions FSGQGTQW and QCALVEL, respectively, of the AT
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domain of SwfA proteins. Using these primers, we amplified by PCR this
fragment from the metagenome Bf simplexas well as fronthree "high
microbial abundance spongéd%?, namely Aplysina fulva Pseudoceratina
crassa andSmenospongia auredn all cases, the PCR product showed the
expected length (about 220 bp) foswfAfragment Figure4.6). The PCR
products were subclonednd six clones from each spexiwere cloned and
sequencedAll the deduced protein fragments showed a very high similarity
to SwfA; each amplicon showed 68% to 88% identity to each of the three
SwfA homologuesdescribedabove In addition, a BLASTp seahcfound
POR_0547 as the first hit for all the sequences (E value %) 1@vhile all

the other hits were heterogeneous and showed a much lower similarity (at
most 51% identity, E value > '18).

These data clearly show that all the amplicons were BafA genes, and
therefore, that theswf cluster was present in all the sponges studied.
Therefore, theswf cluster appears to be widespread in marine sponges.
Furthermore, n Aplysina aerophohaswf has been shown toe hosted by
Poribacterig and the same may hold true fér simplexwhich is known to
contain Poribacterig and for the other three species studied, although no

positive evidence about this exists at present.

Pa Sa M Pc Af N

Figure 4.6 PCR detection ofswf ge ne s i n four di fferent i
abundanced marine sponges. Pri mers SWF_ATEF
SWFr were used. Abbreviations: PRlakortis simplex Sa,Smenospongia aurea

M, DNA size marker; PcPseudoceratina crassa\f, Aplysina fulva N, negative

control.
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4.4 Functional study of the Swf enzymes

4.4.11n vivo phosphopantetheinylation of SwfAcp

The ACP domain of SwfA (Swficp) was expressed with and without
coexpressi on o f-phaphgpanteteinl ransferabeg PP¥ase)
Svp from the bleomycHproducing Streptomyces verticilluaTCC15003
The highresolution ESI mass spectra of the two purified enzyme
preparations wre compared, to test whether thpo-SwfAacp could be
activated to itsholo-form in vivo (Figure 4.7). An array of peaks with
different charges for each protein were observed; the [M¥6tdlaks were
the most intense, and were used for the subsequent measurements. HRMS
allowed the accurate measurement of the monoisotopic m/z values for the
two expressed proteins, each showing a cluster of isotopic peaks in which
the M+6 ion was the most abdant. The monoisotopic m/z values
measured for the M+6 isotopic peaks carrying a +6 charge were 1720.1949
and 1776.7079, respectively, for tapo- and holo-form, corresponding to
masses of 10321.1694 amu for #ygo-form and 10660.2474 amu for the
holo-form (Figure4.7). The measured mass of tapoform is in excellent
agreement with the calculated mass 4§8CsH71N13401465:  gives
10321.1888 amu, error 1.8 ppm). The mass ofhible-form is higher by
339.0780, which is exactly the expected change fph@sphopantetheine
adduct.n this respect it should be noted that, while the experimentally well
established mass change for phosphopantetheinylation i$*%B9the
expected mass change should be 340, if one considers the molecular mass of

phosphopantetheine (358 in the neutral dihydrogenophosphate form) and the



loss of a water molecule. A mass change by 339 corresponds to an
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additional G;H20N2OgPS neutral fragnent, which for the nitrogen rule must

be an odeklectron fragment, and therefore implies a radical.
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Figure 4.7 (a) Highresolution ESI MS spectrum @ipo-SwfAace. (b) Expansion
of the 6fold charged ion peak adpo-SwfAscr showing individual monoisotopic
peaks. (c) Higkresolution ESI MS spectrum diolo-SwfAxce. The peaks of the
holo-protein are overlapped with those of its dimer (originating from a disulfide
bond between phosphopantetheine S atoms). The dimer showsy éracdame
m/z as the monomer when it has twice as many chargesctatded peaks of the
dimer are also present. (¢) Expansion of thiml@ charged ion peak offolo-

SwfAxcp showing individual monoisotopic peaks; the weaker peaks, denoted with

asterisksare the monoisotopic peaks of thefbl charged dimerThe difference
between corresponding peaks ajo- and holo-SwfA,cp accounts for a mass
change of 339.0780, indicating a phosphopantetheine adduct.

Until now, in the literaturethis discrepancy hasever been previously

noticed, nor explained. A possible explanation is that the terminal SH of the
phosphopantetheine group may be oxidized yielding a disulfide dimer (this

dimer was indeed observed in the ESI mass spectruholofSwfAace,
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(Figures4.7). In the ESI source, the usual (poly)protonation reactions may
be accompanied by homolytic cleavage of the disulfide bond, yielding two
sulfur radicals.

The comparison of the mass spectra of SwkAwith and without Svp co
expression showed that in thiesence of Svp only thepo-form of the ACP

was present. In contrast, the-expression with Svp resulted in a complete
conversion of theapo into the holo-form. This is the first functional
information about theswf cluster, demonstrating that the predicted ACP
domain folds correctly, is recognized by PPTase, and is therefore
presumably functional. In addition, these results demonstrate that ACPS (the
PPTase of theE. coli expression host) is unable to catalyze
phosfopantetheinylation, and therefore, that in functional studiesvbih

E. coli, co-expression of the Svp PPTase is essential.

4.4.2Heterologous expressiomnd LC-MS analysis

For heterologous expression of tissvf cluster, the whole cluster
(PS11G3 type was cloned in the expression vector pH&S&H?P+*
yielding the recombinant plasmid pGS38. Homologous recombination was
performed usinge. coli BW25113 with the red helper plasmid pKDA46,
codingbr the phage & Frehis purpese,ahe hdstrsteais e .
was transformed with the donor fosmid pPS2D9 containing the whole
PS11G3 sequencesee Sectiorb.2.17 for details) and the linear vector
pHIS8-Svp modified at both ends by adding extensions homologous to the

initial and the final regions of theswf cluster. Recombination k. coli

BwW25113 was promoted by inducing expressi
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under the control of araBAD promoter, and allowing transfer ofsthe
cluster from the donor fosmid into pHIS®B/p, resultig in the plasmid
pGS38. After cloning, the new recombinant plasmid was transferre@&into
coli BAP1?"! by electroporation in order to perform heterologous expression
under control of the T7 promoter.

Transformed cultures were grown in the presence of the inducer IPTG,
harvested, and subsequently subjected to MeOH extraction. Additionally,
the culture broths were collected, freeze dried, and extracted with MeOH.
The MeOH extracts of the transformantsit@ning theswf cluster and of
their culture broths were analyzed by HR-ESIMS, and compared to the
methanol extracts from negative controls (i.e. clones grown in presence of
the inducer, but containing only the expression vector ptag8 without
the swfinsert). All theexperiments were performed fnplicate, and both
positive and negativéon mass spectra were recorded. Although even
remarkable differences were observed in the relative amounts of some
metabolites, the LBAS data revealed no compmis which were present in

all the transformants and absent in all the negative controls.

4.4.3 Heterologous expression and fatty acid analysis

E.coli BAP1 cultures transformed with the expression plasmid pGS38
were grown as deribed in the prgous paragraph 4.4.2, harvested, and
then subjected tdipid extraction. Fatty acids were characterized by
saponification of the lipid extract and derivatization to fatty acid methyl
esters (FAMEs) followed by GC/MS analysi&dditionally, the culture

broths vere collected, freeze dried, adissolved in nanopure water to be
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subjected to fatty acid analysis following the protocol observed for bacterial
pellets. The fatty acid composition of transformants containing siad
cluster was compardabthto the lipidextract of clones grown in absence of
the inducer IPT@ndto that ofclones including only the vector pHISB/p
(without the swf insert) and grown in the presence of IRTGC/MS
measurements revealetb compounds which were present in all the

transformaits and absent in all the negative controls.

4.4.4 Heterologous expression of SwfA and SwiB

With the aim to perform heterologous expression of SwWfA and Stk
relevantgenes were cloned in the expression vector pri@8by o RED-
mediated homologous recombination, yielding the recombinant plasmid
pGS40. Homologous recombinatiomas successfullyrealized in E.coli
BW25113 pKD46 transformed with the donor fosmid pPS3110 (containing
swfA and swfB genes of the cluster PSA11D7) and the linesdi vector
pHIS8-Svp flanked at the ends by two fragmehtsnologous respectively
to the initial part oswfAand the final part o$wfB After cloning, the new
recombinantonstructpGS40 was transferred by electroporation iBtooli
BL21-CodonPIu§ (DE3)-RIPL cellstransformed with the chaperon plasmid
pTfl6 in orderto perform protein expession under control of the T7
promoter Coexpression of pGS40 withe arabinosénducible pTf16 was
carried out as previous trials failed because of proteirusimmh bodies
formation. The chaperone plasmiencodes indeed for the Triggeactor
molecular chaperone aiding the protein foldargl consequently increasing

protein solubility.
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After purification of the protein extraétom transformantsipplying the Ni
NTA technology only weak expression foSwfA was observedhrough
SDSPAGE analysisWhile being expressed as-tdrminal His8-tag fusion
protein the vector pHIS&vp carriesan octahistidyl tagand showing
increased solubilitySwfA wasnot retained byhe NENTA matrix and was
discarded in the flowhrough and washing elutionfractiors during
chromatographic separation. In some cases, the His tag is partially or
completely hidden by the tertiary structure of the native prqisiventing
its binding to the resin.

Thus, an incontrovertible result was thatvfA gene was transcripted and
translated in the heterologous hosttlining new perspectives for the

heterologous expression of genes from sponge symbionts.
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Figure S1. Alignment of KS domains from type | PKSs and FABse KS domain

of SwfA shows features that are not shared by any other KS domains, including

Wc bR/ RkpA. These ar e, for i n-$0t aam,ntloee , t he
AEATAVNO mo-255)fand(8aditiondl andinoacids after aa 275, and the

NGHCVVR motif at the end (aa 4181 9 ) . I n addition, the secon

DPQQR mot i f is either Al o0 or AVO, whi ch
PKSs (allcissAT and WcbR/RKpA sequences possess an inta®@@m®R motif),

and the motif HGTGT ofcisAT and WcbR/RkpA sequences is changed to
HATGT, with the A being uniqgue among all KS sequences.
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Diversity of polyketide synthase genes fror®.amplex

Since metagenomic library screenings have prdeebe ineffective in
finding plakortin genesndbr other bioactive polyketide pathways new
strategy was adopted to access the PKS metabolism of the Caribbean sponge
P. simplex Metagenomic analyses were undertaken to determine the
polyketide synthase (PKS) diversity and explore the biosynthetic pdtentia
of the spongeassociatednicroorganisms by next generation sequencing
(454 pyrosequencing)f complex and heterogeneus PCR products amplified
from the metagenomic DNA&vith degenerate probes targeting ketosynthase

and acyltransferase domains.

5.1 454 pyosequencing

The 454 pyrosequencifty technology was developed by 454 Life
Sciences as a new, highly parallel two step DNA sequencing system with
significantly greater throughput than the Sanger sequencing systems. It is
based on théisequencing byynthesis principle which involves utilizing
single strand DNA, to be sequenced, and sequencing its complementary
strand with enzymatic action. It is a system integrated with PCR
amplification of numerous DNA fragments linked to high throughput
parallel prosequencing in picolitresized wells. Thefisequencing by
synthesisé principle relies on the detection of pyrophosphate (PPi) released

on nucleotide incorporation, generating a light signal, rather than chain
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termination with dideoxynucleotides.454 pyrsequencing is a highly
parallel two step approach. The DNA is firstly prepared by cutting the DNA
into blunt ends and attaching oligonucleotides adaptors to both ends of the
cut DNA molecules.These adaptors provide priming sequences for both
amplificationand sequencing of the samylilerary fragments. One adaptor
(Adaptor B) contains adbiotin tag for immobilization of the DNA library
onto streptavidircoated beadd he fragments are then individually attached
to a bead, which is then amplified via PG droplets of an oivater
emulsion, generating multiple copies of the same DNA sequence on each
bead. The beads are then captured in picotitreswella fabricated substrate
and then pyrosequenced.

The sequencing occurs severalsteps, using the Geme Sequencer
FLX system. Firstly, the template, a single stranded PCR amplicon, is
hybridized to a sequencing primer and then incubated with the enzymes
DNA polymerase, ATP sulfurylase, luciferase and apyrase as well as the
substrates adenosinéghosphoslfate (APS) and luciferin. The first ANTP
is then added and if complementary, it is bound to the DNA strand by DNA
polymerase and this is accompanied by the release of a PPi. The PPi is
converted to ATP by ATP sulfylase in the presence of APS and than,
luciferase catalysed reaction generates visible light proportional to the
amount of the generated ATP. Apyrase continuously degrades
unincoporated nucleotides and ATP. After the degradation process, another
nucleotide is added. As the process contintles, complementary DNA
strand is built up and the nucleotide sequence is determined from the signal

peaks in the pyrogram tracélhe strengths of pyrosequencing technology
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are represented by the high sensitivity such as by the amount of sequence
information obtainable.The system sequences 4800 million bp in 10
hoursand gives sho#ength reads of 36600 nucleotides.

454 pyrosequencing technology enables a variety of applications
including sequencing of whole genoméarget DNA regionsamplicons,

metagenorasandtranscriptomes

5.2 Phylogenetic analysis of KS amplicons

The metagenomic DNA oP. simplexwas used as template for PCR
screening with the degenerate primers KSDPQQF/KSHGTGTR targeting
high conserved motifs in KSodhains of polyketidesynthaseswith the aim
to study indepththe polyketide metabolism of the marine sponge.

The research of polyketide genes from sponge metagenome applying the
KSDPQQF/KSHGTGTR degenerate primers, as widely documented in the
literature, is critically hamped by a huge amount of widespreakighly
sponges peci fi c group of pol yk ejomngd e synth
(symbiont) ubiquitouspo | y k e t i d e @ Them wpAKS feagnieits
are definitely predominant among the PCR amplicaniih the consequent
risk to overlook underrepresented KS amplic@nstraditional techniques
for the analysis of PCR productare applied Therefore, the 454
pyrosequencingnethod was adopted in order to gain a comprehensive view
of the complex and heterogeneous PCR amplioocture.

Next generation sequencing of the PCR products generated 19333 reads;

sequences shorter than 200 nucleotides were excluded froBL&RTX
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analysis because not long enough to allow a correct identification. As
expected BLASTx analysis of KS amplicons revealed as first remarkable
result the high abundance sfip genes inP.simplexmetagenome: almost
68% of the analyzed sequences were clearly KS fragments belonging to this
spongespecific group of PKSs. The data led to an estiom of 246
different sup KS fragments, with duplicates and close orthologues
eliminated at a 5% similarity cut off. In addition, a high number (~12.4%) of
sequences containing one or more frameshifts could be included irsiopthe
PKS group. lis not kmown so farwhetherthese mutationactuallyoccur in
the metagenome &f. simplexor theyare simple artifacts.

Five amplicons were obviously orthologous tecb/rkg®*? cluster as
deduced from the tematched sequences @#BLASTXx searchrepresented
by KS belonging toputative wcb-PKS from different sponges such As
aerophoba (DQ996390uncultured bacterium clone 2m14 ketosynthase
gene) andD. dissoluta (AY897162 spT-KS63g). Two representative
fragments of this group, PS_W3FZ and PS_WB8EY9, virckided in the
phylogenetic analysis(figure 5.) confirming BLASTx matches and
showing close relationship witktvcbRKS from bacteria of the order
Rhizobiales $inorhizobium melilotiand Burkholderia pseudomallgi as
supported by high bootstrap value ¢899

Further examples of typePKSlike FAS were amplified fromP.
simplex applying the degenerate primers KSDPQQF/KSHGTGTRO
amplicons, PS_X0ODW (present in duplicate) and PS_O68N shared high
similarity with FAS respectively from Saccoglossus kowalevisk

(Hemichordata) and Branchiostoma floridae (Cephalochordata), as
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underscored by values (respectively, 180 and 9e39) of the BLASTX
search. Besides, one amplicon, PS_THOB, present in triplicate in the PCR
amplicon mixture, found its closest homolog(le value 4&64; max
identity 75%) in the partial ketosynthase domain from an uncultured
bacterium of the marine spond2 dissoluta(AY897165 spTKS37Ai),
which clusters with trarAT PKSs according to the phylogenetic analysis
reported in therelevant paper® This data is in contrast with the
phylogenetic tre€figure 5.1) reported belowvhere the sequence appears to
be related to typé-PKSlike FAS and is closely related to FAS from
protists as underscored by a bootstrap value of 92%. Two other KS
fragments, PS T094 and PS_0O23H, shared high homology with KS
belonging to3-oxoacyl carrier protein synthases of the typéatty acid
synthase system. Particular§l.,ASTx search showed that PS_T094 found
its closest relatives ifabH genes from} anda-Proteobacteriaon the other
hand, PS_0O23H matched among BIeAST hits mainly withfabF genes
from marineo-Proteobacteria

Besides the presence efip fas and wcb/rkp genes, involved in the
primary metabolism of sponge symbionts, the -p§bsequencingnethod
allowed the detection of eight KS fragmemtsssibly responsible for the
biosynthesis of secondary metaboliiesP. simplex Among theseeight
amplicons, one ia partial KS domain of an hybrid NRAEKS, as deduced
from the BLASTx analysis where the first hitasa betaketoacyl synthase
from a bacterium of the order Rhizobialddethylosinus trichosporium
OB3b (NZADVE01000087;E value 1&68, identity 87%)which appeared

located in the genomebetween two regions codingfor aminoacid
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adenylation domain proteinRunning sequence analysis in the NAPYOS
database (where only PKSs of known function are included), the previous
resultwas confirmed: the query sequence matthiee JamM (AAS98784)
hybrid KS domain E value 1&35, identity 58%) of the jamaicamide
biosynthetic pathwal! The remainingsevenpartial type | PKS fragments
resembled basically modulais-AT PKSs, as showiby the phylogenetic
trees (figure 5.1 and 5.2 and by a BLASTx search. The sequence
PS_WUGN shared high identity with putative partial Hettoacyl
synthases from bacteria of the genStaeptomycegbestE value 5e53) and
Sorangium(best E value 3e52). Interesting similarities were also found
with different actinobacterial and myxobacterial biosynthetic gene clusters,
including the neuroprotectant meridamy@ifrom StreptomycegE value
le-47; max identity 63%) and the antimycobactenmlcrolide thuggacin A
from Sorangium cellulosulf? (E value 6e48; max identity 62%). Five
further partial KS sequences (PS_SA3U, PS_WH8C, PS V7ZG, PS_W828
and PS_UZz2Z7), among the other matches, provided similarities to various
PKS genes from the phylur@yanobacteria Significant hits were also
found for all the five fragmentswith many different cyanobacterial and
myxobacterial biosynthetic gene clusters such as the antitubulin metabolite
curacin A from the cyanobacteriutyngbya majuscud*?, the electron
transport chain inhibitors myxalanfil and stigmatellin from the
myxobacteriumStigmatella aurantiada’, the hepatotoxin nodularin from
the marine cyanobacteriudodularia spumigerd” and the cryptophycins
which are potent anticancer agefrtsm Nostoc cyanobionf$® The identity

with the matchedis-AT KS domains of these PKS genes was between 37%
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and 71%. Among these five KS fragments, PS_WH8C and PS_W828
appeared to be related also to putative KS forming parts of PKS genes from
Eukaryota with the top matched sequences in BIEASTx results being
respectively the MInB PKS from the protiSalpingoeca sp. ATCC 50818

(E value= 1e28, max identity= 46%; accession no EGD79036) and an
hypothetical protein from the red alg@eireococcusanophagefferenge

value = 1€36, max identity = 56%; accession no EGB07663).

PS_0ga 1;9
FAS from protists N
K 092508340 fas Branchiostoma floridae ————
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AT PKS, transAT PKS, Sup, PKS/FAS, PKS/NRPS, RkpA/WcbBwf. KS
fragments fromP.simplexare included in the tre@he KS tree is rooted with the
type Il KS Falid from E. coli. Bootstrapvalues are given at the nodes

The last fragment, PS_X44Hhust belong tcan unusual KSbecause

BLASTXx analysisshowedonly low-scorematches (bedE value 2e19) with
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putative bet&ketoacyl synthases from various strains of the genus

StreptomycesMoreover, BLAST hits conflicted with the phylogenetic tree

where the PS_X44H is included in the clade of cyanobacteisahAT

modular KS domains with low bootstrap valiégure 5.2)
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Figure 5.2 Neighborjoining tree of full length KS domains frolKS of known
function KS fragments fromP.simplexare included in the tre&he KS tree is
rooted with the type Il KS Fab from E. coli. Bootstrap values argiven at the

nodes

The vast majority of PKS genes detected trough PCR screenings of many
sponge metagenomes is represented by Sup enzymes, unusual small

monomodular polyketide synthases, widely and exclusively distribiated
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Ahi gh micr ob(HMA) spenges wietrea npcte half biomass can
consist of microbial symbiont®. simplexs aHMA sponge andindeedits
metagenome was characterized by the widespread occurresgpggnes
as observed also for the marine sponge$ysina aerophobaTheonella
swinhoej Agelas dilatata Ircinia felix, Discodermia @soluta and
Xestospongia mufa®

Although the general architecture of Sup enzymes traces typical features
of mammalian fatty acid synthases, they are phylogenetically related to
PKSs. The domain organization of sup PKS is KS-AT-DH-
MT (methyltransferaselfR-KR-ACP-KS-AT. From the domain
organization of SupA, a saturated acyl chain product is expected which is
methylated by the methyltransferase, andssp genes are presumably
involved in tke biosynthesis oimethyl branched fatty acids (MBFAS).
Sponges are indeed one of the richest known sources foichaid
branched FAs (MBFAs), and Sup enzymes have been proposed as
candidates for the biosynthesis of these lipids, commonly recognized as
baderial metabolites. Furthermore, recent studies revealed ohamtdhe
presence ofupgenes in the genome from a single cell dta@ibacterium
symbiontically associated with the spongiplysina aerophoh&” and on
the otherhanda positive correlation between the presenc@aifbacteria
andsupgenes in HMA sponges rich in MBFAS! These data gave further
support to the hypothesis of poribacterial Sup enzymes being involved in
biosynthetic pathway of methyl branched fatty acid
The biological functions of methydranched fatty acids in sponge

symbionts are unknown. InterestingMycobacterium tuberculosimutants
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lacking mycocerosate (2,4,6t8tramethyl C32 fatty acid) and other cell
wall lipids exhibited an attenuated grthwin various animal hosts,
indicating that these compounds are crucial for the infection process and
adaptation to the host. It is an interesting question whethesujhgenes
mayplay a similar rolein that they might be essential for the establishment
and maintenance of symbiosis in spongés

Besides the widespread diffusion sxip genes, a second group BKS
genes was detected tine metagenomef P. simplex generally classified as
lipopolysaccharide typ&PKSlike FASs occurring in various marine
sponges and orthologous towchR/rkpA genes Prototypical Wcb/Rkp
clusters are indeed known fratimoseU- Proteobacteriathat are capable to
induce root nodules in plants (for instance bdatof the taxoriRhizobiale}
and dso from other bacteria(especially b-Proteobacteria living in
symbiosis with plants. The produced capsular polysaccharides can be
regarded as virulence factors not only for the infection of plant roots, but
also of animal and human cells. An example for this is the disease
melioidosis caused Burkholderia pseudomall&i®

All the eightputative KS fragments (one hybrid NREES-AT PKS and
sevencis-AT PKSs)involved in the biosynthesis of secondary metabolites
from Plakortis simplexare significantly differento each othe(Ev al ues O
10-6) andBLASTXx analysis as well as the rebuilt phylogenetic taxonomy
revealed that they are only distantly related to PKSs of characterized
function. In addition, phylogenetic analyses suggest that these KS fragments
are mainly related to PKSs fronCyanobacteria Actinomycetesand

Myxobacteria commonly known as precious sources of bioactive
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polyketides. In spite of the huge number of KS amplicons obtained from the
metagenome oP.simplex apparently naransAT KS domain could be
identified.

Marine sponges of the gem®lakortis are known for the production of
large amounts of polyketide peroxides, of which the-anatiarial plakortin
is the most abundant. Although plakortin is an abundant metabolite in the
Caribbean spongelakortis simplexa high represented KS argan could
not be detected within the heterogeneous PCR mixture deep sequenced by
454 next generation sequencing. However, these eight sequences represent
KS belonging tonew PKSs,and thereforepotential candidates for the
biosynthesis of novel pharmacmatly bioactive compounds. hErefore,
they surelydeserve further studiesmed at the identification dhe whole
clusterswhich they are parbf, andat theinvestigaton of their biosynthetic
role. The diversity of PKS genes frothe metagenomeof P. simplex
represents one of the most important aspafcthe spage PKS metabolism
and even ithese PKS genes may not produce bioactive drugs, the discovery
of new PKS modules is useful for providing modules for combinatorial
polyketide synthesis via gemecombination techniques.

Symbiontbacteria are commonly recognized as the main producers of a
wide array of polyketides. However, considering that several KS fragments
amplified from P. simplexas well asfrom other marine sponges show,
among the otheBLAST hits, matches with PKS genes from protists and
algae,it can be argued thdacteriaare not always the unique and ultimate

source of sponge polyketides.
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5.3 Phylogenetic analysis of AT amplicons

With the aim to find novel PK§eneshopefullyincluding the plakortin
gene cluster, as well as to detect acyltransferasggpe-| PKS specifically
recruiting unusual substrates, the metagenomic DNA flroreimplexwas
used as template for PEdidsed screening with degenerate primers
AT1F/AT3R2 targdahg conserved motifs of acyltransferase domains of
type-l PKS enzymes. According to theypothesis about the biosynthesis of
plakortin (see paragraph 3,2bhis polyketide indeed could be synthesized
by a PKS system including A@lomainsselective forethylmalonylCoA.
Therefore, the 45pyrosequencingnethod was adopted also in this case to
gain a detailed survey of the partial AT fragments amplified frorsimplex
metagenome.

Next generation sequencing of the PCR mixture generated 8995 reads;
however also with this modern approach no other PKS/FAS tharknown
SupA and SwfAcould be found. Almost 51% of the analyzed sequences
belonged to the Swf enzymes; six different sequences related to this
monomodular PKS were found, with duplicates and cloglotmgues
eliminated at a 5% similarity cut off. Only the 4% of the total reads was
represented by AT forming parts oBupA enzymes; particularly20
different sequences orthologotes the supAAT group were detected.he
remaining reads appestnot to ke related to AT domaing- 45% of the
amplicond. Obviously, thetarget amino acid motif&=PGQGsQW and
QGEIAAA, recognized by the primer8T1F/AT3R2, are notspecificonly

to PKS/FAS genesand sequences that shared similar motifs or highly
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abundantsequences with less similar motifs could also be amplified by
PCR.

In the phylogenetic tree where acyltransferagemn PKSs of known
function are included together with representatives of the AT amplicons
from P. simplex the formation of two distinct atles referred to the two
major ubiquitous sponge PKS systems was clearly obs¢figede 5.3). In
the phylogenetic tree, two AT forming partssoipAgenes from othedMA
sponges Theonella swinhoeaind Aplysina aerophobawere included, and
they cluster together witbupAAT fragments fromP.simplexin spiteof the
taxonomic divergence of thehree species Furthermore,the shallow
branching topology of the Supgubcladenvasworthy of note,suggesting a
common organism source of these gen&o far, this feature has been
noticed only for the SupA KSamplicons*® So, these findings confirm
what hal been deduced from phylogenetic analysesupfAKS domainsa
group of ubiquitous sponge symbionts common t¢HMIA spongesare the
host of these PKSs ands previously discusseBoribacteriaare the main
candidates for this role.

In addition, itis worth noting that the Swf subclade shows the same
features as the SupA subclade, displaying not deep branching in the
phylogenetic treeTherefore if we considemalsothe widespread occurrence
in HMA sponges okwf genes(see sectiort.3) as well asthe detection of
the swf genes inPoribacteria from Aplysina aerophohathe analogy

betweerthe swfandsupclustersappears to be more than evident.
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Figure 5.3 Neighbor joining treeof AT
ampliconsfrom P.simplexmetagenome
displays the two major PKS systen
within sponge symbiontswfandsup
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Materials and Methods

6.1 Materials

6.1.1Spongecollection

The sponge®. simplex, A. fulva, P. crassa, and S. auneae collected
by scuba diving at depths of 5 m offshore Little San Salvador Island
and/or Grand Bahamas Island, Caribbean Sea, Bahamas. Individuals were
cut into pieces and immediately stored in five volsnoé RNA later (Life
Technologiey stabilization solution. The samples were kept2Q °C until
shipped to the laboratory, then the stabilization solution was removed and

the samples were kept frozeni 8 °C until used.

6.1.2 Chemicals

Table6.1 Chemicals

Chemical Source

1 kb DNA extensiorladder Invitrogen
1 kb DNA ladder Roth
5-Bromo-4-chloro-3-indoxytHb-D-galactopyranoside f&al) Roth
Acetonitrile Sigma
Acrylamidebisacrylamide 37, 5:1(Rotiphoresegel 30) Roth
Adenosine triphosphate 5 PRIME
Agar Roth
Ammoniumacetate Sigma
Ammonium chloride Sigma
Boric Acid Sigma
Brilliant-Blue R250 Roth
Bromophenol blue sodium salt Roth
Calcium chloride Sigma
Chloroform Sigma
Copper (Il) sulfate Roth
CTAB Fluka

D(+)-Glucose anhydrous Fluka
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Chemical Source
Desoxynucleotide (ANTPs) 5 PRIME
Disodium hydrogenphosphatiehydrate Sigma
Ethanol Sigma
Ethylenediaminetetraacetic acid (EDTA) Sigma
Formic acid Sigma
Glacial acetic acid Sigma
Glutammic acid Roth
Glycerin Sigma
Glycine Roth
Hexane Sigma
Imidazole Sigma
Iron (II1) chloride Roth
Isopropanol Sigma
Isopropylthiogalactoside (IPTG) Sigma
L-Arabinose Sigma
Magnesium chloride hexahydrate Roth
Magnesium sulfate heptahydrate Roth
Mercaptoethanol Sigma
Methanol Sigma
Midori Green Genetics
MTBE (methyltert-butyl ether) Roth

N, N-Dimethylformamide (DMF) Sigma
Ni-NTA Agarose 5 PRIME
Peptone Roth
Potassium acetate J.T. Baker
Potassium chloride Roth
Potassium hydroxide Sigma
Protein marker RotiMark Standard Roth
PVP Polyvinylpyrrolidone) Sigma
Seaprep agarose Lonza
Silica gel Roth
Sodium acetate Roth
Sodium chloride Roth
Sodium dihydrogenphosphate dihydrate Roth
Sodium dodecylsulfate (SDS) Sigma
Sodium hydroxide Roth
Sodium molybdate dehydrate Fluka
Sodiumsulphate anhydrous Roth
Strontium chloride hexahydrate Sigma
TBE buffer Bio-Rad
Tetramethylethylenediamine (TEMED) Roth
Tryptone AppliChem
Xylencyanol AppliChem
Yeast Extract Fluka




6.1.3 Chemical solutions

Table6.2 Chemical solutions

Materialsand Methods

Solution and buffer Composition Store
Destaining protein solution 30% methanol room
10% acetic acid temperature
Gel loading dye 0.05% bromophenol blue 4°C
0.05% xylene cyanol
Protein gel electrophoresis buffer 10X 250mM Tris-HCI room
2.5 M glycine temperature
1% SDS
Protein gel loading dye 3X 2.4 mL TrisHCI1 M 4°C
3 mL SDS 20%
3 mL glycerol
1.6 mL mercaptoethanol
0.006gbromophenol blue
Staining protein dye 30% methanol room
10% acetic acid temperature
1.25 gBrilliant-Blue R250
TAE 50X 242 g Trisbase room
57.1mL Glacialaceticacid ~ temperature
100 ml EDTA (0.5 M)
Ad 1L HO
TE 10 mM TrisHCI (pH 7.5) room
1 mM EDTA (pH 8.0) temperature
IPTG 20 mg/mL -20°C
X-gal 20 mg/mL -20°C
SB 20X 50 g boric acid room
add sodium hydroxide temperature
until pH 8.3
Ad 1L HO
M9 salts 64 g N&HPO& HFO room
15 g KH,PO, temperature
2.5 g NaCl
5.0 g NHCI
Ad 1L HO
Trace elements 2000X 1.2 g FeGJA6 HFO room
1.4 g MnSQ temperature
1.6 g CuSQ
Ad 500 mL HO
Bacteria cell lysis buffer pH8 50 mM TrisHCI room
500 mM NaCl temperature

10 mM MgCl
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6.1.4 Enzymes

Table6.3 Enzymes

Enzyme Source

Kapa T4 DNA ligase Kapa Biosystems
Lysozyme Sigma
Proteinase K Sigma
Restriction enzymes Takara, Promega
RNase A ApplyChem
Shrimpalkaline phosphatase (SAP) Promega
TagDNA polymerase RBC Bioscience

6.1.5Vectors and bacteria

6.1.5.1 Vectors

Table6.4 Vectors

Vector Source

pBluescript SK 11 §) Stratagene

pCC1FOS Epicentre

pHIS8 Derivative of pET28alNovagen
pKD46 Nature Technology Corporation

6.1.5.2 Bacteria

Table6.5 Bacteria

Bacteria

Genotype

E. coliBL21 (DE3) BAP1

E. coliBL21 CodonPlus (DE3) RIPL

E. coliBW25113

E.coliEP | 3 affE

E. coliXL1-Blue

[F' ompT gal dem lon hsgs ms) &DE3) [lac]
lacUVBTY genel indlsamidS|pp r p RIBpDD

sfip T7pprorRormE

E. cdiB H ompT hsdfBi mB) don Tetr gal
&DE3) endAHte [argU prolCan [argU ieY leuw
Strep/Spp

laclgrrnBT14gpac2WJ1ehsdR514
garaBADAH33ghaBADLD78

F-mcrAgfmrr-hsdRMSmcrBC)
0 80dlacAM15 gqtacX74 recAl

recAl endAl gyrA96 thihsdR17 supE44 relAl [ee
ProAB lactiZadA15Trl0(Tetr)]
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6.1.6Antibiotics

Table 6.6Antibiotics

Antibiotic Concentration Source
Ampicillin 100 pg/mL Sigma
Cabenicillin 100 pg/mL Roth
Chlorampheniol 12.5 pg/mL Fluka
Kanamycin 50 pg/mL Roth
Tetracycline 12.5 pg/mL Roth

6.1.7 Bacterial cultivation media

LB: 10 g tryptone, 10 g NaCl, 5 g yeast extract. Added LQ@Q,kH 7.

LB agar: 10 g tryptone 10 g NaCl, 5 g yeast extract, 15 g agsdded 1 L
H,O, pH 7.

Semtliquid SeaPrep medium:10 g tryptone, 10 g NaCl, 5 g yeast extract,
800 mL HO, 5 g SeaPrep agaros&he mixture was gt in microwave for 5
min. Added upto 1 L kO, pH 7.

All the previous media were autoclaved at 121°C for 20 min.

MMGAGtr: 200 mL M9 saltsand500 pL 2000 X trace element solution
were added to800 mL HO. The solution was autoclaved at 121°C for 20
min. Then,2 mL MgSO1(1 M, sterilg, 100 pLdi CaCF(1 M, sterile), 10 g
filter-sterilized glucose in 50 mLJ@, 5 g filtersterilized glutammic acid in

150 mL HO were added to the autoclaved solution. Sterile water was added
to get 1L final volume.

6.1.8 Others

- CopyControl Fosmid Library Production KEpicentre)
- QIAquick® Gel Extraction Kit (Qiagen
- QIlAprep® Spin miniprep kit (Qiagen)

6.1.9Equipment

Table6.7 Equipment

Equipment Manufactory
Agarose/acrilamide gel electrophoresis Bio-Rad
Autoclave Smeg

Balance Gibertini
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Equipment Manufactory
Barnstead Easy Pure Il Thermo Scientific
Blue Light Transilluminator Bio View
C-1000Thermal Cycler Bio-Rad
Cellophan papers Roth

Centrifuge, cool, type Z 36 HK Hermle
CHEFRDR®III Pulsed Field Electrophoresis Syster Bio-Rad

Clean bench Thermo Scientific
Electroporation cuvettes 0.2 cm Bio-Rad
Electroporator Micropulser Bio-Rad
GelDoc E XR Bio-Rad

Glass wool Roth

Incubator Fratelli Galli, Carlo Erba

Incubator Shakers

Microcentrifuge Z 233 M2
Microcentrifuge, cool, type Z 216 MK
Microwave

Nanodrop 2000 C

Pipettes

Poly-prep columns

SpeedDry Rotational vacuum concentrator
Thermomixer Comfort

Thermostatic bath, PID system
Vivaspin500, 5000 MWCO

Vortex mixer MS525820

innova® 42, Thermo Scientific
Hermle

Hermle

DeLonghi
Thermo Scientific
Socorex, Gilson
Bio-Rad

Christ

Eppendorf
Instruments s.r.l.
Sartorius
Heidolph (REAX)
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6.2 Methods

6.2.1 Isolation of sponge metagenomic DNA

To ~40 mg of frozen sponge (in RNA later) 700 puL of lysis buffer 1 (200
mM Tris-Cl, 50 mM EDTA, 1.4 M NaCl, 2% CTAB, 0.5% PVP, all in
miIIiQ®-H20) were added and incubated at 37 °C for 1 & thermomixer
(1,400 rpm). Af t emercaatoethanol,i7o pl 1694 SDR,. 8 OL
2 pL RNase A (100 mg/mL), and 40 pL proteinase K (10 mg/mL) the tube
was incubated at 55 °C for a further hour in a thermomixer (1,400 rpm). At
this time, the microcenfuge tube was spun 4 min at 5,000 rpm. The clear
middle phase was transferred to a new microcentrifuge tube containing 750
pL CHCI; and centrifuged 10 min at 15,000 rpm. After repetition of the
CHCI; wash, the supernatant was transferred to a new micrdgagettube
containing 750 pL of 70% aqueous isopropyl alcohol containing 10% (v/v)
3M NaOAc (pH 5.5) at room temperature. The precipitated DNA was spun
down at top speed for 20 min, washed with-¢o&d ethanol, dried and
dissolved in ~60 pL elution buffg10 mM TrisCl, pH 8.5). The amount of
one tube was enough for PCR screening, for library construction the

protocol was upscaled to ~500 mg of frozen sponge.

6.2.2DNA amplification by PCR

6.2.2.1 Standard PCR

The aim of PCR is to amplify a few copieka target DNA to yield millions

of identical copies. A2CR procedure commonly includes three major steps.
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In the denaturation step, the doubteandedDNA is denatured to single
strarded DNA at high temperature, 9495°C. Next is the annealingtep,
when primers anneal to the singiFancded DNA at lower temperature,
50°G65°C. In the extension or elongation step, polymerase binds to the
primerDNA template hybrid for DNAs y nt hesi s V¥&80.di Tketion
temperature in this step depends on the typih@fused DNApolymerase;
with Tagpolymerase, theest working temperature is ©2°In addition, the
final extension at 7Z for 510 min following the last PCR step ensures
that the singlestranded DNA iscompletely extended. A PCR typically
consists of bhout 2035 cycles, relying on the concentratiari PCR
compositions.The reaction mixture for standard PCR was prepared as
follows: 14.65uL H,0, 1.5uL DMSO, 0.5uL dNTP, 2.5 forward primer
(10uM), 2.5uL reverse primel(10uM), 2.5uL 10X Taq Buffer advanced
with 15 mM Magnesium(5 PRIME), 0.35uL RBC Tag DNA polymerase

(5u/uL). StandardPCR was performed according to this program:

U 95°C for 30 sec, 54°C for 30 sec, 72°C for 45 sec, 72°C for.5min
The annealing temperature was normally set teBreedelow thelowest
melting temperaturealculated for the primer pair to be usedbngation

time was adjusted to the PCR produzesassuming 1 min for 1000 bp.
6.2.22 Touchdown PCR

It is also a modification of the normal PCR, in which annealing
tempeatures are varying. At the beginning of the PCR reaction, the
annealing temperature T is1®°C higher than the optimal primer melting

temperature (Tm) and thisngerature is decreased by -@% every cycle

5 (
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until the Tm of primers is reached. The PCRastinued at this temperature
for the remaining cycles. In this stage, only very specific pHD&A
hybrid is amplified, resulting in reduction of ngpecificPCR products and

therefore, the target DNA yield is increased.

6.2.2.3 Gradient PCR

During the gradientPCR, @ annealingtemperature gradient, which is
programmed between 1°C aa@°C, is built up across the thermoblosk
that each row has a different annealing temperailines allows the most
stringent parameters for every primer set to beutaled with the aid of

only one single PCR reaction.

6.2.2.4Colony PCR

This technique is convenient for identification of positive clones
containing a target DNA inside law copy plasmid DNA. Single colonies
were picked up fronthe plate and resuspend@d200¢L LB mediumwith
the proper antibioticAfter growing at 37°C for 1 hour €L aliquot was
subjected to PCR and the remaining colony suspension can be atdréd
for some days for cultivation. In a colony PCR, the initial denaturation step
is prolonged forl0 min instead of45 secas in a normaDNA PCR, to

promote cell wall and membrane disruption and Didiease.

6.2.2.5Amplification of 16S gene products fromP.simplex

Metagenomic DNA was used for PCR amplification of IBSIA genes
with the prokaryote specifiprimers F27/R1492Polymerase chain reaction

was carried out under the following conditionstial denaturation at 94°C
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for 1 min, followed by 30 cycles of39C for 30 se¢ 48°C for 30 secand

72°C for3 min, with a final extension 72°C fds min. The reaction mixture
(25pL) contained: 14.6%L H,O, 0.5 L DMSO, 1.5 pL dNTP (10mM),

2.5 uL Taq buffer advanced (Eppendor®.5 uL primer F27 (1QuM), 2,5

pL primer R1492 (1@M), 0.35uL RBC Taq DNA polymerase (5 U/uL,
RBC  Bioscience) 0.5 pL DNA (pr i mer s: -F27
AGAGTTTGATCMTGGCTCAGT 3 0 ; R 7AC2GGY% ®AC CTT

GTT ACG ACTT).

6.2.2.6PCR screening of metagenomic DNA for type | PKSs

In general, three primer pairs for type | PKSs wesed: KSDPQQK5*-
MGN GAR GCN NWN SMN ATG GAY CCN CAR CAN M&') and
KSHGTGR (5-GGR TCN CCN ARN SWN GTN CCN GTN CCR &)
for the KS domains, AT1F @TY CCN GGN CAR GGN NSS CAG
TGG-3', binding to the motif FPGQGsQW) and AT3R2-GC IGC IGC
NAT CTC NCC G3', binding to the motif QGEIAAA) for the AT domains,
and SWF_ATF (5TTC TCC GGG CAG GGC ACG CAG TG/, binding
to themotif FSGQGTQW) and SWF_ATR (EAG TTC CAC CAG CGC
GCA CTG3', binding to the motif QCALVEL) designed to be specific for
the AT domain ofswfA To obtain PCR products, 0.5 puL of sheared (by
pipetting 100 times up and down) metagenomic DNA was used inpd. 50
reaction [27 puL HO, 2 uL MgCk (25 mM), 3 uL DMSO, 1.5 pldNTP (10
mM), 5 uL primers (10 M), 5 puL Taq buffer advanced (Eppendorf), 1 pL
RBC Taq DNA polymerase (5 U/uL, RBC Bioscience)]. The cycler

program was 1) 94 °C for 45 s, 2) 94 °C for 1 min58)°C/ 56 °C/ 58 °C

(@}
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for 1 min in case of KS primers, and 58 °C/ 60 °C/ 62 °C for 1 min in case
of AT primers, respectively, 4) 72 °C for 45rgpetitionof 2), 3) and 4) 30

times, 5) 72 °C for 7 min, 6) 4 °C forever.

6.2.3Analysis of nucleic acids by gel electrophoresis

Gel electrophoresis technique has been widely applied to separate
electric charged molecules thdiffer in size, shape or charge through a
polymer matrix e.g, agarose, polyacrylamide. Nuclearcids including
molecular DNA and RNAhave negative charge due to the negatively
chargedoxygen of the phosphate group of their backbone. Therefore, when
placedin an electrical field, theynove toward the anode (positive pole) of
electrophoresis chamben agarose gel was prepared by mixing agarose
with 1X TAE or SBand dissolving by boiling. Theoncentration of agarose
gel depended on the size of arzald DNA normally ranged from 0.82%.
Since DNA is colourless, it can only be visible under bivbluelight by
adding gel greemto agarose gel to a final concentrationlaf. In addition,

DNA sample was mixed witloading dye (the ratio should be 10:1 of DNA
loading dye) in order to easily observe DMAgration through the gel dn

as well increase theensityof the sample

6.2.4 Recovery of DNA fragments from agarose gel

The extraction and purification of DNA fragmer{RBCR amplicons and

digestion fragmenty from agarose gel were carried out following the
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QIAquick Gel Extraction Kit protocol QIAquick Kit contairs a silica
membrane assembly for binding of DNA in higalt buffer and elution with
low-salt buffer or water. The purification proceduremoves primers,
nucleotides, enzymes, mineral ,oialts, agarosegel green and other
impurities from DNA samples

The DNA fragment wa excised from the agarose gel with a clean and sharp
scalpel,minimizing the size of the gel slice by removing exagarose.
After weighing the gel slice in a tube, 3 volumes of Buffer @&e added
to 1 volume of gel (100 mg ~ 10£L). Generally,600 €L of Buffer QG
were used for @0 mg of gé The mixture is mcubatel at 50°C for 10min
(or until the gel slice hadonpletely dissolved)n a thermomixer (1400
rpm). After the gel slice haddissolved cmpletely, 1 gel volume of
isopropanolvas added to the sample which is then mixed by vorteXih
stepincreasedhe yield of DNA fragments <500 bp and >4 kb. For DNA
fragmentsbetween 500 bp and kb, addition of isopropanol haab effect
on yield Then,a QIAquick spin column waplaced in a provided 1.5Umn
collection tube.To bind DNA, the samplewas appliedto the QIAquick
column, and centrifugkefor 1 min at 13000 rpm The flow-through was
discardel and theQIAquick columnwas placedoack in the same collection
tube.To wash, 0.75 mlof Buffer PEwere addedo QIAquick column and
centrifugel for 1 min. After discardng the flow-through the QIAquick
columnwas centrifugedfor an additional 1 min(13,000 rpm).After the
washing step, QIAquick column was placedinto a clean 1.5 In

microcentrifuge tubeTo elute DNA, ® €L of Buffer EB (10 mM Tris-Cl,
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pH 8.5) or HO were addedo the center of th@IAquick membrane. After

1 min,the columrwas centrifugedor 1 mn at maximum speed.

6.2.5 TA cloning
TA cloning is a useful method for cloning a PCR product. For

preparation of TA cloning, in thEeCR program, the final elongation step is

often extended for 10 min, instead of 5 min as in a norR@R. In this

process, the single nucleotide A is nat

productr esul ting in introduct iForglonlgd an AO
into pBluescript SK 1l €), the cloning vetor was linearized with the blunt

cutter EcARV and purified from an agarose gel. Afterwards, to the linear

v e c t -@ overtsalgs weradded in a reaction using dTTPs. Such vectors

are called Fvectors

1. Digestion of pBluescript SK Il (+with EcoRV 10 uL of pBluescript SK
Il (+) (concentration between 150 ng/pL and 300 ng/uLh @L of
EcoRV (15 u/uL), 5uL buffer H 10X (Takara500mM TrisHCI, pH
7.5; 100mM MgC}; 10 mM DTT, 1000mM NaCl)and 325 pL H,O
were incubated at 37°C foR hours. Thelinearized vector wa gel
purified and extracted with th@lAquick Gel Extraction Kit eluting in
39.5 pL ofH,0.

2. Making Tvector0.5 pL Tag Polymerase, 5 pL Taq buffer 1@Kd5 pL
dTTP 10 nM were added to the lgarized vector and the mixture sva
incubated at 72°C for 2 hours. Thevéctor is purified by chloroform
extraction (100 pL) centrifuging at 1300@m for 5 min. The upper

phase wa transferred to a new tube containing 70 pL of isopropanol to
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allow DNA precipitation. After centrifuging ahaximum speed a4°C

for 20 min, the DNA pellet weaawashedwice with icecold ethanol 70%.
Then, the Tvector wa dried at 50°C (10 min) and resuspended in 10 pL
of H,0.

3. TAligaton.The 306 o v @roduc cogldoelir@réduced into the
T-vectorby a sticky-end ligation.7.5 uL of PCR poduct and 1 pL of the
T-vector wee premixed at 65°C for 5 min. Then, after cooling on,ite
uL of ligation buffer and 0.5 pL of KAPA T4 ligase we added to the
mixture. The reaction wa incubated at 16°C overnigl@n the next day,
the ligation wa heat inactivatd at 65°C for 1Bnin.

Finally, the modified genetic construetas transerredinto competente.

coli XL1 blue cells by electporationand selected by blue/whisereening

and antibiotic selection.

6.2.6Phosphatase treatment of the linear vector
I n or der {plwsphate group and prévent vector-tgition,
the linear vectors were generally treated with Shrimp alkaline phosphatase
(SAP).
U Phosphatase treatment formula of the linearized vector

40 uL linear vectof(in water)

5 puL SAP 10X reactiotuffer G0 mM TrisHCI, 20mM MgCl)

5 uL SAP (1u/uL- Promega

50 L total volume

The reaction was incubated at 37°C for 30 min. After that, further 5 pL

were added to the mixture, which was again incubated for 30 min. SAP

was heat inactivated at 65°C for 15 min.
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6.2.7 Preparation of electrocompetentE. coli XL1 blue cells
Salt contehin bacteria culture causes arching in electroporation process
and as a result, high saltoncentration reduces the transformation

efficiency. For this reasof. colior other bacteria used akectrocompetent

cells must be washed thoroughly tofbess 4 r e e 6 by col d 10% gl vy
canbe stored at80 °C. Usual | vy, cell s weipmsehar veste
growt hé when the goudf 0.408eThis wasaddned an OIL

because an excessive number of livingsce an electrical field couldbe
the cause of apoptosis and necrosis phenomenon in which the cell
morphology was changed.

5 mL LB medium withE. coli XL1 blue was inoculaked via toothpick. The
culture wa incubatedavernight on a shaker (@5pm) at 37 °C. On the next
day, the 5 mL overnighculture wa poured t®200 mLLB medium in EM
flask and incubated on a shaker@%m) at 37 °C till OD60@vas around
0.4-0.8. The culture waplaced immediatglon ice and the cells wetlept
on ice forthe subsequent stepshd 200 mLculture wa centrifuged at
5,000 rpm, 4 °C for 5 min ansupernatant wadiscarded100 mLof cold
10% glycerol wa added and then centrifuged at 5,000, 4 °C for 5 min
and supernatant wadiscarded agai 50 mL of cold 10% glycerol vea
addedand centrifuged at 500 rpm 4 °C for 5 min; supernatant wa
discarded. 10 mlof cold 10%glycerol was added and then centrifuged at
5,000 rpm, £C for 5 min and supernatant ssdiscarded for the lasine. 2
mL of cold 10% glycerol ws added into the pellet. 76L of cells was
pipetted to prechilled 1.5 mLeppendorf tubes. The aliquots neestored at

80 °C for 23 months
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6.2 8 Transformation by electroporation

Electroporation is an effective method used to transfer a foreign DNA into
a host cell. In thiprocess, an electrical pulse higher than dielectric strength
in few milliseconds temporally disrupts the phospholipids bilayer of the cell
plasma membrane. This causes formation of the pores that allow charged
molecular DNA to cross. Once DNA passes, theep are rapidly resealed
and the phospholipids layer is spontaneously reassembled by membrane
repair mechanism. 1.8L plasmid DNA or 4¢L of inactivated ligation
mixture weremixed with 5070 L of electrocompeent cells on ice. The
mixture was transfered to an icecold 0.2 cmelectroporation cuvette and an
electroporation is performed using a Btad electroporator set at 2.5 kV.
The expected time constant shouldve been close to 5 milliseconds.
Immediately after electroporation, 96Q of LB medium was added into the
cuvette andhen transferred into a 1.5 ntube. The electroporated cells
were incubated on a shaker (2pm) at37 °C for 45 minn order to ensure
the expression of the antibiotresistance gene. AfterwardQ®@eL (the
whole mixture in case of TA ligatiorproduct) of transformed cells wne
plated on LB agar plate containing appropriate antibiotics and IPTGaIX
if required. The plate vgathen incubated at suitable temperature fod86

hours.

6.29 Blue white screening
Blue white colony screening is a strategy to quickly and easily

distinguish between recombinant and siecombinant colon® It requires
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a special vector, such as pBluescript SKH), and a special strain d.

coli, such as XL1 blue.

The first gene in theE. coli| ac operon IS | ac Z, whi c
gal actogaldaseTli® agakisavtetranferoandnmydmlysesb

lactose into glucose and galactose. Deleting amino acids 11 egél b
(called the | acZpMlizymenis uraable to foom ameans t
tetramer and is nefunctional Supplying amino acids-5 9  ( -peptiele) U

o f -gabin trans (separately) allowish e t r wugal ¢coafdrne tamiers

and function again R e s eguail n gb yb s u pppptide inrihis wayh e U

was & r mecomplémentation

T h e-cortblementation came used to screek. coli colonies for the

presence of insextby cloningt h epeptitle coding region into a pBluescript

(or similar) plasmid and introducing multiple cloning site (MCS) into the

middle of that region. When a piece of DNA is ligated into the MCS, it

di sruptpsept he e, U r egaldnerfunatianal. 5-droeno4-b
chloroindolyl-b-D-galactopyranoside (3§al) is a colourless analogue of

lactose. Wi e ngaléictosidase hydrolyses-gél, it creates a blue product
(5,5-dibromo4,4-dichloroindigo). In blue white screening, aB. coli

strain is transformed with a ligation reaction and spread onto agar plates
containingxgal . A bl ue <col our e dpeptidelindhey i ndi c ¢
plasmd i s i ntact (no insert) whereas a wl
peptide is disrupted (insert present).

Induction of b-galactosidasexpression in the host strain is obtained by

adding IPTG onto agar plates
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The transformed colonies weeselected byplue/white screening on an LB
agar plate with ampicillin (10@g/mL) and also containing 0CL IPTG

(10mM) and 10@L of X-gal (2% p/v) which wee plated freshly.

6.210Isolation of plasmid DNA

Plasmid DNA isolation from recombinant clones is perforrasiohg the
QIAprep® Spin miniprep kit.The QIAprep miniprep procedure is based on
alkaline lysis of bacterial cells followdny adsorption of DNA onto silica in
the presence of high salt.5 mL of overnight bacteria culture wa
centrifuged at 10000 rpm fd30 sec.After discarding the surnatant, the
pelletedbacterial cells wee resuspended in 250 Buffer P1 (containing
RNAse A).Then,250 L Buffer P2were addedor alkaline lysis and the
tube wa gently inverted ¥6 times to mix, not allowing the reaction to
proceed more than 5 minutes. 330 Buffer N3 weae aded to the mixture
and the tube ws again gently mixed by inverin4-6 times. Then, the
mixture wa centifuged at 13000 rpm for 10 mirotprecipitate a white
compact pellet. The surnatant svapplied on a QlArep spin column by
decanting and pipettingnd centrifuged at 1300@m for 1 min. The flow
through wa discardedand 750¢L Buffer PE containing ethanol we
added to wash the aohn by centrifugatin for 1 min. The flonthrough
was discarded agaiand the QIA prep spin column wa&entrifuged for 1
min to remove residual washing buffer. &y, the QIA prep spin column
was placed into a clean tuland the plasmid DNA which bountd silica

membrane wa eluted by adding 5L of water or buffer EB (10 mM Tris
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Cl, pH 8.5) After 1 min,the QIA prep spin column vgacentrifuged for 1

min at 13000pm so that the plasmid DNA flethrough.

6.211 Construction of a fosmid library from the metagenomic
DNA of the spongeP. simplex

After extraction, metagenomic DNA was used to construct a fosmid
library using the CopyContrBf Fosmid Library Production Kit (Epicentre).
A gene library is a population of bacterial colonies, each carrying a different
DNA fragment that is inserted in a cloning vectbhere are many types of
cloning vectors which can be used to build genomic hbrRfasmids are
circular and doubkstranded extr@hromosomal DNA molecules that are
capable of replicating independently of the chromosomal DNA. Cosmids
are hybrid plasmids. They contain tlees sequences from the Lambda
phage, which allow the recognitidy the phage capsid proteins. In this way
cosmids, packaged into capsids, can be easily transferred into bacterial cells
where they can replicate as plasmids, so that many copies of cosmids can be
present in each bacterial cell. Cosmids are able to ico8%ato 52 kbp of
DNA while normal plasmids carry only-20 kbp. Fosmids are more
sophisticated than cosmids; they are derived from the bacterial plasmid F,
and contain a partitioning and replication system which allows the bacterial
host E. coli to corain a single copy of the fosmid, offering a higher
stability to the library. The CopyControl pCC1FOS vector, which was used
to build metagenomic DNA fosmid library frorRlakortis simplex has
distinctive features, such as chlorampheniesistance for $ection of the

transformed bacterial cells, and the inducible kegpy oriV origin of
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replication in addition to the singleopy origin. Initiation of replication
from oriV requires an inducer, and can be activated during the fosmid
isolation to increas#s amounts.

The following steps were involved . simplexDNA library construction:

U DNA extraction and purificatio(see sectio®.2.])

U Random shearing of the DNA to approximately 40 Kb fragments

U Endrepair reaction of the sheared DNA to blsphosphorylated ends

U Size selection of entepaired DNA byPulsed Field Gel Electrophoresis
(PFGE)

U Ligation of blunt end DNA to the CopyControl pCC1FOS vector

i Packaging of fjated DNA and transformation &P1 300T1% competent
cells

0 Semtliquid library preparation

40 Kb DNA
|
—3
) — ) o
e —|
u
DNA shearing pCCI1FOS vector
MetagenomicDNA
Ligation , _
¢ ~
Packaging Transformation and semi-liquid
library preparation

Figure 6.1 Metagenomic DNAibrary @nstruction

End-Repair. During this step DNA fragments ends, which could have been
damaged during DNA extraction and shearing, were repaired and 5'

phosphorylatedEnd-repair Enzyme Mixontains T4 polynucleotide kinase
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whi ¢ h c gphoaphayedransfer from ATP to fre®H groups at DNA
5position and T4 polymerase with both
exonuclease activitied00 times shearddNA was subjected tBnd-Repair

reaction according to theCopyControl Fosmid Library Production Kit

(Epicentre) procedure. The following reagents were #then ice and

mixed:

8 pL 10X End-RepairBuffer

8 YL 2.5 mm dNTP Mix

8 pL 10 mm ATP

52 uL sheared DNA (~0.5 mg/mL)
4 uL End-RepairEnzyme Mix

c.

Mixture was incubated at room temperature for 45 min and then®at ft®

10 min to inactivate thEnd-Repair Enzyme MixReaction was incubated at
room temperature and then af ™for 10 minutes to inactivaténdrepair
Enzyme mix

Size Selection othe EndRepaired DNA Size selection of DNA fragments

is required before ligation. The optimal fragment size is around 40 Kb
according to the capacity of fosmid cloning vector. It is important that the
DNA recovered is O 25 Knhmericolonesr der to av
The endrepaired metagenomic DNA was separated by Pulsed Field Gel
Electrophoresis (PFGE). PFGE resolves DNA by alternating the electrical
field between spatially distinct pairs of electrodes, causing DNA molecules
as large as several megals to reorient and move at different speeds
through the pores in an agarose g®&FGE systems create homogeneous
electrical fields, employing the technology of th&ntourclamped
homogeneous electric field (CHEBased on thapplication of controlled
electric fields that change direction at a predetermined angle to samples of

DNA that have been embedded in an agarose gel matrix
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The CHERDR® Ill Pulsed FieldElectrophoresis System was set as foftow

(Chiller) Temperature: 14 °C

(Electrical Field)Switch Time: 16 seconds

Run Time: 1. hours

Angle: 120°

Voltage Gradient: 6 V/cm

The endrepaired DNA (80 pL) was prestained with 10X Gel Loading
Buffer (Invitrogen) and loaded into a pulsed field certified agaroseBie (
Rad. This gel was prepared Ioyelting 1g of agarose in 100 nfL5X TBE
buffer Bio-Rad. Next day, once run was completed, the gel was stained
with a Gel Green DNA stain solutiof25 pL of Gel Green in 250 mL 0.5X
TBE buffer) andvisualized on &lue light transilluminatoto excise a gel
slice containing DNA of the desired size {85 kb).

Recovery of the SizBractionated DNA from Agarose Gelhe gel slice,
containing the DNA of correct sizevas transferred in a 1.5 mL tube and
incubated at 76C for 15 min to melt theagarose and then at 46. The
appropriate volume girewarmed(at 45°C)GELase 50X Buffewas added

to 1X final concentrationl U (1¢L) of GELase Enzyme Preparatioras
addedto the tube for each 106L of melted agarose.hE melted agarose
solutionwas keptat 45°C and gently med. The solutionwas incubated at
45°C for 1 hour After incubation the solution was transferred to 70 for

10 min to inactivate the GELase enzyme. The solution was chilled in an ice
bath for 5 min and then centrifuged 28000 rpm for 20 min to pellet any
insoluble oligosaccharides. A gelatinous pellet form8@95% of the
supernatant, containing DNA, wagmoved into a clean microcentrifuge
tube. 1/10 volume of 3 M sodium aae (pH 7.0) and®.5 volumes of

ethanolwereadded to the surnatafithe mixture was inverted several times

and DNA was allowed to precipitate for 30 min-20 °C. Thenit was
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centrifuged for 20 min at 13000 rpat 4°C DNA pellet was washed twice
with 70% EtOH, then dried under laminar floler 10 min and redissolved

in 30 pL of HO.

Ligation. The following reagents were thawed on ice, combined and mixed:

0 pL ultrapure sterile water

1 pL 10X FastLink Ligation Buffer

1 pL 10 mm ATP

1 pL CopyControl pCC1FOS Vector (0.5 pg/uL)
6 L insert DNA (0.25.ug of ~40 Kb)

1 pL FastLink DNA Ligase

[ et ent-BN en-RN entRN et BN eni]

(10 pL total reaction volume). The mixture was incubated for 2 h at room
temperature and then transfer to “@for 10 min to inactivate Fasink

DNA Ligase.

Packaging After ligation the newfosmids were mixedvith the capsid
proteins MaxPlax Lambda Packaging Extracof bacteriophages, giving
phage particle capable to infectbacterial cells50 mL of LB + 10 nM
MgSO, were inoculated with a single EPI 300" colony and kept under
shaking(250 rpm)overnight at 37C. The next day 5 mL of EPI 30017
overnight culture were used to inoculate 45 mL of LB + 1@ MgSQ..
Bacterial growth at 37C was monitored by UV spectroscopy to an<gB

0.8. One tube oMaxPlax Lambda Packaging Extraetas thawedn ice;

25 L were transferred in a clean eppendorf tube and all the 10 pL of the
ligation reaction were added. The mixture was mixed by pipetting several
times and incubated at 3 for 90 min. After the 90 min grkaging
reaction was completed. h& remaning 25 pL of MaxPlax Lambda
Packaging Extracgtpreviously thawed on ice, were added amel teaction
was incubated fomdditional 90 min at 36C. At the end of the second

incubation,Phage Dilution Buffe(PDB) was added to 1 mL final volume
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and after mting 25 pL of chloroformwas added tacA viscous precipitate
formed, which didnoét interfere with |ibrar
Transformationand semiliquid library preparation Transformation is the
process by which competent bacterial cells take up foreign DNA molecules
and allow its replication and expression. When DNA is transferred to one
bacterium by a virus, transformation is called transduction. During
transduction bactasphages attach to a specifexeptor on the bacterial cell
surface through tail fibers. Lysozyme dissolves a hole in the cell wall, the
phage contracts and the nucleic acid is injected into the cell.

1 mL of phage particles (packaged fosmid clones) iRteage Dilution
Buffer (PDB) were mixed witl0 mLEPI 306T1® host cells and incubated

at 37 C for 20min.After transduction, 100pL of:1¢ dilution of infected
EPI300T1R in LB medium werespreadon LB plaes + 12.5 pg/mL
chloramphenicol for fosmid lilary titering. After overnight incubation at
37°C, the colonies on 1:fddilution plate were23, therefore the titeof the
entirefosmid librarywasapproximately250000 cfu.After transfection, the
resulting 11 m containingthe entirefosmid library were mixed with 250

mL liquid LB mediumcontaining a supplement of 5LgSeaPrep Agarose
(Lonzg andchloramphenicol (12.5 pg/mUfpr selection.SeaPrep Agarose
allowsthe culture mediunto gelify at 4°C. 250 aliquots of 1 mli(referred

as pools)vere tranferred to 2 mLscrew cap vials, stored on wet ice for 1 h
to allow the geling processof the medium and incubated at 3T
overnight. After overnight growth, if the predicted titer of the entire fosmid
library was 250,000 cfu,acrespondingly, every pog@ossessed about 1,000

clones.These pools werabeled with three numbenmsumber of the box, of
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the row and of the column. For example, the ®ig® means the pool from
box 2, row D and column9. After overnight growth suspended colonies
(semtliquid or 3D cultures)had formed an@ach vial was vortexeshortly
to homogenize the mixtur@5 L were removed foPCRscreeningandl

mL glycerol30%was added to the remainder for storagie 8 0. A C

Figure 6.2Fosmid library from the metagenomic DNA Bfsimplex

6.2.12 The semtliquid library method

Identifying target genes from a total DNA, particularly from a highly
complex DNA such as the sponge metagenome, is time consuming. In
addition, the storage of a fosmid library ofm@tagenomic DNA omedium
agar plates takes up a large space. The -Bguil technique (Rapid
isolation of rare clones from highly complex DNA libraries by PCR analysis
of liquid gel poolsPiel et al., 2007is therefore an effective solution. Semi
liquid medium is able taontrol the rapid growth of bacterizetter than
liquid medium, thereby minimizes a loss of targaetlerrepresentedones
in the doubling period. Other advantages of skauid medium are
reducing risk of crossontamination, fast anéconomic screeningnd the

library can be stored immediately-80 °C.
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6.2.13 Creation of fosmid library superpools

Instead ofPCR screening each pool individually, the pools in one row or
in one column were combined and served as DNA template. Even in such
complex mixtures (termed superpools), PCRs still give clear results in spite
of low copy number of pCC1FOS. Therefo®9 row superpools an@9
column superpools were constructed from #&1 pools of the fosmid
library of P.simplex These superpools were labeled using two numbers: the
number of the box and of the row or of tb@umn from which they were
derived. Each row supewool consisted 025¢L x 9 of nine pooldelonging
to the same rowga. 9,000 clones. Similar to a row superpool, a column
superpool wagormed by nine pools belonging to the same column. For
example, the row superpo®D comprised nine pools in the raw D2-D10
of the box2; the column superpo@/9 included ningpools in the colums9,

B9-J9of the box2.

6.2.14 Screening and isolation of positive clones containing target
genesrom a fosmid library

Screening Screening Screening
superpools pools subpools

Screening

Positive clones subsubpools

Figure 6.3 Flowchart for isolating positive clonéom a complex fosmid library
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First, the superpools were P&GRreened with designated primers. From the
identified positivesuperpool, PCRs were performed on the nine pools from
which the superpool was derived. Thesitive pool was then diluted to
subpools of ~100 cfus/tubeand the serdiquid library protocol was

reapeateas follows:

5 UL of positive pool + 45 pL LB medium
(101 dilution)

20 pL of 101dilution + 180 uL LB
medium (102 diluition)

20 pL of 102 dilution + 180 pL LB medium
(103 diluition)

150uL of 103dilution + 30 mL semiliquid
SeaPrep medium

Distributing into 30 tubes, 374C, overnight
(subpools)

After another round of PCR, the positive subpool was further diluted to
subsubpool containing ~ XJus and the final senrtiquid library procedure
was carried outrirst, 5 pL of the positive subpool were diluted with 45 pL

of LB medium (1:1@lilution), thendilution series were prepared as follows:

20 pL of 101+ 180 pL LB medium
(102 dilution)

20 pL of 102dilution + 180 pL LB medium
(103 dilution)

20 pL of 108 dilution + 180 pL LB medium
(104 dilution)

150puL of 10*dilution + 20 mL semiliquid
SeaPrep medium

Distributing into 20 tubes, 37%C, overnight
(subsubpools)
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Once the positive subsubpool was recognized, the final dilution was
prepared togenerate 280 separate colonies on LB agar platiter
overnight incubation ndividual colonies werpicked andesuspended with
200 ¢L LB medium and vortexed. At the end, the posittlene was

identified by colony PCR (Figure 6i46.5).

1) vortex and use
0.5 pl for PCR

2] dilute pesitive

poal in new tubes

3) repeat 1)

4) repeat 2)

5) repeat 1)

E) plate and screen &
clanes by colony PCR | «® s | — pureclone

Figure 6.5 Isolation of positive clones from a fosmid library by PCR
screemg of semiliquid pools
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6.2.15 Induction of high copy number plasmid DNA

The fosmid library of the metagenomic DNA d?.simplex was
constructed by insertion d 40 kb fragments into the lowopy number
fosmid vector pCC1FOSE. | refficeemcd @& r
large inser DNAs and to maintain the insert stability, the clones were grown
at singlecopy. Nevertheless, the vector pCC1FOS contains botk.tkeli
F-factor singlecopy origin ofreplication and the inducible higlopy oriV.
When a positive clone was isolated,was theninduced to high copy

number, thereby resulting in increasing DNA yield.

The induction procedureva s carried out foll owi

Induction Solution protocol from Epicentre.

To be induced to high copy number, leatone was inoculatedith 5 mL
of LB medium containingl2.5 €g/mL chloramphenicol at 3T for
overnight. In the next day, 50fL. of the overnight culturevere added to
4.5 mL of fresh LB medium with chloramphenicol ande®k of 1,000X
CopyControlinduction Solution. This clonenduction cultre was shaked
vigorously at 37C for 5 hours.Afterwards, fosmid DNA was isolated
following the protocol describedh Section 6.2.10( I8olation of plasmid

DNAO ) .

6.2.16 Overexpression of theSwfAxcp protein

The ACP domain of the Swfproteinwas expressed both in épo-form
and itsholo-form by co-expression with Svias described in the following

diagram

t

(0]

ng

ns
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PCR product

Protein

TA cloning into

clonig vector purification

Purification
from gel

SDS PAGE

Figure 6.6 Diagram of protein expression

6.2.16.1 Cloning of the swfAxcp domain

The swfAacp domain wasexpressed usg theexpression vector pHis8
(Figure6.7). Therefore, impreparation for stickynd ligation, the sequences
of restriction enzymes belonging to the MCStlndé vector pHis$ad to be
introducednto the sequences of the&CP domainObviously, thenucleotide
sequenceof the chosen restriction enzymes should not be present in the
ACP domairto avoid cleaving them during the genetic engineering process.
As a further requirement, fgoreseving ORFs of the target proteirthe
nucleotide sequences of these restrictemzymes wereobligated to be
present in the same triplet codon framiéh the start codon of pHis8

In addition, to dominate the target protein synthesis, the presence of the
start and stop codon in tlepressed P domairhad to be controlled. The
startcodon ATG was already present in thgression vector pHis8o only
the stop codon TGA was required to be added on the repeamser. The

sequence of the ACP domain ssWfAwas amplified by PCR using primers

11G3_ACP-AMN GGASTGC ctg acg ctc gaaygt gtg gt3 6 ) and
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11G3_ACP -AAA MAG(CHTOTCA gtcggc ccc gtg cac gat tgex 6 )

(introduced restriction sites are underlined atogp codon is in bold The

234 bp long PCR product was subcloned via-€léning in pBluescript Il

SK(+) (Stratagene) to yield pGS21, and cut out from the vectorBeitiH|

and Hindlll. The plasmid pGS21 was digestadth BamHI (Promega)

according to the following formula:

i 20pL PGS21 (150 ng/ pL)

i 5 pL 10X buffer E (Promegé& 60mM TrisHCI pH 7.5, 1M NaCl, 60mM
MgCl, and 10 mM DTT)

0 O0.5uL BSA (10 pg/uL)

i 2.5 pLBarH1 (10u/uL)

i 22pL H,0

(50 pL total volume)The reaction was incubated for 2 haubdter gel

electrophoresis, DNA was gektracted angburified, elutingin 425 pL of

H.O. Then, he linearized pGS21 vector was cut widindlll (Takara)to

obtain the ACP coding fragment, according to the following protocol:

0 425yl of linearizedpGS21

0 5 pL of 10X buffer M (Takara- 60mM TrisHCI pH 7.5, 100mM MgGl
500mM NaCl and 10mM DTT)

0 2,5pL Hindlll (15u/ pL)

(50 pL total volume).The double digested ACP coding fragment was gel

extracted and purified, eluting in 3.

T7 terminator
Nod (5328 )
Svp gene
Notl (5164) KemR
Histag 7
s
T/promotor ™
pHISS-Svp
lad

Figure 6.7 Vector map of pHIS&vp
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6.2.16.2 Ligation of the amplified ACP fragment with the expression
vector pHIS8

The swfAacp fragment was then ligated into two different vectbysa
sticky-end ligation (i) a pHIS8 vector with an additional gene for the
PPTase Svp inserted into its Notl site (i.e., pHE®, to yield pGS30), and
(i) a pHIS8 vector without this gene (i.e., pHISS, to yield pGS34).

In preparation for stickend ligation the vectors pH88 and pHIS&vp

were also digested with the corresponding enzymes used for pGS21 cutting,
BanmHI and Hindlll. After purification from agarose gel using the
Purification Gel Extraction kit of Qiagen, the ligation between the digested
vectors pHIS8, pHIS®vp and the ACP fragment were carried out to form

pGS34 and pGS30, respectively.

U Digestive formula of vector pHIS8 and pH®/p: see scheme for
double digestion of pGS@Haragraph 6.2.16)1

U Ligation formula:

7.5uL ACP fragment

1 pL vector (pHIS8 or pHIS&vp)

1 uL 10X Kapa T4 ligase buffer

0.5uL Kapa T4 ligase

10 pL total volume

Incubation atl6°C overnight. Heat inactivatiaat 65°C for 15 min.

6.2.16.3Transformation of the recombinant DNA into E. coli XL1 blue cells

The two new expressioplasmidspGS34 and pGS3@ere transformed
into competente. coli XL1 blue cells by electroporatio(Section 6.2.7).
The transformed cells were selected on LB agar plates containing

kanamycin(resistance gene on pHis8).
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6.2.16.4 Transformation of the recombinant DNA into E.coli BL21
CodonPIus® (DE3)-RIPL cells

The two plasmids pGS34dnd pGS30 from the transformé&d coli XL1
blue were introduced into electrocompet&h21-CodonPIluS(DE3)-RIPL
(Stratagene) cells by electroporatiorand selected on LB agar plates

containing50 pg/mL kanamycin (Kagg).

6.2.16.5 Protein expression and purification
Proteins from plasmids pGS30 and pGS34 were expressedtesnial
His8-tag fusion proteins andurified by immoliization on NiNTA
matrices basedn the tight bond between imidazole ring of histidine residue
and nickel ion

To do so,E. coli BL21-CodonPIu§ (DE3)RIPL electrocompetent cells
(Stratagene) were transformed with the expression daand spread out
on LB agar +Kansg platesand grown o/n at 37 °C. From this plate, 4 clones
were pickeda prepare o/n cultures in LBKansy. 5 mL of this o/n cultures
were used to inoculate 200 mL LB medium without antibiotics. The cultures
were incubged at 37 °C for B h shaking with 250 rpm (Qjgy ~ 0.6-0.8).
After cooling to 16 °C, the cultures were induced with 1 mM IPTG and
incubated for further 24 h at 16 °C. After harvesting by centrifugation
(5,000 rpm, 5 min)the cell pellets were dissolvéd 3 mL lysis buffer (50
mM Tris-Cl, 500 mM NacCl, 10 mM MgG]| pH 8.0) and frozen o/n.

After thawing on ice and ultrasonication, the lysates were obtained by

centrifugation for 20 min at 15,000 rpm in a table top centrifuge at 4 °C.
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The supernatants weteansferred to 15 mL falcon tubes and after addition
of 300600 pL PerfectPr®Ni-NTA agarose (5PRIME) incubated on ice for

1 h under horizontal shaking; the pellets were (partly) resuspended in 1 mL
of lysis buffer by vortexing.

To obtain purified solule proteins, the lysate/NNTA agarose mixtures
were transferred to Polgreff chromatography columns (BiRad) that fit

to a SPE chamber (Supelco). Elution fractions (500 uL each) were obtained
by stepwise increasing the imidazole concentration in the liygfer from 0

(= wash) to 300 mM.

In the elution step, imidazole was used because aibitgty to bind to the
nickel ion. In particular, at high imidazole concentration, this affinity is
strorger than that of histidine. Thedis-tagged protein is thel@re released

as it is not able toompete with imidazole in binding sites onINIT A resin.

6.2.16.6 Analysis of the expressed proteins by SDBAGE

SDSPAGE is a powerful technique to resolve proteins according to their
sizes. However, thenovement speedf a protein in a matrix depends on not
only its size but also its secondary, tertiagr, quaternary structure.
Therefore, in this method, proteins with different levels of structure must be
linearized by incubating with SDS.
SDS is an anionic detergetitat is able to denature levels pfotein
structures and cover negative charges outside the heat denatured proteins
Afterwards, the denatured proteins are separated by loading them into a

discontinuougpolyacrylamide gel. This gel is placed in an elecfreld in
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which the denatured proteins migratevard the positive pole. This entire
process is referred to as PAGE.

The polyacrylamide gel systewonsists of two sequential layers of gel.
They are the top gel, also termed as the stacking gel anibwiee gel,
known as the separating or resolving gel.

The stacking gel is slightly acidic (pH 6.8) ahds a lower acrylamide
concentration. Under these conditions, the RD&ted proteins are resolved
weakly but concentrated to several folds and a sstanting band is formed.

In contrast, theresolving gel is more basic (pH 8.8) and has a higher
acrylamide concentration, normally in a rangie5-18.86 depending on
protein sizeslin this gel, proteins are separated based on their sizesler
proteinstravel through the gel more easily and rapidly than larger proteins.
In addition, APSand TEMED are added into both stacking and resolving
gel because their presences affect the wHtepolymerization and the
properties of the resulting gels. Their suféici volumes in gels are alie
improve the separation of adjacent protein bands.

In the performedexperimentgfigure 6.8) aliquots of 50 pLof the eluted
fractions were mixed with 25 pL of 3x SDS loading buffer [2.4 mL -Tis
(AM,pH6.8),3mLSDS@%) , 3 mL gl ynereaptoethanoll . 6 mL
6 mg bromophenol blue, and 10 mL®], incubated fo 5 min at 99 °C,
spun down shortly and ~20 uL of elution fractions were loaded on mini
SDSPAGE (18.5% resolving gel; 6% stacking gelpfter that,
electrophoresis was carried out through two stages. In the first stage at 80
mV for about 30 min, the proteins moved in the stacking gel till they

concentrated at the same level. In the following step at 200 mV for about 90



Chapter 6

min, the proteins @re separated in the resolving gel. Since almost proteins
are colourless, their bands on acrylamide gel are detected by staining with
coomassie, the most popular protein gel stain. This dye (1.25 g) was
dissolved in a mixture of methanol (150 mL), acet450 mL) anddH,O

(300 mL)which fixed proteins on the gel. The gel was stained in ab®it 2
mL dye solution for 20 min and shaked4# rpm at room temperaturd he

dye was then removed by destaining withoduson comprising methanol
(150 mL), aceticacid (50 mL) anddH,O (300 mL)till the blue bands of

proteins appeared on a clear background

P FT W1 50 100 150 200 250 300 M P FT W1 W2 M 50 100 150 200 250

apo -SwfAacp holo -SwfA,cp

Figure 6.8 The proteinsapo-SwfAxcp and holo-SwfAcp were expressed as-N
terminal His8tag fusion proteins and purified over-NiTA columns. Elution
fractions (500 pL each) were obtained by increasing the imidazole concentration in
the lysis buffer from 0 to 300 mM stepwise. Mini SIPBGE was loaded with
resuspended cell pellet (5 plane P), column flow through, containing unbound
proteins (12 pL, lane FT), washing fractions eluted with lysis buffer (20 pL each,
lanes W1 and W2), and fractions eluted with increasing imidazole concentrations
(20 pL each, lmes 50,100,150, 200, 250, and 300). All the fractions were
previously mixed with 3X SDS loading buffer. Lane M is a-pt&ned protein
marker (Roff-Mark STANDARD).

Table 6.8Composition of the stacking and resolving gelsSwfA,cp SDSPAGE

Composition 6% stacking gel 18.5% resolving gel

30:0.8% w/v ImL 5mL
acrylamide:bisacrylamide

1M Tris-Cl pH8.8 - 3mL
1M Tris-Cl pH6.8 630 pL -
20% SDS 25 pL 38 pL
dH,0 3.6 mL -
10% APS 25 pL 36 pL

TEMED 5 pL 6 pL
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6.2.16.7 FTMS analysis ofoverexpressed proteins

The purified protein®iolo-ACP andapo-ACP were desalted 3 times with
milli -Q®-H,O in VivaSpin500 centrifugation units (Sartorius, 5000
MWCO), diluted 1:2 with MeOH, containing 0.2% formic acid, and
subjected to FTMS analysi$he protein mass spectra were obtaimeih
LTQ Orbitrap XL (Thermo scientifit using the preset MS method

njubi quitinn in the FTMS + p ESI fulll ms

6.2.17 Heterologous expression

The library fosmid pPS2D9 containing the whalef cluster (PS11G3
type) was used for heterologous expression trials in an expression system
consisting of the vector pH8Svp and the bacterial ho&. coli BAP1,
which is a derivative oE. coli BL21-( DE 3) including a gene
phosphopantheteinyltransferase Sfp.
To introduce the gene cluster into the vector, the cloning ve@a@1lFOS
was replaced by the expression vector pHES® by & RED-mediated
homologous recombinatiorffigure 6.9) Homologous recombination is
convenient for genetic modification in many organs. In gene targeting
technology, this method is applied widely teplace specific genes at
specific positions. A short homology PCR fragment, rangfiogn 100 bpl
kb, is sufficient for an efficient homologous recombination and is able to
generat@enereplacements.
The recombinant construct is then transformed into a host cell, ready for
production of target compound.In preparation for homologous

recombination, pHIS&vphad to be modified with two PCR fragments that
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were homologous to the two end i@t of theswf cluster carried by

pPS2D9.

pHISB-Swp
pHIS8-Svp

Homologous
recombination '
—_—

nomologous
region A

Figure 6.9Insertion of the swf gene cluster into thector pHIS8Svp via
homologous recombination

6.2.17.1 Digestion of the expression vector pHISS&vp

In order to preparéhe linear vector pHIS&vp modified at both ends by
addingwith extensions homologous to the initial and the final regions of the
swf cluster the vector pHIS&vp was subjected to a double restriction
enzyme digestion witlBanH| and Hindlll, following the formula reported
in theparagraph 6.2.16r pGS21 cutting.
The vector was then loaded on an agarose gel and gel extracted and purified,

eluting in 30 pL of HO.

6.2.17.2 Amplification of pPS2D9 fragments
For homologousecombinabn, the expression vector pHIS/p had to
be flanked by two short PCR fragments thate homologoysespectively,
to the initial and final regions of tlevfgene cluste(figure 6.9)
To do so,aregion upstream thsupEpermease (220922720,~1000 bp
was amplified bystandard®CRfrom the fosnid pPS2D9 using primets 6
AAA GGA TCCtga cca cgc cct cgt gct G&a@ n d-AAAGGAA TTC tgg
accacttccggcaactadcd6 (i ntroducedBam#andEcoREt i on sites

are underlined) antigated into pBluescript Il SK+) via T/A cloning to
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yield pGS15.The insert of pGS15 was cut out from the vector \BigmH]I

andEcaRl (see procedure described iar&grapt6.216.2).

Another region at the end of ttssvf cluster (i.e.swfC 3600637813) was
amplified from pPS2A28 GAA TIT® tcgtahcegccpr i mer s
ctc ctc atc tac-8 OECAR | restriction s-AMAAGS under |
CTT gcc cac tac gtg ctg cat c@yOHindlll restriction site is underlined),

ligated into pBluescript Il SK(+) via T/A cloning to yield pGS29, and cut

out from the vector with Ecarl and Hindlll (see procedure described in

Paragraph 6.2.16.2)

6.2.17.3 Flanking of the digested pHIS8Svp

Inserts cut out from pGS21 and pGS29 were ligated in a-fuoiee
ligation into theBanHI/Hindlll sites of pHIS8Svp. The resulting plasmid
was namegGS27
U Three point ligation formula:

4 uL pGS21 insert B/E

4 uL pGS29 insert E/H

1.5pL pHIS8-Svp B/H

1 L 10X KAPA T4 ligase buffer
0.5 uL KAPA T4 ligase

10 pL total volume. 16 °C overnight, thérwat inactivation at 65°C for
15 min

6.2.17.4 Linearization of the flanked vector pHIS8Svp

The flanked vector pHIS8vp was introduced into electrocompetént
coli XL1 blue cells, after whichsolated DNA was linearized with the
restriction enzymeEcaRl. The linear construct was purified from agarose

gel using the QIAquick Gel Extraction Kanddephosphorylated
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U Digestion formula

42.5uL pGS27

5 pL 10X buffer H (Takara500mM TrisHCI pH7.5, 100mM MgG, 10mM
DTT, 1M NaCl)

2.5 uL EcoRI (Takara)

50 pL total volume37°C for 2 hours.

6.2.17.5 Recombination of the fosmid pPS2D9

The procedure of gene targeting lgfy RED-mediated homologous

recombination was carried odto | | o wi n g-targetng sysiemdmR

Streptomyces coelicolor pr ot o c B.| Kiesef T atGChater K F.

(2002).Homologous recombination was performadhe host straifk. coli

BW25113with thered helper plasmid pKD46AmpF).

A linear recombination cannot occur in wilgoe bacteria due to the

presence ofhe intracellularecBCDp 0 s s e sis3ién ge x5o0hucl ease acti v
t hat degrades t h BNA Srinlecuten. dThed oRED | i near
recombination plasmidD46 was used, which involves thmcteriophage

d recombination system in order to inhibit any exonuclease actbatthat

linear DNA molecules are preserved.dddition, this plasmid also has the
promoter araBAD that can be regulated by arabinose rapfi101ts a
temperature - sensitive origin of replication (30°C is the optimal
temperature fogrowingcells transformed with pKD4higher temperature
causes loss of the plasmid)

In preparation for homologous recombination, the fosmid pPS2D9
(containing the wholswfcluster)was transformed intelectrocompetert.

coli BW 25113 cells containing th@lasmid pKD46 Thetransformed cells

were selectedroLB agar containingmpicillin (resistancegene on pKD46)
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and chloramphenicol (resistance gene on the pPSZDSMId).
Subsemiently, the linearized pGS27€&ion 6.2.17.4yvas transformed into
the electrocompeterti. coli BW25113/pKD46 cells containing pPS2Di&
this step, a homologowscombination tok place.

The cloning vector pCC1FOB pPS2D9was replaced by the expression
vector pHIS8Svp.

Upon this recombination, anodified genetic coreuct was obtained,
namely pGS38&figure 6.9)

Recombinant cells were seted on LB plate with kanamycitue to the

presence af kanR gene ingle the expression vector pHES/p.

1. Preparation of electrocompetentE. coli BW25113/pKD46 cells.
ElectrocompetentE. coli BW25113/KD46 cells were always prepared
freshly before use50 eL of E. coli BW25113/ pKD46 were used to
inoculate with6 mL LB containing ampicillin (100 eg/mL T Ampigo)
overnight at 30C. In the next days mL of E. coli BW25113/pKD46 from
the overnight culture were inoculated 200 mL LB medium + Ampgo.
After growing for 34 hours at 30 °C with shaking a@rpm to an OD600
of ~ 06, the cells were recovered by centrifugatio®,800 rpm for 5 min at
4 °C. The medium was discarded and the pellet was resuspended by gentle
mixing in 100mL of cold 10% glycerol.

Then it was centrifuged and the pellet was resuspendgd mL of cold
10% glycerol, centrifuged andecanted10 mL of cold 10%glycerol was
added and then centrifuged at 5,000 rpniC4for 5 min and supernatant

was discarded for the lastrhe. 2 mL of cold 10% glycerol vgaadded into
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the pellet. 70eL of cells were pipetted to prechilled 1.5 mLeppendorf

tubes. The aliquotswes t or S@°C.at 1

2. Transformation of pPS2D9Electrocompeterit. coli BW 25113/iKD46
cells were mixed witi.5eL DNA of the donor fosmigpPS2D9 ¢ontaining
the wholeswf cluster) Immediately, electroporation was carried out in an
ice-cold electroporation cuvettasing a BieRad electroporator set at 2.5
kV. 900 L of cold LB was added to the stieed cells and incubatetbr 1
hour at 30 °Gshaking at 250 rpmThe cells were spread onto LB agéate
containing chloramphenicglL2.5 pg/mL)andampicillin (100 pg/mL). The
plate was incubated overnight at 30 °C to maintain plasid@d4g inside

the strain.

3. Preparation of electrocompetentt. coli BW25113/pKD46 cells
containing the donor fosmid pPS2D9.ElectrocompetentE. coli
BW25113/pKD46 cells containing ttrdonor fosmid pPS2D@ere prepared
freshly beforeuse. One isolated colony dE. coli BW25113/(KD46
including p52D9was picked, culturedvernight at 30C in 5 ml LB with
ampicillin (100 pg/mL)and chloramphenicd12.5 pg/mL). 80 mL of LB
medium containingthe two above antibiats and 5% of the overnight
culture of E. coli BW25113/,KD46 including pR52D9 were used for
inoculation. 800 eL of 1 M L-arabinosestock solution was added for
induction of thearred genes on KD46. It was grown for3-4 hours aB0 °C

with shaking at 20 rpm to an OD600 of ~ 0.6
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The cells were recovered by centrifugatiorb®00 rpm for5 min at 4 °C.
The medium was discarded and the pellet was resuspended byngeinitp

in 40 mL of cold 10% glycerol. Then it wasentrifuged and the pellet was
resuspended iB0 mL of cold 10% glycerol, centrifuged and decaniiter
the last wash in 1L of 10% cold glycerol,ie cell pellet was resuspended

in ~70¢l of cold 10% glycerol.

4. Transformation of the linear flanked pHIS8Svp (pGS27).E. coli
BW25113/pKD46 cells containing the donor fosmid pPS2iz%e mixed
with 3 eL DNA of the linear flanked vector HIS8-Svp (pGS27)
Electroporation was carried out in iceld electroporation cuvette using a
Bio-Rad electroporator set at 2.5 kV. Immediat®&90 pL ofcold LB was
added to the shocked cells and incubated shaking for 1hour at BYth&
step, a homologougcombindéion took place: the cloning vector pCC1FOS
in pPS2D9was replaced by the expressieector pHIS8Svp, yielding the
new recombinant expression plasmid pGS38 which contains the target gene
cluster swi The transformed cells were spread onto LB agar plate
containing kanamycin (50ug/mL) Because no further gene replacement
continued to be carried out, the cells were incubated overnight & 37

promote the loss of pKD46.

6.2.17.6 Verification of the recombinant pGS38

Homologous recombination normally does not occur in all copies of the

fosmid in one cell. Thus, there were transformed cells containing both the
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recombinant S38 and pFS2D9 For this reason, screening the cells
possessing merely the recombinant constradttb be carried out.

Screening by antibiotic resistance

The cells containing only the recombinant constrUe6g8 (pHIS8Svp +

swf genes)were resistant to one antibiotkanamycin(resistance genen

the expression vector pHISBvp). In contrast, theells containing both
pGS38andthe donor fosmigpPS2D9 were resistant to twantibioticsi.e.,
kanamycin (resistance gene on thexpression vectopHIS8Svp inside
pGS38 and chloramphenido(resistance genen the vectorpCC1FOS
inside pPS2DpP So, forty single transforme#&. coli BW25113 colonies
were picked to examine antibiotic resistaneesl were spreadn both LB
plate containing kanamycin and LB plate containing kanamycin and
chloramphenicol. These two plates were incubated at 37°C olierangl

cell growth was observe@neclone grew on LB plate + kanbut did not
grow on LB plate + kaf . cahs indicating thatit was the strongest
candidatepossessing only the recombinant plasmid pGS38. O/n culture of
this individual was prepared and subjected to DNA plasmid isolation.
order to ensure that a cell containing only the recombinant DNA was
obtained, the verificatiowas required to be conducted one step further. For
this purpose, the isolated DNA frothe colorny of E. coli BW25113 was
introduced intcelectracompetenE. coli XL1 blue cellsand then spread on
LB + karyo plates.4 colonies were picked from the plate to prepare four
different o/n culturesPlasmids from the 4 coloniewere isolated and
characterized by resttion enzyme digestion witkpnl (figure 6.10) All

the 4 plasmids displayed the expected restriction pattern for the recombinant



Materialsand Methods

construct pGS38This result confirmed that the [$38 construct was
successfullyobtained.Therefore it waschosen for heterologous expression

trials of swfgenes irE. oli BAPL

P —
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—

Figure 6.10Agarose gel electrophoresi$ checking pGS38 in folE. coli
XL1 blue coloniesRestrictionanalysis was performed witpnl.

U Digestion formula
6 L plasmid
2.5 pLdH,0

1 pL 10X buffer L (Takara100 mM TrisHCI pH7.5, 100mM MgGJ| 10mM DTT)
0,5 pLKpnl (Takarai 10u/ pL)

10 pL total volume. The reaction was incubated2 hours at 37°C.

6.2.17.7 Heterologous expression trials i&. coli BAP1
The plasmid was introduced by electroporation Btaoli BAP1, which
is a derivative ofE. coli BL21-( DE 3) including- a gene
phosphopantheteinyltransferase Sfp.
The strains were grown in baffled 500 mL Erlenmeyer flasks in 100 mL
MMGAGTr medium supplemented with 50 pg fhL kanamycin.
MMGAGTTr was prepared as follows: 200 mL M9 salts (64 gHNRO, x 7
H.0, 15 g KHPGO,, 2.5 g NaCl, 5.0 g NkCI, ad 1000 mL milliQ HO), 500
ML of 2000X trace element solution (1.2 g Fe€b H0O, 1.4 g MnSQ@ 1.6
g CuSQ, and 500 mL milliQ HO), 2 mL 1 M MgSQ, 100 uL 1 M Cadj,

10 g glucose, 5 g-glutamic acidad 1000 mL milliQ HO.
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Four clones of transformants were picked from the LB plates to inoculate
2.5 mL MMGAGTr medium in one test tube for overnighttares (37 °C,

250 rpm) in order to inoculate the 100 mL medium in-B&dks next day.
After 2-3 h of shaking (250 rpm) at 37 °C th& promoter was induced with

0.1 mM IPTG, and 80 nM cobalamin (vitamin B12) was added as a co
factor of SwfC.

The cellsand the culture broths were harvested separately a#enh ®f
further growth at 30 °C, 250 rpm. The cell pellet was dissolved in 1 mL of
nanopure water, frozen o/n, and after thawing on ice and ultrasonication, the
lysates were subjected to extractiorthwét mL of MeOH. Culture broths
were freeze dried o/n and extracted with 5 mL of MeQ&VKB:2).

All the experiments were performed in triplicates.

6.2.17.8 LGHR-ESI-MS analyses

The experiments were performed using a Thermo LTQ Orbitrap XL
high-resolution ESI mass spectrometer coupled to an Agilent model 1100
LC, which included a solvent reservoir;line degasser, binary pump, and
refrigerated autosampler.
A 2.6 em Krcouern @& x Z1l@m), maintained at room
temperatur e, was us e d?!with H,O amhGHCN,| ut ed a't
using as a gradient elution 7@b% CHCN over 23 min and hold 13 min.

Crude extracts from transformants and their culture broths were diléaré

injected (5 e€L) without any further workurg

Both positiveion and negativéon mass spectra were recorded in separate

HPLC runs.
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6.2.17.9Lipid analysis

After growth the cultures were centrifuged in falcon tubes (5,000 rpm, 5
min) and the pelleta/ere dissolved in 2 mL m@pure water and transferred
to 15 mL glass vials with Teflon lined caps (Supelco). Lipid extraction was
performed using a method adapted from the MIDI protocol. Nanopure water
was prepared by adding 45 mL CH@ 900 mL autoclaved milliQ $D to
remove lipid contaminations from the water. To the culture pellets dissolved
in 2 mL nanopure water, 6 mL of a modified reagent MIDI 1 (32.3 g NaOH
dissolved in 288.5 mL MeOH + 141.5 mL nanopure water) were added; the
mixture was vortexed, and incubated in the 15 mL vials with tightly closed
caps o/n at 50 °C. After coolinthe samples were divided on two tubes and
8 mL of reagent MIDI 2 (325 mL 6 N HCI + 275 mL MeOH) were added to
each tube and vortexed. After incubatiat 80 °C for exactly 10 min and
cooling down to room temperature, the FAMESs were extracted with 3 mL of
reagent MIDI 3 (200 mL hexane + 200 mL MTBE). The upper layer with
the FAMEs was purified by passing a self made silica gel column [0.5 g
silica gel ® (Roth) transferred to a standard Pasteur pipette with 5 mL
MeOH + 0.02 M ammonium acetate]. The FAMEs were dried and

subsequently dissolved in hexane (150 pL) for GC/MS measurements.

6.2.1710 GC-MS analyses

Fatty acid methyl esters (FAMES) were azalg by GC/MS (Agilent,
6850 series I/ 5973 Network MSD) on a 43RIScapillary column
(Agilent, 5% Phenyl Methyl Siloxane) (30 m, 0.25 mln, 0. 25 & m) .

Helium was used as a carrier gas, injection was in split mode, the program
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(MOLBIO55) was as follows: hold50°C for 15 min, heat to 300°C with

5°C/ min, hold 300°C for 10 min

6.2.18 Protein expression trials of SwWfA and SwfB

The library fosmid pPS3110 containing theswfA and swfiB genes
(PSA11D7 type) was used for heterologous expression trials in an
expression system consisting of the vector [@$$p and the bacterial host
E. coli BL21-CodonPIu§(DE3)-RIPL.
To introduce thdargetgenes into the vector, the cloning vector pCC1FOS
was replaced by the expression vector pHES® by o RED-mediated
homologous recombinatiofollowing the procedure described in details for

the construction of the plasmid pGS¥aafagraphs.2.17.17 5).

6.2.18.1 Cloning othe swfA and swfB genes
The upstream region afwfA starting directly after the start codevas
amplified from pPSR.0 by standard PCR using prim&shAA GGA TCC
gcggga gac gcg gtc gcg atc gtc ggc-8a6  ( f or waAAALEAAand 56
TTCcgacggccccatcaggtt gaagtggtagg8ga (rever se) , l i gat ec
pBluescript Il SK(+) via T/A cloning to yield pTH151, and cut out from
pTH151 with BamHI and EcdRl (introduced restriction sites are
underlined) Another region downstream tse/fB ORF was amplified from
pPS310 with the primer®d -6AAA GGA TTCgct gca ggg gcg ctg gta cga
306 (f or walrCCPAGLATdgegacda tgg gecgtgattexdé (rever se) ,
ligated intopBluescript IISK (+) via T/A cloning to yield pGS13, and cut

out from the vector withlecoRI andHindlll (introduced restriction sites are
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underlined. Both inserts were ligated in a thrpeint ligation into the
BanHI/HindlIIl sites of pHIS8Svp. The resulting plasmid (pGS7) was
linearized with EcoRl and dephosphorylated with SAP (Promega).
Homologous recombirtisn was performed with this linedlanked vector
(Kan®) and thedonor fosmid pPS8L0 (Canf) in the host strairE. coli
BW25113 with thered helper plasmid pKD46 (Ani}). Transformants
containing theswfA and swfB genes cloned in the vectpHIS8-Svp i. e.

pGS40were séected on LB + Kagy agar plate

6.2.18.2Verification of the recombinant pG40

With the aim to verify the outcome obmolaogous recombination in the.

coli BW25113i1 pKD46 cells, 20clones were picked from the LB + Kgn

agar plate and subjected to colony PCR screening using the primers T7

(forward) 5- TAATACGACTCACTATAGGG -3 0, compl ementary
region of the T7 promoter ahe vector pHIS&Svp, andKSPER (reverse)

5 €GGTCGCCCACGACGGTGCCGGTCGCATG 6 compl ementary
a region of the KS domain @wfA (nu 1324971 13278). After screening,

only one clone gave the band of the expected size (1063 bp) for the

recombinant construct pGS4Bigure 6.11)

-— @“
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Figure 6.11 PCRverification of the recombinamtiasmid pGS40
in E.coliBW25113.
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As homologous recombination normally does not occur in all copies of the
fosmid in one cell anthereis the chance that transformed cells contzoth
the recombinant@S40and pFS3110(unwanted clonesplasmid DNA was
isolated from the o/n culture of the single positive clomaransform by
electroporation XL1Blue cells, subsequently selected on LB + igaagar
plate. Electroporation usually leads to stable integration of a single copy of
the exogenou®NA, and therefore itwas very likely that transformants
growing on the plateontained only the recombinant plasmid pGS40.
3 colonies were picked froniné plate to prepare threéferent o/n cultures.
Plasmids from the3 cultureswere isolated and charactextz by double
restriction enzyme digestion witkhd andXbad.
0 Digestion formula

7.9 L plasmid

1 pL 10X buffer D Promega60 mM TrisHC| pH7.9, 60mM MgGJ 10mM DTT, 1.5 M NaCl)

0.1 uLBSA (Promegd bovine serumalbumin)

0.5 puL Xhd (Promegal10u/ pL)
0.5 pL Xbal (Promega 10u/ pL)

10 pL total volume. The reaction was incubated2 hours at 37°C.

All the 3 plasmids displayed the expected restriction pattern for the
recombinant construct pGS4(his result confirmed that the 830
construct was successfulbtained.Therefore, it was chosen for protein
expression trials obwfA and swfB genes inE. Coli BL21-CodonPIu$

(DE3)-RIPL.

6.2.18.3 Expression of SwfA and SwfB proteins
Proteins from plasmid pGS40 were expredsgdPTG induction of the T7

promoterin E. Coli BL21-CodonPIu§(DE3)-RIPL, previously transformed
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with the L-arabinose induciblehaperone plasmid pTflgam®) . Culture
conditions forswfA and swfB expression were the same as described for
SwfAacp Overexpression (seeaRagraph 6.2.16.5), except for the addsion
to the culture brotlof chlorampheniclb20 pg/mL (resistece gene on pTfl6)
andof L-arabinose2 mg/mL in order toinducetranscriptionof thetig gene
carried by pTf16 enating for themolecular chaperone Trigger factéter

cell lysisof transformantsthelysate wagurified by mmobilization on Ni
NTA matrix eluting with increasing concentration of imidazole in the lysis
buffer, as for ACP protein purificatigisee Rragraph 6.2.16).

Eluted fractions were analyzed by SDS PAGE and only weak expression of
SwfA was detected in theolumn flow-through and washingelution
fractiors, showing that SwfA was not retained by the agarose matrix

although beingxpressed as Higg fusion pragin (Figure 6.12 Table 6.9.

C P FT W 50 400 40 20 250 M

wp 212 kDa
 —

1
nuei
[ 1

-—
b —

!
|

|
|

Figure 6.12 The protein SwfAvas expressed astdrminal His8tag fusion protein

and purified over NNTA columns. Elution fractions (500 pL each) were obtained
by increasing the imidazole concentration in the lysis buffer from 25@®mM
stepwise. Mini SDPAGE was loaded wittan urpurified sample of cellsand
lysate(5 L, lane Q, resuspended cell pellet (5 plane P), column flow through,
containing unbound proteins (12 pL, lane FT), washing fractions eluted with lysis
buffer (20 pL, lane W), and fractions eluted with increasinignidazole
concentrations (20 pkach, lanes 50,100,150, 2@hd250). All the fractions were
previously mixed with 3X SDS loading buffer. Lane M is a-pt&ined protein
marker (Roff-Mark STANDARD).
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A band corresponding to &250 KDa protein inagreement with the
expected size of SwfAapo-SwWFA 255,495 KDa, holo-SwfA 255,835KDa)

and absent in the negative control, was indeed observed in the SDS PAGE
gel from protein extract of pGS40 transformants.

On the other side, no evidence of SwfB exp@ssiould be detected.

Table 69 Composition of the stacking and resolving delsSwfA SDSPAGE.

Composition 4% stacking gel 8% resolving gel

30:0.8% wiv 660 pL 2mL
acrylamide:bisacrylamide

1M Tris-Cl pH8.8 - 3mL
1M Tris-Cl pH6.8 630 pL -
20% SDS 25puL 38 pL
dH,0 3.6 mL 2.43 mL
10% APS 25 uL 36 pL
TEMED 5 pL 5 pL

6.2.19 Fosmid sequencing

The fosmid pPS11G3 was found with AT1F/AT3R2 primers and shotgun
sequenced. A new fosmid pPS2D9, was isolated from the library with
11G3_SAM_up (5ACC CGA AGC AGC CTC CCA CCT AC®') and
11G3_SAM_low (5 CCC CGC GAG AAC TGC AGA CAC AT&)
primers and ws shown to contain the complete cluster by end sequencing
of the insert. To close the gap BEL1G3cluster 11G3_close_gap_up {5’
CGA AGA CCG CTC CTT CCT €' binding to EDRSFL and
11G3 close_gap_low (&CC GCT GAC CGG CAC TCB') binding to

PLTGT were used on the template of pPS2D9. For primer walking to obtain

the end of 11G3 the $PGGC ACAITGRDIEE rest SAMup

CCG AGT TCG ACF3 06) was used. The second

fosmid (pPSA11D7) was isolated from the library using ATPEFA(E5

compl
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GTG TTT TCG GGG CAG GGC ACG CA&'; MVFSGQGTQ and
ATPER (5*GGC GGC GGCCAC CTC GCC CGA GCT GTG TC@;
GHSSGE\AAA). More representatives were isolated from the library using
Al11D7_54F (5GTT TCC TGG GAC ACC TTC A&') and A11D7_530R
(5-GGT GAG CTT TGC GTT GTT &)).

To obtain the missing final part of the sequence PSA11D7, 3i10E_lastF (5'

CGA GCC TCG CGA GTT CR C-3') was used.

6.220 Plasmid sequencing

Plasmids including pBluescripi SK(+) as vector were sent to GATC
Biotech AG (Konstanz, Germany) for single read sequencing using the T7
primer and sequencing was performed on ABI 3730XL (Applied

Biosystems).

6.221 Bioinformatics

Sequencesvere analyzed using BLASTp a8LASTx (Altschul et al,
1997) and aligned with BioEdit (Hall, 1999). Phylogenetic analyses
(NeighborJoining, 111 replicates,000 bootstraps) were performed using
ClustalX(Larkin et al,, 2007) or the MEGA 5.05 software packgdamura

et al, 2011).

6.2.2 454 sequencing of KS and AT ampliconsom P. simplex
KS and AT amplicon mixtures were obtained by PCR amplification of
metagenomic DNA fronP. simplexusing respectively two primers pairs,

designed on theignature regionof type | PKS: KSDPQQF (5MGN
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GAR GCN NWN SMN ATG GAY CCN CAR CAN M@&') and
KSHGTGR (5*GGR TCN CCN ARN SWN GTN CCN GTN CCR &)

for the KS domains, AT1F @TY CCN GGN CAR GGNNSS CAG
TGG-3', binding to the motif FPGQGsQW) and AT3R2-GC IGC IGC
NAT CTC NCC G3', binding to the motif QGEIAAA) for the AT domains.
PCR conditions 1@ described in details in theafgraph6.2.2.6 PCR
screening of metagenomic DNA for type | PKSS and AT PCR products
were separated by gel electrophoreaisd gel extractednd purifiedusing

the QIAquick Gel Extraction Kit. The concentration of KS and AT
amplicon libraries wre adjusted ta20 ng/uL and50 pL of both mixtures
were sent to GAT@iotech AG European Genome and Diagnostics Centre
(Konstanz, Germany) to be subjected to 454 pyrosequencing. Sequencing

was done on a 70 x 75 FLX picotiter plate of a Roche GS FLX sequencer.

6.2.23 Accession codes

The pPS11G3 and pPSAl11D7 complete mitlie sequences were
deposited into GenBank respectively under the accession numbers
JX946307 and JX946308. The AT gene partial sequefedesl in Chapter

4) from PCR screening were deposited into GenBank under the accession
numbers KC424641 throughkC424644 (primers AT1F/AT3R2) and

JX946309 through JX94633 (primers SWF_ATF/SWF_ATR).
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Isolation and structure elucidation of new
secondary metabolites from the marine sponges
Chalinula molitba and Plakortis cf. lita
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Isolation procedures andstructural determination
methods

The core activity of natural product chemistmgs traditionally been, and
still is, the isohtionof new compounds fromatural sourcesn the frame of
the more general purpose of discovering and developing new drugs from
natural productsthe research work described in the following chapiers
focused on thedentification of new secondary metaboliteem different
specimens of sponges living in tropical oceans, wonderful sources of
unusual molecular architectures

The work leading to the isolation of new compounds consists mainly of

two subsequendteps:

U purification and isolation of the target compoygsidfrom the animal
tissues

U stereastructural determination of the new moleds)e

The methods used for the isolation and structural determination are a
matter that deservegreliminary discussionin the nexttwo sectionsan
overviewwill be givenaboutthe main techniques and procedures involved

in the identification ohovel marinesecondary metabolites

7.11solation procedures

Through the experience gained along years of research job in the

isolation of marine natural products, my research group has developed a



Isolation procedures and Strtuctural determination meth

general efficient strategy for purification of crude extracts from marine
organisms.

Basically, the homogenate of the tissuedstractedsubsegently with
methanol,mixtures of methanol and chloroform in different proportions,
and finally with pure chloroform, yielding a complex extrambntaining
virtually all the low molecular weight metabolite3he combined extracts
(except for the chlorofornextrac) are then patitioned between wateand
butand, mostsecondary metabolitdseingrecoveredn the butanol phase.

The crudebutanolextractis combined with the chloroform extract and then
subjected to reversguzhase column chromatography as the first step of the
purification, according to the followinglution scheme based on increasing

apolarity of the mobile phases:

Al A2 Al Ad AS B [
B, /M o0 H Hy O hieCH HyOMOH 5, H0MsOH HyChieOH ", MeOHCHC, e
£ 2:1 4 T3 4:6 18 4 Le 19 ’

Y.

The next steps of the separation procedoresists in purifying the eluted
fractionsAl, A2, A3, A4 and A5 through reversed phase HPInCGontrast,
fractions B and @rom the reverseghase columiare usuallysubjectedo a
further column chromatography separatiam SiQ with eluents of
increasing polarityusuallyn-hexane/ethyl acetate mixtures.

Finally, normalphaseand/or reverseghase HPLC separations of these
partially purified fractions are performed in order to isolate pure
compounds,the particular proadure used depending on the particular

metabolite to be isolated
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| Frozen organism

Extraction with MeOH and CHCI,

Ripartition
Butanol phase Aqueous phase
RP18 Chromatography
Fr. A Fr.B Fr.C
H,0/MeOH MeQH/CHCI, CHCI,

Figure 7.1 Secondary metabolite isolation scheme

7.2 Structural elucidation

Until a few decades agostructural determination of new organic
compounds was only pursued through the use of chemical techniques
(degradation and interconversion of functional groups). The development of
spectroscopic techniques dramatically changed this approach. Today, it is
possible to determine complex organic structures completely in a non
destructive way, with submilligram samples. Structural determination
described in this thesis is largely based on spectroscopic techniques, mostly
mass spectrometry (MS) and nuclear méigneesonance (NMR), even if

degradationmethods were used some cases

7.2.1Mass Spectrometry

The first step in the study of a new bioactive compound is the
determination of its molecular formula using high resolution mass

spectrometry.
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Mass spectrometrgan measuréhe molecular mass of a compound on the
basis of the mas®-charge ratio rfyz ratio) of ions produced from the
molecules. A very accurate measurement of the molecular mass (high
resolution mass spectrometry) can also proti@emolecular formula of the
molecule under study.

The sourceis the component of the mass spectrometer which produces ions
from the molecule, while thanalyzermeasures the mass-chageratio of

the ions. There are many different types of sourcegjefisas of analyzers.
During or after ionization the molecule may fragment, and the mass of the
fragments provides information on the structure of the molecule under
examination. If the ions do not fragment by themselves, they may be
induced to fragment bigtting them collide with gas molecules. In this case,

a second analyzer is used to measure the mass of the fragments. This is
known as tandem mass spectrometry or MS/MS.

Most of compounds described in the following sections were analyged b
ESI mass spectrometry. The ESI source is a widely used technique for polar
and/or charged macromolecules. The sample is dissolved in a volatile
solvent like HO, MeOH, and CKCN; volatile acids, bases or buffers are
often added to the solution. This sabut is pumped througla charged
metal capillary, andt forms a spraywhile coming out of the capillary
Because of the electric potential of the capillary, each droplet of the spray
carries an excess positive or negative charge, and this causes extensive
protonation or deprotonation of the molecules of the sample, which become
ions. An uncharged carrier gas such as nitrogen is used to help the liquid to

nebulize and the neutral solvent in the droplets to evaporate.
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As the solvent evaporates, the ionizedlgte molecules become closer and
closer, until they can escape from the droplet by electrostatic repulsion. For
molecules with a high molecular weight, the ions may take more than one
proton (up to some tens), and therefore may have multiple charge.
Formation of multiply charged ions allows the analysis of high molecular
weight molecules such as proteins, because it reducas/#matio of the

ions, which is therefore easier to measure.

7.22 Nuclear Magnetic Resonance

The most important spectroscopic technique used for structure
elucidation of the isolated secondary metabolites was nuclear magnetic
resonance (NMR). In addition to standariand**C NMR spectra, a large
use of 2D NMR experiments was made. They arersupe® their 1D NMR
counterparts both for the shorter acquisition times, and for the easier
assignment of nuclei resonating in crowded regions of the spectra (signal
overlapping is much less likely in two dimensions than in one).

The COSY (Correlation SproscopY) experiment is one of the simplest

and yet most useful 2D NMR experiment. It allows determination of the

connectivity of a molecule by identifying which protons are scalarly

coupled. In spite of the many modifications which have been proposed

aong the years, the very basic sequence
separated by the evolution periqdd still the best choice if one is simply

dealing with the presence or the absence of a given coupling, but not with

the value of the relevant couplingrstant.
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The TOCSY (Total Correlation SpectroscopY) experiment is a 2D NMR
experiment very useful in the analysis of molecules composed of many
separate spin systems, such as oligosaccharides or peptides. The TOCSY
spectrum shows correlation peaks betweedei that may be not directly
coupled, but are still within the same spin system. The appearance of a
TOCSY spectrum resembles in all aspects a COSY; the difference is that the
cross peaks in a COSY result from coupled spins, whereas in the TOCSY
spectrathey arise from coherence transfer through a chain of-sgpm
couplings, and therefore any pair of protons within a spin system may give
rise to a peak. The range of the coherence transfer (i.e. through how many
couplings the coherence may be transf@rregtreases with increasing

mi xXing times (@), but a mixing time too
The HSQC (Heteronuclear Single Quantum Correlation) and HMQC
(Heteronuclear Multiple Quantum Correlation) experirseare 2D NMR
heteronuclear correlation expeents, in which only onéond proton
carbon couplings'fcr) are observed. In principle, the HSQC experiment is
superior to HMQC in terms of selectivity and additionally allows DEPT
style spectral editing. However, the sequence is longer and contairgen |
number of ’ pul ses, and is therefore m
imperfections than HMQC.

The HMBC (Heteronuclear Multiple Bond Correlation) experiment is a
heteronuclear twand threebond 'H-*C correlation experiment; its
sequence is less efficient than HSQC because the invdfded couplings

are smaller (8.0Hz). Moreover, whiléJcy are all quite close to each other,

23Jcn can be very different, making impossible to optimize the expetimen
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for all couplings. As a result, in most HMBC spectra not all of the
correlation peaks which could be expected from the structure of the
molecule are present.

The ROESY (Rotatingrame Overhauser SpectroscopY) experiment is a
chemical shift homonuclear gelation which can detect ROEs (Rotating
frame Overhauser Effect). ROE is similar to NOE, being related to dipolar
coupling between nuclei, and depending on the geometric distance between
the nuclei. While NOE is positive for small molecules and negdtive
macromolecules, ROE is always positive. Therefore, the ROESY
experiment is particularly useful for m&ize molecules, which would show
a NOE close to zero. The ROESY sequence is similar to the TOCSY
sequence, and unwanted TOCSY correlation peaks mgydsent in the
ROESY spectra. Fortunately, these unwanted peaks can be easily
recognized, because their phase is opposite compared to ROESY correlation
peaks. It is important to acquire ROESY spectrum in pkagsitive mode

for a correct interpretatioof the spectrum.

7.2.3 Circular Dichroism

Circular dichroic (CD) spectroscopy of optically active compounds is a
powerful method for studying the threemensional structure of organic
molecules, and can provide information on absolute configurations,
corformations, reaction mechanisms, etc. The CD spectroscopy takes
advantage of the different absorption shown by chiral compaoiridét and
right circularly polarized UV/Vis light. In circularly polarized light, the

electric field vector rotates about its propagation direction forming a helix in
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the space while propagating. This helix can beHaftded or righhanded,
hence the namesfteand right circularly polaged light.

At a given wavelength, circular dichroism of a substance is the difference
between absorbance of left circularly polarized and right circularly polarized

light:

Since circular dichroism uses asymmegilectromagnetic radiations, it can
distinguish between enantiomers. Two enantiomers have the same CD
spectra, but with reversed sign.

Of course, in order to showdifferentialabsorbance, the molecules needs to
absorb the UV/is light, and therefore must possess at least one
chromophore. If the molecule does not have a chromophore, this can be
introduced using a derivatization reaction. This is why methyl glycosides
are benzowyted to determine their absolute configuration.

One of the most important methods to establish the absolute configuration
of a molecule is the exciton chirality method. This method is based on the
interaction between two chromophores. When two or morenglyo
absorbing chromophores are located nearby in space and constitute a chiral
system, their electric transition moments interact spatially (exciton
coupling) and generate a circular dichroism. Because the theoretical basis of
exciton coupling are well werstood, it is possible to correlate the CD
spectrum of an exciteocoupled chromophore system with the spatial
orientation of the chromophores, which in turn can be related to the absolute
configuration of the molecule. It is important to point out thatljke for

example optical rotation, the exciton chirality method does not require any
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reference compound to provide the absolute configuration of the molecule

under study (if its conformation is known).
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Chalinulasterol, a Chlorinated Steroid Disulfate from

Chalinula molitba

Sulfated sterols are a w&dhown class of secondary metabolites, often
found in sponges and echinodeffrf$ that are emerging as a new potential
class of lead compounds in the research for new drugs. A recentpaper
reporedthe isolation from the spgeTheonella swinhoef solomonsterols

A (2) and B 8), two tri-sulfated sterolbased orthe cholaneskeleton. They
differ from each other in the length of the side chain, and are among the few
examples of truncated steroid derivatives isolated frominmaasources.
Both compounds have shown an important pharmacological activity, in that
they are agonists of the PXR nuclear receftoPXR receptor is a
transcription factor which is able to bind to a wide spectrum of structurally
distinct endobiotic sulbsates and xenobiotic compounds, and is involved in
innate immunity, xenobiotic metabolism, and detoxificatish PXR is
proving to be an attractive target femall molecule drug discoveryn
recent years, potential applications for exogenous PXR ligands have
emerged in the treatment of important pathologies suchaasef’ and
inflammatory disease¥

As part of a research program focused on the search for new anti
inflammatory and aimcancer lead compoundsom marine spongeshe

chemical composition of the Caribbean spor@ealinula molitba (de
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Laubenfels, 1949), a light purple sponge that habits the mangroves of Little
San Salvador (Bahamas Islandsias analyed This study led tasolation

and structural identification of chalinulasterd)) @ new chlorinated sterol
disulfate (FigureB.1). Compoundl has a close structural relationship with

2, differing from the latter compound in having a chlorine atom instead of a
sulfate functbn at position €4 of the side chain. This relationship
prompted us to investigate the possible rold as modulator of the PXR

receptors.

2 R=CH,0S0;Na
1 3 R=0SO;Na

Figure 8.1 Structures of chalinulasterdl)(andof solomonsterol AZ) and B 8).

8.1 Sterols

Sterols areone d the possibleend product of isoprenoidbiosynthetc
pathway,in which ahuge varietyof cyclic and acyclic compounds are built
up from the universal G building block isopentenyl diphosphate (IPP or

IDP). IPP can bdormed by 2 different pathwayfigure 8.2)

U MVA pathway IPP is formed fronthreemolecules of acetyCoA via

mevalonatethis pathway isound in nonphotosynthetic eukaryotes)
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U MEP pathwayIPP is formed from pyruvate arglyceraldehydeavhich
form 1-deayxylulose 5phosphate (DOXPgonvertedby intramolecular

rearrangement and daction into 2-C-methylerythritol 4-phosphate

D-Glyceraldevyde-
8] Ace'r,u-cm s )I\ e
)l\ e M S
o S=—CoA CoA—S Pyruvate
Acety-Coenzyme A Acefpacetyl-Coenzyme A
Acetyl-CoA
fliaa = cos

™ HS-CoA
2 NA :l P 2 MADPH

)I\.)\/\ j\)\)\s_(:m\ HO H

(R)-Mevalonate s {35 )-3-Hydroxy-3-methyighutand-Coenzyme A 1-Deoxy-D-rylulese-5-phosphate
4 _~ NADPH
, \ /
~ ADP e NADP*
0 HiC OH -
/Ikvk/\ ﬁ /; " C GF‘
- G_T_U- \)Y\ \
R)-Mevak 5 OPOy"
(R}-Mevalonate-5-phosphale & 2C-Methyl-D-erythritol
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20 MQT'\,’ .- er,"nr
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(R-Mevalonate-5-pyrophosphate 4. o . T —r
Isopentenyl-pyrophophate

Figure 8.2 MEV and MEP pathways for IPP biosynthesis

A key intermediate in the biosynthesis of sterols isdkggenated &
isoprenoid oxidosqualene (figure 8.3). Animals, fungi, and
dinoflagellates cyclizeoxidosqualene to lanosterals the first cyclic
intermediate in sterol biosyntheskdigher plants, most microalgaad
many Protozoa convert oxidosqualene to cycloartenol

Porifera possess the most diverse and unique collection of sterols
present in the entire metazoan kingddSponge sterols originate kg
novo synthesis, dietary intake, transformation of dietary sterols and

interaction with associated microorganisms. Unique esmerge
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primarily from modifications Oxygenation, alkylation, degradation) to
the nucleusaind/or theside chainsbut also fromfundamental structural

transformations of the basic skeleton

Acetate-Mevalonaie Pathway

Pyruvate + Glyceraldehyde 3-phosphate Acetate Mevalonate Sk
. ¥
‘\ HMG-CoA -=&--- Leucine
1-Deoxy-D-xylulose HMG-CoA reductase LT
. Mevalonate

LS

b
)\/\PmP -~ “

Isopentenyl  diphosphate, Cs

Geranyl-PF. Cyy
Squalene synthase
Squalene
Squalene epoxidase
Squalene 2.3 oxide

Squalene epoxide-lanosterol cyclase {

\ o Homoow .
Cychoartenal Lo - i bt ’
Cy -
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., Plans x S * .
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.
Campesterol . E o T
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- Coy Cay <

HO
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Figure 8.3 De novobiosynthesis of sterals

For manyyears the essentiatarbon backbone of sterolsas been

consideredto range from GC,; to Gy, with variations occurring

exclusively at G, in the side chain. Later, widespread diffusion @§ C

sterols in marine invertebratemd phytoplanktonwas detectedCye

sterols were first isolated in 1970 from the mollusk Placopecten

Magellanicu3, and sterols withunprecedentedtructures were isolated

from marine sourcegrom then onl t 6 s wi dely document e
literaturé” that in some sponge speciasconventional steroids are

predominantin the cell membranes compared dbolesterol orother
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conventional &-hydroxysterols.The peculiarity of sterolsccurringin

the cell membranes of sponges is probably related to the unique fatty
acid composition & their phospholipidsit has been hypothesized that
the structural modificationsxhibited by the sponge sterols may be a
sort of structural adjustments for a better fit with other membrane
componentswhich are so different fra those of other higher
animals™f Un ¢ o n v e ponge steralslingluds compounds having
unusual nuclei, displaying variety of oxygenated functionalities such
as polyhydroxy, epoxide, epidioxy, and mono or polyenone systems
addition, sponge @rols often include in theiatypical structuresside
chains modified by the apparent loss of carbon atoms or by the addition
of extra carbon atoms at biogenetically unprecedented positions.
Quaternary alkyl groups, cyclopropane and cyclopraporings, allenes
and acetyleneare the ommonest features occurring in thide chain of
marine steroid§’

Highly functionalized steroids have been the focus of marine sterol
research because of their considerdhil@ogical andpharmaceutical

activities.

OSO5H

Figure 8.4 Halistanol sulfate



Chalinulasterol, a Chlorinated Steroid Disulfate from Chalinula molitha

Halistanol sulfatgfigure 8.4)was the first example of palxygenated
sterol, isolated from the spongélalichondria moorei Besides its
biogenetically intriguingtert-butyl moiety in the side chain anihe
2b,30,6UHrisulfoxy functions this compound revealednteresting
pharmaceutical properties against HIV vifls

Weinbersterol disulfate A and Bfigure 8.5) with an unusual
cyclopropane side chaimexhibitedin vitro activity against the feline
leukemia virus In addtion, the former compound showed

pharmacological effects against HIV.

Na0;SO

NaO;SO

Figure 8.5 Weinbersterol disulfate fR;=H; R,=0H) and B(R;=OH; R,=H).

Another remarkable example was the 9skétosterolherbastergl a
polyhydroxylated sterol responsible for the icthyotoxic and
antimicrobial effects of the methanol extract of the spobgsidea
herbacea Contignastero(figure 8.6)represents the first marine steroid
with a cis C/D ring junction as well as a cyclic hemiacetal functionality
at G29 in the sidechain it showed to be potent inhibitor of histamine

release from rat mast cells induced by -4gif.
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Figure 8.6 Contignasterol

Other examples of sterols with unconverdnal nuclei are
theonellasterols and conicasterof™*? isolated from Theonella
swinhoei (figure 8.7). These compoundare known to act as FXR
(farnesoidX-receptoy antagonit and PXR (pregnaneX-receptoy
agonists role of pharmacological and clinical relevarioecholestasis

and in several human disorders, including cancers of the esophagus,

stomach and pancrea

Figure 8.7 Theonellasterol B (a); Conicasterol B (b).

8.2 Structure elucidation of chalinulasterol

The structure of chalinulasterol was elucidated using mass
spectrometry and NMR experiments.
The positiveion highresolution ESI mass spectrum of

chalinulasterol 1) displayed a [M + N&] pseudomolecular ion peak at
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m/z623.1447, in accordance with the formulatGCIS,OgNas” for this

ion (calcd. 623.146figure 8.8)

The intensity of the (M + 2) isotopic peak in the MS spectrum (45%,

calcd. 46.5%) and the peakmafz58 7. 1675 ([ MinitheHClI + Na
HRMS/MS spectrum confirmed the presence of a chlorine atom in the

molecule.

The MS/MS fragmentation pattern @falso evealed the presence of

two sulfate groups from the peaksmatz5 03 . 1946 [ M 1 NaHSO
Na]', 262.8870 [2NaHS©O+ NaJ', and 244.8765 [N&,0; + Na]'.

The molecular formula was confirmed by the pseudomolecular ion peak

at m/z 577.1669 observed in the negatise ESI mass spectrum,

accounting for GuH3oCIS,05Nd (calcd. 577.1678).

T FTMS + p £51 Full ms2 823.14@cid15.00 [170.00-800.00]
2448765

e (Nag$207 + Naj”
a0
80—
P IM-HS0.]
e 70
& 503.1948
2 603
ER
S 504
o =
Z 40
f1:) o "
2 2 NaHS04 + Naj
v S t 502,784
= T 2678870 ) {M+Nal
20 523.1438
3 530.2206
199 1978207 446.2836 601.044% | gonoria
ER 2649980 373.4812 } ) \ g‘i - 741.2202
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miz

Figure 8.8 Chalinulasterol.
Positiveion ESI MS/MS spectrum, parent ionralz 623

Inspection of théH NMR spectrum of compountishowed two methyl
singletss;h8) Uarmd £199 )X HOMld (ddne met hyl do

0.95 (H-21) suggesting its steroidal nat(figure 8.9)
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Figure 8.9 'H NMR spectrunof chalinulastero{CD;OD, 700 MHz)

The steroidal backbone could &ssembled through the interpretation of

COSY, TOCSY, HSQC and HMBC 2D NMR experiments. Analysis of

the COSY and TOCSY spectra allowed the sequential assignment of all

the protons of the tetracyclic system. The sulfate groups were located at

position G2 ard C-3 because of the loWield resonances of 4 and H

3 (0 4.72 and 4.69) and -2ahdGCBhélUrespect i
76.5 and 76.3). The HMBC correlation peaks of the methyl protans H

19 with G1, G5, G9, and C10 and of H-18 with G12, G13, G14,

and G17 located the A/B and C/D ring junctions and completed the

planar structure determitien of the steroid ring system (figure 8.10).

Figure 8.10 (a) Selected COSY and HMBC correlations edmpoundl,
represented as bold bonds and arrovespectively (b) Selected ROESY
correlations detected fdr



