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Summary XI

Summary

During the last decade, strains b&Burkholderiasensu lato groupave turned out to be a
promising source of natural productshich exhibit a high structural diversity and exquisite
biological activities. The biological and chemical characterization of the secondary metabolites
contributed either to the understanding of the ecological context and viruteaenisms or

to find pharmaceutically active lead structures. Recent genome analyses confirmed, that these
strains belong to the group of talented producers and that still numerous compounds await their
discovery. Driven by this potential, the focus of this work was put ers¢heening, isolation

and characterization of new and bioactive secondary metabolites from strains of the
Burkholderiasensu lato group.

The first projecstenmedfrom the plant pathogenic straiirinickia caryophylliDSM 50341,

that secreted a novel sidphore. Followingupscatd cultivation and chromatographic
purification of this siderophoreled to the discovery otrinickiabactin. Whole genome
sequencing allowed the identification of its biosynthetic gene clu3iee structure of
trinickiabactin bees a rare diazeniumdiolate ligand system and was elucidated by a
combination of NMR and MSspectroscopy and bioinformatics. Furthermore, trinickiabactin
was found to be antibacterial towards several Gnagative bacteria (MIC valueanged from

0.004 t00.04 mM.

The second project constitutas investigatiorof a set of proteosome inhibitors which are
produced byBurkholderia oklahomensBSM 21774. The OSMAGbased chemical screening
allowed the identification of a new class of compounds that couldenatereplicated. The
integration of bioinformatics hinted readily that this class of compounds belongs to the
syrbactin classThis led to the successful isolatiand structural characteation offour novel
syrbacting which were dubbed hybridbactirs A-D, since they represent a recombination of
fragments of known syrbactins to give a novel compound. Subsequently, condiaimgf ey 6 s
analysis chiral LC/MS analysis and bioinformatics, their absolute configuration could be
elucidated as welln proteosome inhibition assays, they exhibited potent activities, especially
hybridobactin Dwhich couldcompete withthe established standaggoxomicin

The last project was focused on the isolation of a new acybolin congener, which belongs to the
cytotoxic bactobolin compound family. Upon upscaling of the fermentation process, the new
congener acybolin J was obtained, together with several known bactodlated compounds.

The structureof acybolin Jwasenabledoy spectroscopic analysis using extendiize and 2D



Xl Summary

NMR experimentslts findingenriched the diversity of acyboliasd the comparative analysis
of the corresponding gene cluster raised several biosynthetic questions for the future.
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Zusammenfassung

Burkholderiasensu lato Stdmme haben sictder letzten Dekade als eine vielversprechende
Quelle fur Naturstoffe erwiesen. Diese weisen eine hohe strukturelle Diversitat und
hervorragende biologische Aktivitaten auf. Die chemisichogische Charakterisierung von
Sekundarmetaboliten trug entweder nmeu besseren Verstandnis der 6kologischen
Zusammenhange und ViruleiMechanismen bei oder fuhrte zur Entdeckung von
pharmazeutiscierwertbaren Leitstrukturen. Die jingsten Genomanalysen kommen zu dem
gleichen Schluss und bestatigen, dass diese Stamme wpeCder talentierten Produzenten
gehort und dass es immer noch zahlreiche chemische Verbindungen zu entdecken gibt.
Angesichtdiesehohen Potentials, wurde in der vorliegenden Arbeit der Schwerpunkt auf das
Screening nach bzw. die Isolation und Chanagierung von neuen und biologisch aktiven

Naturstoffen vorBurkholderiasensu lato Stammen gelegt.

Das erste Projekt hatte den pflanzenpathogenen Staimiokia caryophylliDSM 50341 zum
Gegenstand, der einen neuartigen Siderophor sekretierte. Nacbtezrfbbchskalierter
Fermentation und chromatographischer Aufreinigung wurde der Siderophor Trinickiabactin
entdeckt. Die Analyse des Gesa@B¢noms erlaubte zudem die Identifikation des
biosynthetischen GenclusteBas Grundgerist enthalt ein seltenes BidzmdiolatLiganden
System und wurde mittels einer Kombination von NMR und-$f@ktroskopie sowie
bioinformatischen Methoden aufgeklart. Des Weiteren fiel in Bioassays auf, dass
Trinickiabactin eine antibakterielle Wirkung gegeniber Gragativen Bakteen besitzt

(MHKs variierten je nach Organismus zwischen 0.004 und 0.04 mM).

Das zweite Projekt drehte sich um die Untersuchung von Protdasdoitoren, die von dem
BakteriumBurkholderia oklahomensiBSM 21774 generiert wurden. Ein OSMARasierter
ScreeningAnsatz fuhrte hierbei zur ldentifikation einer neuen Substanzklasse, die nicht
derepliziert werden konnte. Eine weitere bioinformatische Analyse ergab Hinweise, dass die
gesuchten Verbindungen der Syrbadiruppe zuzuordnen sind. Dies fuhrte zur erfolgreichen
Isolation und Strukturaufklarung von vier neuartigen Syrbactinen, die Hybridobactihe A
genannt wurden, da die Verbindungen Rekombinationen von Strukturfragmenten von
bekannten Syrbactinen darstell&ne absolute Konfiguration der Verbindungen wurde durch
die kombinierte Anwendung von Bioinformatik, chiraler LC/MS und der Mal&yhode

erarbeitet. In ProteascinhibitionsAssays zeigten die Substanzen eine potente Wirkung,
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insbesondere HybridobactiD, welches nahezu die gleiche Wirkstarke wie die etablierten
StandardSubstanz Epoxomicin aufwies.

Da letzte Projekt hatte die Isolation eines neuen AcyHdodrivates zum Ziel, die der Gruppe

der zytotoxischen Bactoboline zuzuordnen sind. Die Hochskalierdes Fermentations
prozesses ermoglichte dann die Isolation und Aufreinigung des neuen Derivats Acybolin J,
zusammen mit zahlreichen bekannten Bactobolinen. Die Strukturaufklarung gelang durch die
Anwendung von umfangreichen ilind 2D Experimenten. DaBrgebnis bereichert die
Diversitat der Substanzgruppe und die vergleichende Analyse des zugehdorigen Genclusters

wirft zahlreiche weiterfihrende biosynthetische Fragestellungen auf.



Introduction 1

1 Introduction

1.1 Burkholderia - A Rich Sourceof Bacterial Natural Products
1.1.1 The Role ofBacterial Natural Products

Natural productfiave beemntilized as arsignificantsource of drugsince ancient times for the
treatment of many diseases and illnesgeecially in the last four decade$ the previous
century, émost half of the newlyapprovedsmall moleculswere derived from natural produéts

As oneo f t he most i mportant branches of nat u
increasingattention particularlyafter the discoverpf-the-century wonder drug penicillin®,

which greatly contributed tthe fight againstinfectious disease From then o, a series of
excellent bioactive scaffolds frormicrobes, especially fronthe bacterial world, were

discovered and developed as druggHeclinical treatmenof cancer ad infectious diseasts

So far, anong the chemical enjitproducersof the bacterial communitythe grarppositive
Actinobacterighave been proven agyhly talented producsibecause thegffered mosof the
clinically useddrugsin the field of antibiotics, immunosuppszsitsand aticancer treatmehit
Nonetheless, recently, granegative bacteria have been newly evaluated as an underexplored
source of novelbiology and chemistry. Some grannegaive bacteria for example,
Pseudomonasmyxobacteial andcyanobacteriaspeciesaredeemed to béhe most frequent
producersin total produmg more than BO0O bioactive metabolitdsased on statistical d&ta
For instancemupirocin isolated fronPseudomonas fluorescealeeady stands in the queue of
clinical treatmend for superficial methicillinresistant Staphylococcus aureu$MRSA)
infections. Based on these factsteappraised/alue of grarmegative bacteria isresented to
the natural product scientific communitWithin this family, the Burkholderiaspecies wre
foundto be themostfascianting offering quite compellingchemicalscaffoldswith therapeutic

bioactivitesas shown irFigure1-11%22,
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Figure 1-1 Natural products isolated from Burkholderia speciesPyochelin (), FR901464(2), sulfazecin §),
cepaciachelirf4), burkholdine 12135), malleilactone §) andtoxoflavin (7).

Regarding genomic aspecthie unlocking of the bioactive potential oBurkholderia has
alreadybeen initiated. A recent phylogenomic analysis of biosynthetic gene clusters)(BGC
from microbes gave more insight into gramagative bacterial biosynthetic capabilities,
indicating that the genuBurkholderiahas akenthe front position in terms of biosynthetic
diversityasshown inFigure1-223. Intriguingly, the BGC count irthe Burkholderiagenome is
only second to that of actinobacia, higher than those of bacilli, cyanobacteria, myxobacteria,
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and fungi All theserelevantresearcldata suggestl that grarmegative bacterjancluding the
genusBurkholderig would bevaluabk toengagewith in terms ofnatural product discovery.

Figure 1-2 Distribu tion of BGC diversity amongall sequencedorokaryotic genome$®. The green arrow points
to the actinobacterial BGCs, while the red lighg bolt highlightsthe BGC count oBurkholderiabacteria.
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1.1.2 The Microbiological Background and Taxonomy ofBurkholderia

The genuBurkholderiais a group ob-proteobacteriaMorphologically, they are straight or
slightly curvedhonsporulatingrods. They are aerobic gramegative andnotile bacteria with

one or more flagella, with the exceptionBofmallei(Figurel-3). They haveavariable genome
size rangng from 2.4 to 11.5 Mb, with high G+C contentarying from 62 to 689, It is not
unusual for them tpossessultiple replicons which can be defined as chromosyaued they

are rich ininsertion sequencedhesekinds of features maybe the crucial factorgn the
evolution ofthe unusual adaptability of this bacteriginAs a matter of factBurkholderia
species are able to occupy diverse ecological niches, such as soil, water, the rhizthephere,
phyllosphereandeventherespiratory tract of huma#fs®

Burkholderia ambifaria

_@

Burkholderia oklahomensis Burkholderia mallei Burkholderia pseudomallei

Figure 1-3 Burkholderia morphology and distribution of chromosomes®. Photo sourceWikipedia JGland
reference 30.

Burkholderiaspecies wreoriginally described aBseudomonaspeciesn 1950 by Wéer H.
Burkholder, who firstly reported Pseudomonas cepacias the causative ageffor the
occurrence of OUnstib1992,Yasbkuchiettal named this germBurkholderia
to honor the former’s seminal wétk% Among these specieB, pseudomalleandB. mallei
belong to the pathogenic species, whichthee@ustive agent®f melioidosis, a serious dn
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oftenfatal disease of humans and animafgiglandersrespectively®. The other famous group
Is termedthe Burkholderia cepaci@omplex (Bcc) Their membersvereoriginally recognized
as pathogenof onions andare now knownas an importantgroup ofopportunistic human
pathoges that @n infect cystic fibrosis (CF)or immunocompromised patients as shown in
Figure 1-4**, However, on the other hand, the Bcc group ads@rts some positive
environmental effects, such as plant growth promaimhthedegradation of a wide variety of

compoundsincluding pollutants.

Ci Cl

\e=(
al
Prevents ‘damping off' Prevents moulding Promotes plant growth  Degrades groundwater
disease of seedlings of fruit and crop production contaminants
Produces antimicrobial Colonizes plant roots ‘ Utilizes a wide variety of

compounds | and fixes nitrogen
(\rkho/dcna cepeaa\

Ll .

| Causes disease In plants \ | Gauses disease in humans |

\ /_l )

%/ 7\)‘/\\\ Pneumonia
’-'?’/r] Septicaemia

\Bo2y

carbon compounds

\ &

Causes 'sour
skin onion rot" \ I

Cystic fibrosis and
Immunoccmpromised patients

Figure 1-4 Beneficial and detrimental effects of theBurkholderia cepaciacomplex®.

After thecreation of this new genus, several otARseudomonaspecies were also reclassified
asBurkholderig while two of the already namdgurkholderiaspeciesincluding B. picketti
andB. solanacearunwere further transferred inthe newanddistinct genusRalstonid®3¢ In

the following years,Burkholderiadrew increased attention, as more and more novel species
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were isolated and descrité®, which heavily enriched the diversity dfe Burkholderia
community.To date this genus consists of more than 100 spetlewever, with the expanded
group numbers within this genus, several taxonomic rearrangements were carfie @@,
Payneet al performed 16 rRNA andrecAgenebased phylogeny anabs which supported
the division of theBurkholderiainto two claes. One clade included human, animal, and plant
pathogens or opportunistic pathogens, while the otlmrsists ofplantbeneficial and
environmental speci&s Over the next few yearsjoremajor rearrangements and updates in
the taxonomy oBurkholdera were conductedandnew genera were suggested and divided
from Burkholderiaaccording to these investigatidh®. Thus the newt e r Burkhlderia

s ens u |saggestédor soxesing all the siBurkholderiarelated genetavhich currently
comprise Burkholderia sensu stricto, Caballeronig Paraburkholderia Robbsia
MycetohabitansandTrinickia as illustrated ifFigure1-5°. To avoid confusionif not specified,

the termBurkholderiais used to meaBurkholderiasensuato in the following chapters.
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Figure 1-5 Phylogery of constructed by the neighbofjoining method using 16S rRNA sequences of
representative strains fom Burkholderia related gener&®. The 16S rRNA sequences were retrieved from the
SILVA database (https://www.arkilva.de/). Species names were corrected based on the current taxonomic

positions. The updated genera and their phyloerelationships are also showRalstonia pickettii{AY741342)
was used as an outgroup.
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1.1.3 Burkholderia: An Attractive and Fruitful Resource forNatural Product Isolation

Burkholderiaspeciesare considered to be newrich sourceand havereceivedincrementa
attention from different fieldsespecially inthe natural products aredo date several reviews
focusingon genome mining iBurkholderia species gave a comprehensmeerview and
supported the statement that the geBuskholderiahasbeen foundo be a promising source

of natural products”®°, These published findings of the last decade reshaped the chemistry
map ofBurkholderiaspecies. In total, more than 60 structures could be added, and many novel

biosynthetic details were unveiféd

Recently more and more research groups moved onto the playgroumicisohttractive
secondary metabolite pool. For exampmaly in 2018,several novel compounds like fragin
together with valdiazea rarediazeniumdiolate classom naturé?), icosalides(possessg
tandem condensation domains within its biosynthetic patfvagd burriogladins as well as
haereogladingwhich representhreoninetaggedlipopeptide®’) were extractedone after the
other. From then until now, everal other unusual compounds like gramibactif®,
plantaribactif®, thailandene¥, gladiofungir?® and necroximé&®, were isolatedat breakneck

speedFigurel-6).

More interestinglyin thecases of icosalides and bolagladins, they were published by different
groupsin parallel which reflecs the intense competition pattern in natural product rebeair
Burkholderig®'%72. To a great extent, these explorations led t@gplosivescene, in which

further accelerated thexposureof Burkholderiaspecies in the scientific community.
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Figure 1-6 Recently reported natural products isolated from Burkholderia species.Glidopeptin A (8),
gladiofungin A Q), thailandene A10), plantaribactin 1), necroxime A (2) andicosalide Al 13).

Most notably, the overwhelming majority of the secondary metabolitesBuokholderiaare
of peptidic and polyketidic origir{Figure 1-7). Concerning the bioactivity, most of the
metabolites are either antibacterial, antifungal or cytotx®o far, most of the compounds
from Burkholderiaspecieshave beerdiscovered bya classi¢ bioactivity-guided approach

based on statisticklowever the majorityof the recently discoveresbmpounds were isolated
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via genome mining approaefiz®:58:5% with the increased number of available sequenced
genomes and rapid development of bioinformatic tamish asAntiSMASH, ClusterFinder
NaPDoS, NRPSPredictd "3’ progressively,more biosynthetic genes are understood
Therefore, it could be predictedat more investigatiors of Burkholderiasensu lato willbe

genomedriven.

(a) (b) (c)
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Figure 1-7 Analyses of natural products isolated fromBurkholderia sensu laté*. (a) Pie chart depictinghe
biosynthetic classs Compounds belonging to the same structural class (defined as known or expected to be
encoded in the same or very similar BGCYeveounted as one. The 66 structural classes were then classified into
seven biosynthetic classes as shovim). ( Nat ur al product i solation via di
structureguided isolation. € Reported bioactivity of the reported compds fromBurkholderiasensu lato
(adapted frommeferencesl).
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1.2 Genome Mining Approachesto Access thé8urkholderia Metabolic Pool

In the early2000s with the sequencingf thefirst genomes ofStreptomyces coelicoldf and
Streptanyces avermitili€, it became apparent thiditere isa much highecagacity to produce
secondary metaboliteés given than formerly anticipatedrhis initiated a new idea of digging
for microbial metabolitewith the help of genoi datg whichthenbeame a popular discovery
approachandwhich was coinedi mi ¢ r o b i ml n g®elmgtilenase of genome mining,
the microbialwhole genome sequencing daanalyzedby bioinformatics to search for new
chemical featuré$. With the dropping price of genome sequencingre available sequeing
data, and the rapidy developed bioinformatic methodthis approachhas been integrated
deeplyinto the current research press.In this scenarioa huge number afovel secondary
metabolitestogether with their biosynthetic pathwapiave been suessfully elucidatedl hus,
it is of utmost importareto have a comprehensive understanding of biosynthetic pathways, in
order to enter the next stage of Bierkholderiametabolome world.

Given thatthe Burkholderiametabolite pools quite rich inpeptidicandpolyketidic products,
the thiothemplatdbased machinerieproducing these intriguing coropnds shall be

highlighted in the following chapter.
1.2.1 Nonribosomal Peptide Synthetase

Severalpeptides produced bBurkholderiastrainsare formed by an exceptional machinery,
termednonribosomal peptide synthetase (NRPAS)contrast to the regular ribosomal peptides
synthetaseNRPSsultilize not onlythe 20 proteinogenic amino acjdsut alsoemploymore
than500nonpr ot ei nogeni ¢ a mi-hydroxyacidss bujlding Hotk€’y a c i
Thus, they can generate extended chemical space with high structural ditserehdeed, there

are already somderived candidatessuch asthe hepatotoxic cyclopeptidehizonin A the

cytotoxic rhizomide A and thselective Ggsignalinginhibitor FR90035%sshown inFigure
1-829.8183
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Figure 1-8 Structures of selected nonribosomal peptidesproduced by Burkholderia. Rhizonin A (14),
rhizomideA (15) andFR90035916).

Generally, NRPS enzymes act together as an assembly line consisting of multiple thadules
catalyze the integration of single amino acids into a growing peptide chain regulated by the
collinearity rulé* Normally, each NRPS module typically comprises three domains, namely

anadenylation (A)athiolation (T) andacondensation (C) domaas reflected irfrigure1-9.

The A domainwith a size ofaround 60 kDaconsists of a N-terminal subdomain araismall
C-terminal subdomainit containsa hydrophobic active site for binding the amino acid and
ATP substratesSince the @erminal subdomain is relatileflexible, its rotation around 140 °

to the large Nlerminal subdomaited to two distinct conformational states that are specific for
the adenylation and thiolation, respectifelyn silico studiesrevealedthe power of the A
domain code in predicting the substrate specificity of uncharacterized A déin&imse
bacterial A donainsarehighly conserved structures, their sequences can generally be used to

predict theamino acid sequenad the NRFS product§’.
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The small T domaiifalso calledPeptidyl Carrier Protein domain PCB, with a size of about
10 kDa, contains a highlyconserved serine residue whidould be modified by a
phosphopantetheine transfer@8pant) following the transitiao fromtheapo to theholo-form,

which allows thehiolationloading step¥.

Thethird essential NRPS domaisthe C domaimwith a size of about 45 kDahich perforns
thepeptide bond formatioof two adjacent activated amino acid&ée C domain is comprised
of two related subdomains of the CAT (chloramphenicol acetyl transferasga tadserved

active site motivehatcould be found at the interfackhis active site is reached by the Ppant

arm through the interface to transfer the activated amino acid substrate from upstream to dock

to the acceptor sit€urthemore C domainsre ale selective in tersof stereochemistrywith

LC. domains canectingtwo L-amino acids, an8C. domainsfusing an upstream 2mino
acid with a downstream-amino acidFurther theCstaterdomain catalyzes the condensation of
a(b-hydroxy) fatty acidandthe first activated amino acid, whickpresent a special label for a
lipopeptide biosynthesi$

0. Phosphopantetheinylation 1. Adenylation 2. Thiolation
SH 0 NH NH,

g 0 N
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o N
(6] HS |OH CI) SH O
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Figure 1-9 Domain arrangement of bacterial NRPSs including the involved reactions®. 0)
Phosphopantetheinylatioithe Bpant tail is attached to conserved serine residukdif-domain. 1)The anino
acidis selected and adenylated by the A domeiillgenerates an aminoac@MP moiety. 2) Tlolation: The
activated amino aciis attached to thepant of the holoT domain. 3)The C domain combined the activated
amino acid to the previous amino acidloegrowing peptide atta@sto the upstream module to produce an amide
bond. 4)The Te domain releasghe peptide chain through hydrolysis or macrocyclization. R1, R2 and R3 refer
to the amino acid residues selected by A domains A: adenylation, C: condensation, T: thiolatibipdsteise
(adapted frommeference 90).
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To terminate the NRPS assembly line, the thioesteraseddmain is normally required.
Thioesterase domains are approximately 30 kD in sizeaahds either hydrolases or as
cyclases, where they caatalyzecleawage of the assembled peptide product fronTtdemain

in the last moduf¥é.

Briefly, the A-domain determines which amino acid should be selected for incorporation into
the growing peptide chairfrirst of all, the selected amino acid monomseactivated by using
ATP and then loaded onto thedl®main next to itThen the T domain will transfer the activated
amino acid to the @omain.Subsequentlythe C domain wilcondensate the received amino
acids both from upstream and downstream modulgenerate the amide bondtil atthe last
NRPS domain, after condensation, the growing peptide chainbeilreleasedhrough

hydrolysis or macrocyclization asflectedin Figurel-9.

Apart from these three core domains (Rand C), further domains such as epimerization
domairs (E) are existantwhich are responsible fahe conversion of regular-Lamino acids
into the correspondin®-configuration Furtherspecificdomains includindeterocycleation
(Cy), formylation (F), methylation (Mt) and oxidation (Ox) domainsypiiferent roks for
modificatiors, which could alsolead to the chemical diversity of the peptides in this

scenarig*90°2

In the classicé definition of NRPS modules, the C-A-T domainsare considere@ standard
structuralunit®’. Within the framevork of a NRPS reprogramng study, the Bode group
repored a newconceptfor the modification of NRPSs that usdifferently defined exchange
units (XUs, A-T-C or A-T-C/E domains are defined as XUsnd not modules as functional
units (Figure 1-10). This allows up to five XUs from four different natural NRPSs to be
asserbled, resulting functional de novo NRPSs to synthesize novel pefitifese to the
limitation of the downstream C domaipecificiies a furthercomplemente&UC concept was
developedBased on this new conceptadeptorA-T-Cponator (XUC) units represent a self
contained active unit for cataly activity, without irterfering in major domahdomain
interfaces/interactions during the NRPS catalytic &fclEhe generation of random natural
peptidelike peptide libaries for bioactivity screening could also be performed, which will
inspirethe further boengineering work anéacilitate the generation of more diverse peptide

natural products future
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|

Xuc

Module

Figure 1-10 A schematicrepresentationof afictional NRPS assembly linavith modules, XUs and the XUCs
highlighted®. For domain assignment the following symbots ased: A, adenylation domain, large circles; T,
thiolation domain, rectangle; C, condensation domain, triangle; C/E, dual condensation/epimerization domain,
diamond; B, thioesterase domain;t€rminal small circleXU, A-T-C swapping strategy, denoteslithe concept

of exchange units, XUQhe concept oéxchange unit condensation domgudapted fronmeference 9%
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1.2.2 Polyketide Synthases

Polyketide synthases (PKSs) aamother class oimultifunctional enzymeswhich are
responsible for the biosynthesi$ variousnatural productsThese PIS assembly lines are
widely found in natureandespeciallywell studiedin microbes includindacteriaNumerous
secondary metabolites were produced via the complé&rR&chinery and some of them even
play important roles in clinical applicatisnProminent examplesf PKS-products from
Burkholderiaaretheantibacterialagentgladiolin, therespiratory toxirbongkrekic acid and the

antibacterial lagrien@Figure1-11)°>%7,

OH OH

Figure 1-11 Representative polyketide structuregproduced by Burkholderia. Gladiolin (17), bongkrekic acid
(18) andlagriene(19).

To date three types of PKSsave beemrlassified so. Type | PKSs amaultifunctional proteins

consising of modularized domaingndeach moduldarborsa set of distinct, nositeratively
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actingdomainsthat could catalyzene cycle of polyketide chain elongatidn comparison to
type | PKSstype Il PKSsare alsamultienzyme complexedutcarry a single et of catalytic
domains, whichactiteratively. Typelll PKSs, also known asimpler chalcone synthaige
enzymesfunctioniteratively andcatalyze the formation of the product within a single active
site®®,

As a prototypical Type | PKS assembly linethe erythromycin PKSbiosynthesids usually
exemplifiedasa textbook modeto understand theimechanisi?’. Within the multienzyme,
each module containat leastthree essential domainthe ketosynthase (KS) domain, the
acyltransferase (AT) domain and the acgtrier protein (ACP) domajrexcept the ddomain
containing loading modulén contrastto this type ofPKS, anunexpected multimodular PKS
typewas also discovered. These enzymes lathedAT domainhowever,a freestading AT
domain donatéthe buildng blocks during the biosynthsisstead Hence the new termscis-
AT PKS and théransAT PKSwere giverto theformer and théatter were given, respectively
as seen ifrigurel-12.

Cis-AT PKS
re-

-hydrox o, f-olefinic
load Phy 4 B-keto P o,B-reduced Iease

_ong PP e, =
CCREIEO) @@% S @

3 % /

Trans-AT PKS

© o

3%}}

Figure 1-12 Biosynthesis of a fictional complex polyketide by a textbookci(s-AT) PKS and a trans-AT
PKS!% The location of modules is shown abdmehecis-AT PKS. For thecis- AT PKS, the methyl group was
generated either by an incorporated methylmal@gA, selected by the corresponding AT domain or introduced
by MT-catalyzedU-methylation. For théransAT PKS, the architecture can differ substantialignii the one
shown. K®: decarboxylating KS GNAT: acetylloading AT of the GCN&elated Nacetyl transferase
superfamily.Thecircles represent ACP domains

]

s
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On closeiinspection of these modular domaingis-AT PKS, the ACP igosttranslationally
equipped with aphosphopantetheinyl (Ppant) arm by a Ppant transferase (PPTlasedS
takesoverthe growing polyketide chain from teCP ofthe upstreammodule, while the AT
domaincaptures a n-cakhoxyacyl extender uniia transesterifcationfrom anoptional acyk
CoA metabolite onto the ACPThen the KS catalyzes a decarboxylative Claiika
condensation between the polyketit@inand the extender uft. Beforebeing transferred
onto the next module, th&CP-tetheredb-ketothioester intermediate can fuether modified
by additional domains, such aketoreductase (KR) aain converingt h eetdbfunction to

a hydroxylgroup, a dehydratase (DH) domaivhich removes water to generate olefinic
moieties, and an enoylreductase (ER) domaihich reduces double bonds to a saturated
intermediateor some other functionality ecid be introduced as wellhe TE domain located

in the last module catalyzes the offoading by hydrolysis or macrocyclizatid®f. In
comparison to theis-AT PKS, the AT domain itransAT PKSis seperately located outside
of the module and the ACP domains are loaded with mblonis in trans by interatively &ing

AT domains.
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1.2.3 NRPSPKS Hybrid Systems

After thousand of yearsof bacterid evolution the equipment of NRRBKS genesnd their
encoded enzymegive them more possibilities of synthesizingmerousdiverse beneficial
metabolites NRPSs and PKSsharea similar strategy for the biosynthesis of two distinct
classes of naturgroducts Both systems not only have waltganized moduledut alsouse
carrier proteingPCP for NRPS andCP for PKS) to tether the growing chain. BotACP and
ACP areposttranslationdy modified by adéphosphopantetheine growphichis catalyzed by

a family of &4phosphopantetheinylansferases (PPTaseBurthermore, if they reach the final
full length, the peptide or pketide product will be released from the corresponding assembly
line by a thioesteras€TE) domain®. Thus, they can interact with each other aodmnfa

combined assembly line.

Generally, twaypes of NRPSPKS hybrid systeman be distinguishedf the NRPS module

Is upstream of the PKS module, this combination will generateCabGnd formation, while

the GN bondwill be formed itheNRPS module is downstream of the PKS module as shown
in Figure1-13.

(a) (b)
Module N Module N+1 Module N Module N+1
3 g g 3
S S S
o) 0 0 —2:0
NHR CcoL R NH;

Figure 1-13Modular organization of hybrid NRPS-PKS and PKSNRPS'%2 (a) C-C bond formation for hybrid
peptidepolyketide biosynthesis catalyzed by a hypothetical NRRS hybrid. ) C-N bond formation for hybrid
polyketidepeptide biosynthesis.

Since the first elucidation afhybrid megasynthase the bleomycin biosynthetic pathwy,
more and morehybrid compoung were later discovered Comnonly, these pathways often
containanimpressive biosynthetic machinery digethe hybridization Structurally, they are
derived from amino acids and short carboxylic atihieugh a rational combinatioBeing a
rich source of NRP¥KS natural productBurkholderia species have dlivered plentiful
compoundf this classMany compoundsshoweda good prospectn drug discover{f*1%,
for example, the cytotoxic thailanstatin Z&mRNA splicing inhibitorthe antilotically active

compound thailandamide A and enacyloxin lla ilsstratedin Figurel-14.
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Figure 1-14 NPRS-PKS hybrid natural product s isolated from Burkholderia species.Thailanstatin A 20),
thailandamide AZ1) andenacyloxin lla £2).
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2 Aim of the PresentStudy

As discussedn the introduction chaptebecauseBurkholderiasensu lataepresenprolific
producers ofmovel compounds witlingeniousscaffolds,an intensiveinvestigationof our
collectedBurkholderiastrain libraryis worthwhile to conductaimingto discoversome potent

bioactive secondary metabolites

First and éremost the collected bacteriahould be evaluated with multiple approaie
priorize somecandidatestrains for further ingstigation. To satisfy this purposgemicalpre-

screeningeffortsundergenomic guidancwill beutilized.

Once thedetectedarget compoundproduced by the prioritized straimse bioinformatiaally
confirmed,the strain will be cultivated in the most productive medana large scaléelhen
the crude extracts will be generated via suitable extraction prosduased on the chemical
properties of target compoundibsequently, theargeted compound will bedctionated and
isolated usingariouschromatographic methods. In parallel,IMS investigationswill also be
integrated to monitor the whole procedurke targetompound®f intereswill be structurally
elucidatedusinga set ofanalytical methods inatling 1D-, and2D-NMR, in addition toHR-

MS analysis

Given that the bacterial secondary metabolites often appear with miogetivity in a high
frequency,and later may serve as new lead structures for new drings isolated new
compounds will be tested foological activities such asantibacterial, antifungal, antitumor

or other specifi@ssays depending on their chemical scaffolds.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicalsand Auxiliary M aterials

Table 3-1 Chemicals utilized in the studies

Chemical name Supplier
Methanol for HPLC Merck

Methanol for LGMS TH. GEYER
Acetonitrile for HPLC Fisher Chemical
Acetonitrile for LGMS TH. GEYER
Butan1-ol Fisher Chemical
Sephade®! LH-20 GE Healthcare
Amberlite® XAD-16N Sigma

Ethyl acetate Chemical dispensary (Bulk material)
Formic acid Sigma Aldrich
Trifluoroacetic acid Sigma Aldrich
Gallium(lll) sulfate Sigma Aldrich
Marfey's ReagentFDAA) Thermo Fischer
Potato Dextros@roth Becton Dickinson
(x)-3-hydroxy-hexanoidoctanoic)acid Sigma Aldrich
DMSO-ds Sigma Aldrich
Deuterium oxidgD-0) Merck
Methanotds, Sigma Aldrich
DMF-d; Sigma Aldrich
Acetonds Sigma Aldrich
Pyridin-ds Sigma Aldrich
Dichlormetharnd, Eurisotop

Table 3-2 Auxiliary materials .

Materials Supplier

Eppendorf tubes (20/ 21 Systec

Falcon tubes (50/161L) Eppendorf
Filter papers (MN 61855mm) MACHEREY-NAGEL
Filter papers (MN 615 1/@320mm) MACHEREY-NAGEL

Syringe (2.5mL, 250/ 100 ¢1l) HAMILTON
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3.1.2 Medium Recipes

Table 3-3 Modified M9 medium.

Ingredients Composition
5xsalt solution 200mL/L NaHPQ, 33.9 g/L (Merck)
KH2.PQOy 15 g/L (Sigma Aldrich)
NH4CI 5 g/L (AppliChem)
NacCl 2.5 g/L (Sigma Aldrich)
MilliQ Water added up to 1L
1M MgSQy 2mL/L MgSQy- 7H,0 246.5 g/L(AppliChem)
MilliQ Water added up to 1L
20% Glucose 25mL/L Glucose 200 g/L (Merck)
MilliQ Water added up to 1L
10% Casamino acid 10mL/L Casamino acid 100 g/L (MP Biomedicals)
1000xTES solution 250/Le L ZnSQGy-7H20 0.1 g/L (AppliChem)
HsBO3 0.1 g/L (Merck)
MnSQy-4H,0 0.03 g/L @Alfa Aesal)
CaCb-2H,0 0.02 g/L (Carl Roth)
CuSQ 0.004 g/L(AppliChem)
MilliQ Water added up to 1L
1M CaCh 100/LelL CaCbh-2H,0 147 g/L (Carl Roth )
MilliQ Water added up to 1L
MilliQ Water add up to 1L
Table 3-4 SRMuc Medium.
Ingredients Composition Supplier
L-Histidine 4 g/L Sigma Aldrich
MgSQi. 7H20 197.1 mg/L AppliChem
KH2POy 0.8 g/L Sigma Aldrich
KoHPOy 0.8 g/L Sigma Aldrich
Dissolve in 900mL water
FeCk 1.6 mg/L ROTH
Glucose 10 g/L Sigma
Fructose 1g/L Sigma
Arbutin 27 mg/L Sigma

Dissolve in 100nL water, sterile filtrated into the 908L solutions describedbove
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Table 3-5 LB Medium.

Ingredients Composition Supplier
Tryptone 10 g/L Becton Dickinson
Yeast Extract 10 g/L Becton Dickinson
NaCl 10 g/L Sigma Aldrich
(Agar)* (15 g/L) Sigma Aldrich
MilliQ Water add up to 1L PURELAB

* Agar is only added for LB medium agar plate preparation

Table 3-6 CPG medium.

Ingredients Composition Supplier
Casamino Acid 0.5g/L MP Biomedicals
Peptone 5¢g/L Becton Dickinson
Glucose 5g/L Merck

MilliQ Water add up to 1L PURELAB

Table 3-7 King’s B medium.

Ingredients Composition Supplier
Proteose Peptone 20 g/L Becton Dickinson
Glycerol 15gL SigmaAldrich
KoHPOy 1.59g/L Sigma Aldrich
MgSQi- 7H20 1.5¢g/L AppliChem

MilliQ Water add upto 1L PURELAB

Table 3-8 YM medium.

Ingredients Composition Supplier

Yeast Extract 2g/L Becton Dickinson
Malt Extract 5g/L Sigma Aldrich
Glucose 2g/L Merck

MilliQ Water add upto 1L PURELAB

Table 3-9 Modified TSB medium.

Ingredients Composition Supplier

Tryptic soy broth 15¢g/L Becton Dickinson
Sucrose 2g/L Sigma Aldrich
KoHPO, 25g/L Merck

NH4CI 5¢g/L AppliChem

MilliQ Water add up to 1L PURELAB
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Table 3-10 Nutrient broth medium .

Ingredients Composition Supplier

Glucose lg/L SigmaAldrich
Pepton 15¢g/L BectonDickinson
NaCl 6 g/L Sigma Aldrich
Yeast Extract 3g/L Becton Dickinson
MilliQ Water add up to 1L PURELAB

Table 3-11 Modified Pharmamedia.

Ingredients Composition Supplier

Glycerol 40 gL SigmaAldrich
NZ-case 5g/L Fluka
Pharmamedia 209/L AMD

CcaCQ 5g/L CHEMSOLUTE®
MilliQ Water add up to 1L PURELAB

Table 3-12 DMBg medium.

Ingredients Composition Supplier

Minimal broth Davis 10.6 dL Becton Dickinson
Glycerol 1.83mL SigmaAldrich
MilliQ Water add upto 1L PURELAB
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3.1.3 Bacterial Strain's

Table 3-13 The investigated strains and their strain numbers

Organism Strain No.
Paraburkholderia phenazinium DSM 10684
Paraburkholderia caribensis DSM 13236
Paraburkholderia fungorum DSM 17061
Paraburkholderia phymatum DSM 17167
Paraburkholderia uamae DSM 17197
Paraburkholderiaxenovorans DSM 17367
Paraburkholderigferrariae DSM 18251
Paraburkholderiamimosarum DSM 21841
Paraburkholderiacaledonica LMG 19076
Paraburkholderigphytofirmans LMG 22487
Paraburkholderiasilvatlantica LMG 23149
Paraburkholderiatuberum LMG 21444
Paraburkholderiaunamae LMG 22722
Burkholderia glumae DSM 9512
Burkholderia glumae ICMP 3729
Burkholderia caocepacia K56-2
Burkholderia cepacia JKB9
Burkholderiaambifaria DSM 16087
Burkholderia ubonensis MSMB1189WGS
Burkholderia oklahomensis DSM 21774
Trinickia caryophylli DSM 50341

All the straingnvolved in this studyvere obtained either from the DSMZerman Collection
of Microorganisms an@ell Cultures GmbH, Braunschweig, Germdingm theBCCM/LMG-
Belgian Coordinated Collections of Microorganisifnem the ATCC- American Type Culture
Collection, Manassas, USA or from the ICMMternational Collection of Microorganisms

from Plants, NewZealand and treated according to ¢fineninstructions.

The strainBurkholderia cenocepacig56-2 andBurkholderia cepaciaKB9 were provided
by Prof. Leo Eberl (University of Zurich) and Prof. Jde Shin (Kyungpook National
University), respectivelyBurkholderia ubonensisiISMB1189WGSwas provied by Menzies
School of Health Resear¢Australig.
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For antibacterial assaythe reference strai. coliDH5-U was purchased frc
while the strainYersinia pseudotuberculos¥Plll was kindly provided by Prof. P. Dersch

(Institute of Infectiology, University of Mlnster).

Table 3-14 Employed instruments for the studies

Instruments

Supplier

Scale (2200 g, 10 mg)

AND Company

Special accuracy weighing scale (BP210D) Sartorius
Autoclave Systec VX150
Clean bench (safe 2020) Thermo
Incubator Memmert
Shaker for precultivation VWR

Shaker for &rge scale cultivation Infors HT
Centrifuge Thermo
HPLC Waters
LC-MS Agilent, AB SCIEX
Vacuum freeze dryer (Alpha8LSC basic) Martin Christ
NMR Bruker

Lab water purifier Elga

Rotary evaporator Heidolph
Vacuum pump Welch
Unichiller Huber
Sonicator Bandelin
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3.2 Methods

3.2.1 Cultivation Methods

3.2.1.1 Preculture Preparation

20 eL bacteriakcryoculturewas inoculated oanLB medium agar plate witstreaking and then

grown in the inoculator at 30 for 3 daysAfter that,a single colony oBurkholderiastrain

fromtheLB medium agar plate was inoculated in a falcon tube containing_id& LB medium

and the presultivation was carried out on a shaker at 30and 220 rpm for 24 hour3his

applied for all théBurkholderiastrains involved in this study.
3.2.1.2 Cultivation of SelectedStrains for ScreeningUsing Different Media

A 300mL Erlenmeyer flask containing 100L of usedmedawas inoculated witlh mL of the
overnight preulture of the selected strainad subsequently grown on a shaker at 3@nd
120 rpm for 4 daysin parallel, 100mL of each used medium wasepared as control and
treated in the same wawhich laterservel as a control fofurtheranalytical work.The same
method applied for different mediacluding modified M9, SRM+g, modified TSB, CPG, NB,
LB, YM, modified Pharmmedia, DMBg, andKing’s B during screening cultivation

3.2.1.3 UpscaledCultivation in MM9 M edium for Target Compounds Isolation

Each of seven 3 L Erlenmeyer flasks containing 1 L of MM9 medfomhybridobactins and
acybolinsproductior) or SRMnc medium(for trinickiabactinproductior) wasinoculatedwith

1 mL of the overnight preultivation on a shaker at 30and 120 rpm for 40 5days while

another 1 L of MM9 mediumr SRMic mediumwithoutinoculumin a 3 L Erlenmeyer flask
was dso prepared aa control and incbated under the same conditidrhe cultivation was
repeated ntil enough raw material could be obtained for final purification

3.2.2 Extraction Methods
3.2.2.1 Liquid -Liquid Extraction for Chemical Sreening
100 mL of different bacteribcultures from various appliethedi for prescreening wre

extractedtwice with ethyl acetate (1:1, v/v) and the supernatant was concentrated to dryness
underreduced pressurentil a crudeextractwas obtained. The cre@xtractwasthendissolved
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in 80% aqueous methanol atfte dissolvable portion wasansferred into a vial for LGAS
analysis. 100nL of each correspondingediumwaspreparedandtreated in the same way

3.2.2.2 Extraction Using Resin for Large Scale Cultivation

The 4to 5days fermented cultivatiofin line with the cultivation sectioripn 3 L Erlenmeyer
flasks was centrifuged at room temperature a@0rpm for 15 min to yielthe supernatant.
To obtainsufficientextract from the supernatad g preswollen resin AmberlteXAD 16N
was added to each 1 L supernatant and stirred for 30 min.fitfron, the resin from each 1
L supernatant was elutexhce with100 mL 50% aqueous methanahdtwice with 100 mL
100% methanol, respectively. Subsequerdlythe eluateswere combined and concentrated
under reduced pressure to obtain the cexteactsfor further analysis. 1 L of MM9 medium
or SRMyc mediumwasprepared as contrahndprocessed with the same steps.

3.2.3 CAS Assays

TheCAS assay is a universal assay develdpe8chwyn and Neilanith 1987, CAS is short
for chrome azurol S, which is a dye applied to detect the presence of sidesoplaorpiick

and easy way.

CAS assay agar plates for the detection of siderophores were prepared omla déle as

follows:

Firstly, 60.5 mg chrome azurol S was dissolved im80ddHO to givesolution1. Then a
solution 2consistingof 27 mg Fe@6H0and8 3. 3 e L concentinkwased
preparedThenl10mL of solution 2was added into the CAS solution. After thatridig HDTMA
was dissolved in 4L ddHO as solution 3 and added slowly to the CAS solution with stirring,

forming a dark blue solutiorfsubsequentlythe solution was autoclaved.

A basal agar medium was prepared, to which the CAS solution would latetdze 8ty MOPS,
0.05 g NaCl, 0.03 g KHPQ4, 0.01 g NHCI and 0.05 g tasparagine were dissolved in 83
ddHO. The pH was adjusted to 6.8, ddHadded until the total volunreached8 mL, and
1.5 g agar added with stirring and heating unbetame homogeneausoth thissolutionand

the CAS solution were autoclaved.

10 mL of a 50% solution of glucose was prepared by sterile filtration. Once the other solutions

were autoclaved and codledownto around 5C0C, 2mL of the glucose solution was slowly

H
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added to the basal agar medium with stirring, followed bynlOof the CAS solution. The
resulting mixture wapouredonto sterile agar plates (~25L per plate).

The ironbinding activity of samples of interest wasonductedby dr opping 10
concentrated amplesdirectly onto CAS agaplates andincubating atroom temperature

positive results were typically discernible within six hours of incubation.

3.2.4 Mass Spectrometry

3.24.1 LC-MS

An 1100 Seris HPLC system (Agilent Technologies, Waldbronn, Germany) connected with

an ABSCIEX 3200 Q TRAP LC/MS/MS mass spectrometer (AB Sciex, Germany GmbH,
Darmstadt, Germany) was used. The HPLC system is equippeca@tB22A degasser,
G1312A binary pump, G1329&utosampler and G1315A diode array detector. A Phenomenex
Luna C18 (2) col umn (uge8,and tke infectiOn volume wased.e m) W
Acetonitrile was used as mobile phase A and 0.1% TFA in@d&s mobile phase B. The
following gradient was apjd during prescreening and L®AS guided isolation and
purification in Q1 positive and negative saaonde,and the mass range wsstfrom 100 to

1,600Da

Table 3-15 The gradient for LC-MS.

Total Time (min) Flow Rate €L/min) A (%) B (%)
0 200 10 90

8 200 30 70
16 200 50 50
22 200 100

30 200 100

36 200 10 90
45 200 10 90

3.2.4.2 HR-LC-ESI-MS

HR-HPLC-ESFMS, Infusion ESIMS and MS/MS experiments were performed by Dr.
Dorothee WistubdUniversity of Tuebingen, Department of Mass Spectrometnya Bruker
QTOF-MS maXis Impact ESHR-MS.
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3.2.5 Chromatographic Methods

3.2.5.1 Sizeexclusion chromatography(SEC)

The crudeextractsdrom abovewereresuspended in 70% aqueous methanol and the supernatant
obtained after centrifugation,@D0 rpm, 15 min, rt.) was loaded onto an open column, which
was filled with Sephadé¥ LH-20 (d=3 cm, I=2 cm) and equilibrated with 70% aqueous
methanol overnight at room temperature beforetasessure thathe filling materialswas
swollen entirely.The subfractions were eluted isocratically with 70% aqueous methanol and
collectedbasedon the color band#\fterwards all the fractions were concentrated to dryness

for LC-MS guided isolation and purification.
3.2.5.2 High performance liquid chromatography (HPLC)

The solation procedure by preparative HPLC was carried out with a Waters systash, whi
consists ofa internaldegasserWaters binary pump 2545, Rheodyne 37 injector and
Waters photodiode array detector 2489 and is controlled by ChromScope IE software. An Agela
Uni sol C18 (2) col umnusdtgdile fractidgalobtéinedafteBEC5 € m)

A Waters system consisting efKromega 1210 degasser, Watdinary pump 1525 and
Rheodyne 7725i injector integrated with a Waters photodiode array detector 996 controlled by
Millennium32 software was used for isolation and purifarajprocedurs by semipreparative

and analytical HPLQUtilized columns during this proceduaeelistedin Table3-16.

Table 3-16 Applied columnsduring isolation procedure

Columns used for semipreparative HPLC Columns used for analytical HPLC
Phenomenex Synergi HydRP C18 Phenomenex Luna Omega Polar C18

(250 x 10 mm, &m) (250 x 4.6 mm, 5 &m)
Phenomenex Luna Omega Polar C18 Phenomenex Aeris PEPTIDE X818

(250 x 10 mm, 5 &m) (250 x 4.6 mm, 3.6 &m
Phenomenex Luna Polar C18 Phenomenex Luna C5

(250 x 10 mm, 5 &m) (250 x 4.6 mm, Bm)

Knauer Eurospher Il C18 P Phenomenex Kinetex EVO C18

(250 x 8 mm, 5 &em) (250 x 4.6 mm, Bm)

Knauer Eurospher 11 C8 Phenomenex Kinetex PFP5

(250 x 8 mm, 5 &m) (250 x 4.6 mm, 5 &m)
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3.26 Mar f Awpalysswith the Amino Acid Constituents ofCompounds

2 mg of thesamplewas hydrolyzed with 6 M DCbvernight at 105 °C. The solvent was
removed by reduced pressure and 50 pL 1 M Naki&@ang with 100 pL EFDAA (10 mgmL

in acetone) were added to the reaction that was heated at 37 °C for 1 h. Then, 25 yL 2 M HCI
was added, and the reaction mixture wasuspended in 200 uL 50%eol/vol) DMSO. The
derivatized samples were analysed via analytical HRItlE a Waters system, consisting of a
Waters 1525 pump with an integrated degasser, a Waters 996 photodiode array, dettetor
PhenomeneXeris PEPTIDE XBC18 column. The HPLC run was performed in gradient
elution modewith methanol (A) and 0.1%TFA containing water (B) as mobile phadee
gradient stagdat 20% A with a flow rate d.8 mL/min, increasing the pesentage of A to 50%
within 8 min, followed by isocratic conditions until 16 mimcressing the perentage of A to
100% in 6 minwhich washeld for another 3 minfollowed by reequilibration at 20% A fér

min.
3.2.7 Determination of the Sidechain Stereochemistry

An aliquot of 50 uL of thesampledissolved in MeOH (corresponding to 500 pg) was added
up to ImL with a solution of 6N deuterated hydrochloric acid (DGOD1:1, v/v) in a screw
capped glass vial and heated for 24 h at 110 °C. The reaction mixtueeapasated taryness
andextracted with chloroform. The chloroform layer was evaporated and reconstituted with
MeOH-water (10:90; v/v) for injection to the CHIRALPAK I column.

Chromatographic enantiomer separation effiy@roxy fatty acids was performdeon a
CHIRALPAK IA-U column (3.0 mm x 100 mm, stthe m) ( Dai cel , pur cha:
Technologies Europe, lllkirch, France). Gradient elution was carried out with the mobile phase
comprising water (A) and acetonitrile (B), both containing 0.1% (v/\)@aeid. The following

gradient profile was use@i 2 min 10% B, 220 min 160100% B, 2022 min 100% B, 2222.1

min 10010% B and 22125 min 10% B.The flow rate was 300 pL/min, the column

temperature 40 °C and the injection volume 10 pL.

For the generaih of an enantiomeric reference compound dfy8roxy-octanoic acid
Rhamnolipid (R95) was hydrolyzed with 2N NaOH solution in THF/MeOH (9:1, v/v) and

stirred for 2 h at room temperatui@ 25 C). Afterthereaction, solvents were removed, the

residue acidified with 0.1 M HCI, and extracted with ethgétate. After evaporation of the
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organic solventthe residue was reconstituted with 100 uL MeO¥IH3:7, v/v) for LCMS
analysis on the CHIRALPAK IAJ columnt®,

3.2.8 Nuclear MagneticResonancgNMR) Spectroscopy

The final purfied compounds weranalysed via NMR with a Bruker Avance 1l 400 HD
instrument, at 400 MHA series ofLD-/2D- NMR experimentsincluding'H-NMR, 1*C-NMR,
DEPT 135,'H-'H COSY, H-'H NOESY, H-13C HSQC H-3C HMBC, H-1°C HSQG
TOCSY, H-1N HSQC andH-**N HMBC were peformed

Prior toNMR mesurementghe pure compounds were firstly freedryed overnightand then
dissolved in adapted solutions. The dissolved samplesmeasuredh 5 mm NMRtubes All
the aquiredspectravereprocessed and analyzeadth the help of MestReNova 11.8pectra

werereferenced toheresidual solvent signals with resonanagsisted inTable3-17.

Table 3-17 Compounds measured by NMR and ultilized solvents

Compound name Referenced solvent signals
Trinickiabactin H/C 2.50'39.5(DMSO-de)
Hybridobactin A H/C 2.50'39.5(DMSO-de)
Hybridobactin B H/C 2.5039.5(DMSO-de)
Hybridobactin C H/C 2.5039.5(DMSO-de)
Hybridobactin D H/C 2.50'39.5(DMSO-dg)
Bactobolin B/E D2.0+0.02% TFA

Acybolin A/J H/C 2.7529.76 (DMFdy)

3.2.9 Ultraviolet/ Vis (UV) Spectroscopy

UV measurements were performed on a PeBlmer 25 UV/VIS spectrometer, usingcin
quartz cells and dissolving samples either in glolHMeOH or DMF. UV scans were recorded
over the rangd00to 190 nm.The molar absorption coefficientwas calculated based on the
Beeil Lambert law
0 N s Fos
=0 0 Za e azwa

A = absorption at peak maximum (nondimensional)
c = concentration in mol / L
d = layer hickness of solution in cm
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3.2.10 Optical Rotation

Specific optical rotation measurements were performed on a J&&¥a0Polarimeter, using a
10 mm micro cell, and me a sling).iOptigal ratationawas= 5 8

calculated by use of the followgrequation:

4 g . .
L5 specific optical rotation

T = temperature (°C)

D=sodiumDl i ne ( o = 589 nm)
U = rotation (A)

¢ = concentration (g/10@1L)

| = cell length (mm)

3.2.11 Infrared (IR) Spectroscopy

IR spectrometry was performed withJasco FT/IR4200 series spectrometer, comprising a ZnSe

optical window and processed with the software Spectra Manager 2.10.01.
3.2.12 Bioinformatics

Identification and characterisation of relevant gene clusters analyzed witthe web-based
softwareantiSMASH (4.0 and5.0versions}>'1% Percentage identities and coverages between

homologous genes were obtained through the NCBI GenBanl Bizestch algorithm.

For phylogenetic analysis, amino acid sequences of @@&ains of know NRPS and NRPS
PKS natural products were aligned using ME&Aoftware with default settings (algorithm:
MUSCLE).

Neighborjoining treeswerereconstructed usinthe JonesTaylor-Thornton (JTT) modeand
1,000 bootstrap replicates. Raeéirentof the tree was visualized usitige webbased software
Interactive Tree of life (iTOL, https://itol.embl.de/).

3.2.13 Antibacterial Assay

The antibacterial activity analysis dfinickiabactin againstEscherichia coliDH5-Alpha,
Pseudomonas aeruginod2Al14 (DSM 19882) Burkholderia thailandensiDSM 13276,

Yersinia pseudotuberculosi¥Plll, Bacillus subtilis ATCC 6633, methicillin-resistant
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Staphylococcus aureuBSM 25691, andStreptococcus pneumonia®TCC 49619, was
performed in a 98vell plate format using the broth dilution method according to The European
Committee on Antimicrobial Testing (EUCAST) guidefite In brief, 190 pL of Mueller
Hinton (MH) broth and 10 uL of each bacterial pathogen §0.2) were cultured in @&ch

well. For fastidious organisms$( pneumoniadTCC 49619) MH broth was supplemented
using mechanically defibrinated horse blood &adcotinamide adenine dinucleotidé.total

of 200 pL from the solution of 1000 pg/mL of trinigkiactin and two positte controls
(kanamycin and rifampicin)reviously dissolved in MeOH 10%vere applied in the first
vertical line of the 98vell plate. Subsequently, serial dilutions were constructed to obtain ten
different concentrations in each well: 500, 250, 125,%234.50, 15.63, 7.81, 3.91, 1.95 and
0.98 pg/mL. MeOH 0% served as negative contrdhe 96well plates were then incubated
for 24 h at 3?C and growth inhibition was measured at 600 nm using a Tecan Infinite M200
plate reader. The MIC was determinaedndependent triplicagsfor each bacterial pathogen.
ODsoodata that represented bacterial growth were adjestgroying theGompertz equation

to calculate the MIE?,
3.2.14 20S Proteasome InhibitionAssays

The hybridobactins A were applied in an established human 20S proteasome assay to probe

i nhi bitory actiswuibtuyni agaiTmstmoinhe¢ ob 5spebife c on
chymotryptic substrate LLVYAMC (Bachem) a concentration of 0.4 pd/nof the human
proteasome (Enzo Life Sciences: BNPW87200050) was employed in assay buffer (20 mM
HEPES pH 7.8, 0.5 mM EDTA/ 0.035% SDS). The assay set up for the inhibition was validated

with the well investigated proteasome inhibitor epoxomicin (Sigmajasaercial standard.
3.2.15 Determination of Kassoc

To calculate the rate of covalent inhibitiongk) against the human proteasome usisg[K

(M-1s), the pseuddirst-order association rate constaniskvas determined for hybridobactins

A-D. Therefore,the human 20S proteasome was incubated with inhibitors at varying
concentrations ranging from 5 to 160 nM and a fixed substrate concentratiopMfl30VY -

AMC, prediluted in assay buffer without precubation of the enzyme with inhibitors. The
reactionwas initialized by adding the proteasome as the last reagent to the wells. The substrate
conversion into the fluorescent product was measured every minute over an hour in a Tecan

Infinite 200 Pro Instrument at an excitation wavelength of 360 nnaaathission wavelength
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of 460 nm. All inhibitor concentrations were measured in triplicates. Side by side, control wells
included a nanhibitor control with maximum conversion, a DMSO control and @&npyme
control to record the substrates basic fluorescemeetone. Using GraphPad Prism software,
kobs Values were calculated and plotted over the inhibitor concentration. At least three
independent experiments were performed for the hybridobactins. Commercially available
epoxomcin and isolated glidobactin Caim cultures oPolyangium brachysporunvere used

as references and measured under the same conditions as described above.
3.2.16 Cell Proliferation Assays

Inhibition of cell proliferation was determined using a CyQuant NF assay (Invitrogen)
according to the manafc t ur er 6 s i nstructi on 266 célsi(dBSVh mu |
ACC 9) in RPMI1640/10%FC8ediumwere seeded at 500 cells/cavity im@6ll plates and

treated with inhibitors for 5 days. Measurement of fluorescence was taken after 30 min
incubation withthe natural product of intereist HBSS on a Tecan Infinite 200 Arestrument.

Data were analyzed by nonlinear regression using Prism from GraphPad Software, Inc. (San

Diego, CA). Mean + SEM was used for error bars.
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4 Results and Discussion

4.1 Chemical Screening and Priorizationof Investigated Strains

Ourin-houseBurkholderiastrain library comprisedround 3MBurkholderiasensu lato strains

A literature search focused on secondary metabolites Borkholderiarelated strains was
performed at the bamning, to exclude relatively overexplorggesiessuch asB. thailandensis

andB. gladioli. Since they are ubiquitous model species, several research groups investigated
them heavily. hailanstatins, thailandamide and malleilactone from the former spaoe
gladiolin, bongkrekic acid and lagriene from the lattetve beenboth structurally and
biosyntheticallyfully elucidated. Furthemore along with the literature search, a snidlb-
baseddatabasecontaining eound 100 structures including all deriwags from Burkholderig

was constructed as well, whiahill facilitate theanalysis of thd.C-MS screeningesults

particularly concerning theereplicatiorof secondary metabolites.

For chemical screening, the OSMAC strategps applied.The term OSMAC (One Strain,

Many Compounds) wasinedby Zeeckand coworkes!'3, They showe@mpiricallythat, each
microbial stain appeargo have the potential to producagvarious number of compounds, but

only subsets of these compounds are produced under specific growth conditions. Thus, a
cultivation-based apph via changinghemedumcan elicit the productioaof newsecamdary
metabolitesHere, twogroups of theBurkholderiastrains were screened sepesatThe first

group belongto the so calledurkholderiasensu strict@wladeand the other groupontains

mainly dantassociatedBurkholderiaspecies including Paraburkholderiaspecies and plant

pathogens.

Besides the commonly used LB and DMBg mefliether media for screening were collected
from the literature, wheeverthey have been used ftre successfubkolation of secondary
metabolitesin total, tenmediafor thefour selected straingom the Burkholderiasensu stricto
clade andtwo media for the 16lpnt-associatedurkholderiastrainswereutilized for chemical
screening, respectivelylThe correspondingcultivation conditiols and sample preparation
procedurs were described ishapter3.2.1 The media in which the metabolites tuot be
dectected are not showrhe masses frotnemedia contol were also excludedfter andysis

of LC-MS data(in positive modg all theinvestigatedstrains and their detected products were
listed (Table4-1 andTable4-2). The dereplicated compounds &beled in brackstwhile the

unknown compounds arandicatedin red.
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Table 4-1 Results of LG-MS screening fromBurkholderia sensustricto related strains.

Organism PDB Pharmamedia DMBg MM9

B. cen@epacia 734.6 - - -

K56-2 (AFC-BC11Y

748.6

B. cepacia - 685.5 - 325.1(pyocheliny

JKB9 (icosalide B) 685.5(icosalide B)
713.6 713.6(icosalide Alor A2)/
(icosalide A1 737.7(ornibactin C8})
orA2) 709.3(ornibactin C6)

448.3474.3394.6

B. oklahomensis - - - 485.4499.5513.9526.5/

DSM 21774 968.5894.8

B. ubonensis - - 156.2 737.7(ornibactin C8)

MSMB1189WGS (cepabactin)

*Mass detectiorm/zin positive mode

These fourBurkholderia sensu stricto related straitehawed quite differently in theten
selected medianostof the producedecondary metabolitesald only be déected in the listed
four media Table4-1). B. cenocepaci&56-2 was able to produce ttempoundAFC-BC11
and anew derivativein PDB medium However,fast degradation was observed duritige
isolation procedure. Hence, it coultbt be followedup for further isolation.The most
productive strain waB. cepaciaJKB9 in MM9 medium. Several compoungdgsredetectable
and dereplicatedBecausats non-dereplicable compoundsere presenbnly in low amouns,
these findings were also not included in follow studiesIn contrast toB. ubonensisB.
oklahomens produced more unknown targets in a relatively laghcentration, which could
not be dereplicatedith database Therefore, a further cultivation and investigatwithe

strainB. oklahomensiBSM 21774wasconsidered to beorthwhile pursuing
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Table 4-2 Results of LG-MS screening fromplant-associatedBurkholderia strains.

Organi sm MM9 medi um SRMhc
medium
350.6376.6
667.6693.8

B.gl umseM 9512 466.3667.7681.7
325.3(pyochelin)1 150 5 4 nt ar/i bact

B. gllCnvePg 29 454.1 (bdx25.blakitobB) ir 667.6
107/1T1 3/466.9313.2667.6681.7353.3702.3

P. ph e nbaSM nliOu6r 196.1(phenazineN-oxide)/239.3 207.1

P. ¢ arD ShMe n1s3i2s3 - -

P. f umgar UM 06 - 316.2

P. p hyD&M ulny 1 6 304.3 610.2355.3

P. unmSmhh el 7197 325.3(pyochelin)466.3454.4 -

P. xenb®bMr &ai@8E€- -

P. febBNMriLaas1- -

P. mi moSMr 28 ¢ 708.7 -

P. calledGNnieT@7 - -

P. phytlMG r2masd - -

P. si | LavtG &rBtli 284.3(quinolong -

P. t ubMG@ uanl 4 4 4 - -

|T. carP8Mhy0 84 139.05 (urocanic acith67.7 437.2853.8 |

P. unlLaMG e2 2 7 2 2 325.5(pyochelin)466.3470.4454.3 -

*Mass detectionm/zin positive modeB= Burkholderia, P=Paraburkholderia, T=Trinickia.

In comparison to th8urkholderiasensu stricto strains, plaassociateBurkholderiastrains
werepredominanin our strain collection Here minimal mediawere prefered for cultivation
of these planaisseiatedBurkholderiastrairs. One reason is thaté minimal medianay stress
these straingo produce more secondary metabolit®s the other hand, the downstream
analytical workcan also be simplified due to lesslisturbanceof media componentsin
impressive example is the isolation of syringalitiese compoundsereonly secreted by.
syringaepv. syringaeby usinga mininal medium undemppropriate conditiod¥’. Thus,the
MM9 and SRMyg media, which were frequently used for isolation of secondary metabolites
from Burkholderiarelated strainswere chose for chemical screenindt can be seen from
Table 4-2 that severout of the 16 strains are silent in both media after cultivadiothno
obvious peaks could betdeted except media componerR®sphenaziniunDSM 10684is able

to produce phenazimelated compounds, which may hehgir host to fight against fungal
infection''®. Pyochelid!®, a siderophorassistingoacteriain aquiting iron, was alscobserved
from bothP. unanmae strains.The plant pathogenic strairi, glumaeDSM 9512 andB. glumae
ICMP 3729 shareda high similarity on the metabolic level Besides these two strainE,
caryophylliDSM 50341also produced sometriguing compoundsEspeciallyone compound,
showing a mass ion an/z 853.8, which was produced in SRy medium at a high

concentrationgdeserve a deeper investigation
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UponLC-MS screening resultdioinformaticanaly®s werealso taken into consideratiohhe
candidate strainsom LC-MS screeningwhose genonsvere acceswle, were processed with
AntiSMASH 4.0. Based on the bioinformatical analygise encodedbiosynthetic gene clusters
and indicated compound classwvere predicted In combiration with the LC-MS screening
results, some of th@rgetswere deduced via their defined masr mass rangsg or other
physicechemicalproperites The integration of ieinformatics corroborated the MSased

findings and clearlyndicatedwhich target should be followedb.

As an initial step taccesghe bacterialmetaboites, OSMAC was proven to be affective
tool. Although t is undirected, a broader metabolic gpsm can beobtained.Recently, an
extended OSMAGCconceptusing a high-throughput screening approath discover small
molecule elicitors of silent biosynthetic gene clusteas reported. A library containing up to
640 compounds was applied to thedelstrainBurkholderia thailandenst$’. This led to the
discovery of a potent trigge® trimethoprim. With the applying oftrimethoprim at a
subinhibitory concemation, over 100 compounds were triggered frddarkholderia

thailandensisinder standard laboratory conditidis

In our study,a similar conceptwas applied to the selecteBurkholderia strains duringthe
chemical screeningn response to the varying media coments, the metaltite specta of 14

out of 20 selected strains were changed accordibgpite its random nature, this strategy is
still widely applied asn integral part of genomigaiided strategié$®. With genomics, the full
spectrum of the bacterial potential could be evaluated. However, due to the issue ofrsiéignt ge
the full metabolic map obacteria can not be realized under standard laboratory conditions
Thus, pairing thesdwo tools will reinforce the power of genome mining for new secondary

metabolites.

In this study, three strainsB. oklahomensiOSM 2177, B. glumaelCMP 3729 and T.
caryophylliDSM 50341,showednotable massethat stood out from the 20 selected strains.
Thus,these threstrains were priorized and further investigated.
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4.2 Trinickia caryophylliDSM 50341

4.2.1 Genome Mining andBioinformatic Analysis

A bioinformatic analgis was performeddsed on the L@/AS screeningesultsof the strainT.
caryophylliDSM 50341 The wholegenome shotgun project far. caryophylliDSM 50341
hasbeen deposited at DDBJ/ENA/GenBank under the aicregdZF00000000The sequence

of this strainwasthenuploaded in AntiSMASHb.0.0, and a prediction of possible secondary
metabolites from the identified biosynthetic gene clusfBSCs)was obtained.In total, 13
BGCs have beerdentified from thestran T. caryophylliDSM 50341.At the time that this
bioinformatic analysis was performed, the BGC of gramibactin was still unkidweranalysis
unveiled aNRPS BGC (trbA-trbN) shaing 26% similarity with that of ornibactin and
represerdgdaconvincing candidateencoding the target compounds watihnass on atm/z853
(termed trinickiabactin)However,a closer look revealed that this BGC codes for the assembly
of six amino acids. Since ornibactin contains only four amino acids, it was concluded that
omibactin can not be the product. An extended literature search indtbatetthis attractive
BGC possess high similarity with gramibactin a new class of lipopeptieierived
siderophorsas mentioned ithe previous chapt®t A BlastRbased comparison of gramibactin
and trinickiabactin BGCs indicatedhaghly similar NRPS machinergFigure 4-1). Both of
these two BGCs awist of three core NPRS gengsh(HIJ vs. trb HIJ) that were flanked by a
number of putative accessory geffeigure4-1). Further mostof their encodedenes could be

correlated with each otharnth relatively high similarityTable4-3).

grbABCD E F G H I J K L M N O
Gramibactin BGC —Hl P ?I:f 16.7 kb 6.0kb
A o 1Kb
Trinickiabactin BGC — 1 ka 16.1 kb 5.7 kb
trbA BCX D E F G H 1 J K L M N
. Transport-related genes . Structural NRPS genes Additional biosynthetic genes

Figure 4-1 Comparison of gene clusters codinfpr the NRPS product machinery (red) and transportrelated
proteins (blue) betweenP. graminisC4D1M and T. caryophylliDSM 50341 Top: Gramibactin biosynthetic
gene cluster; bottonTrinickiabactinbiosyntheticgene cluster
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Table 4-3 Comparison of gens involved in grambactin and trinickiabactin BGCs.

Gramibactin Biosynthetic GeneCluster

Trinickiabactin Biosynthetic GeneCluster

Protein  Size (aa) PutativeFunction Identity [%] Protein  Size (aa) PutativeFunction
GrbA 207 Nitroreductase / Not observed
Not observed / TrbA 399 formaldehyde dehydrogenase
GrbB 77 MbtH-like protein 83.56 TrbB 80 MbtH-like protein
GrbC 292 Thioesterase 58.73 TrbC 273 Thioesteras
n.o. / TrbX 339 TauD/TfdA family dioxygenase
GrbD 478 Unknown function 79.11 TrbD 478 Putativepeptide synthetase
GrbE 294 Unknown function 79.76 TrbE 324 Unknown function
GrbF 548 ABC transporter 80.21 TrbF 559 ABC transporter
GrbG 274 Transprter 80.75 TrbG 301 ABC transporter
GrbH 1197 NRPS CAL-T-C) 66.47 TrbH 1179 NRPS CAL-T-C)
Grbl 5574 NRPS(A-T-C-A-T-C-A-T-C- 58.16 Trbl 5353 NRPS (AT-C-A-T-C-A-T-C-A-
A-T-E-C-A-T) T-E-C-A-T)
GrbJ 1933 NRPS (GA-T-) 67.15 TrbJ 1903 NRPS (GA-T-E-TE)
GrbK 730 TonB-dependent transporter | 81.49 TrbK 737 TonB-dependent transporter
GrbL 322 ABC transporter substrate 74.03 TrbL 346 ABC transporter substrate
binding protein binding protein
GrbM 663 Transporter 73.73 TrbM 657 Transporter
GrbN 718 TonB-dependent transporter | / TrbN 304 MSF Transporter
GrbO 423 Unknown function / Not observed
ABCXD E F G H trbl J K L M N 1Kb
16.1kb 5.7kb —_

— e 3.5 kb

oL M2

0OA D-Aspl L-Thr2
(Hyal)

. Transport-related genes

@ T .|®®.?@@.®|®.®|®®\é\

D-Thr3 Orn4 Gly5 D-Orné
(Grad) (Gra6)
. Structural NRPS genes Additional biosynthetic genes

Figure 4-2 The putative gene cluster of trinickiabactin. Underneath the genes are the module and domain
organization of TrbC and TrbH, Trb I and Trb J. Underneath the domains are theaaidsithat are incorporated

into the lipopeptide moiety. The number associated with the amino acid refers to the position of the amino acid in
the peptide chairDA stands for octanoic acid and Gra stands for gramingspgectively

The tinickiabactinbiosynthetic geneluster consists of three central NRPS gerdsH(J).

Several transporter genes are located directly adjacent downstream and upstream of the NRPS

core genesHigure4-1, Figure4-2). Further NRPS accessory and putative amino acid tailoring

genes are present particularly upstrearmhdfl and comprise genes encodingMibtH protein
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(TrbB), a further NRPSE domain (TrbC) and a dioxygenase (TrbEXcept the first module,

all the otherNRPS moddes within the NRPS genesnsisted of a condensation (C),
adenylation (A), epimerization (E) and thiolation (T) domaiddtionally, a terminal
thioesterase (TE) domain was located at the carboxy terminabbfThe first module
consisted of a coenzyme A ligase (CAL) and aomain, which possess fatty acid
adenylating activity and is responsible for the dipaiation*?9121 Analysis of all A and C
domains, employing automated wiehsed software tools in combination with a phylogenetic
approach{Figure4-3), led to the prediction of the sequence AJpit2-Thr3-Orn4Gly5-Orn6.

Bkd-AS-Gly

GlpA-A11-Gly

— GlpA-A5-Thr

—— GIpA-AD9-Thr
[ Grb-A2-Thr
Grb-A3-Thr

Tro-A2-Thr

Trb-A3-Thr

Grb-A1-Asp

Trb-A1-Asp

Orb-A2-Asp
L— Grb-A4-0Orn
Grb-AG-0rn
[ Trb-A4-0rn
Trb-AB-Orn

Grb-A5-Gly

Trb-A5-Gly

Orb-A1-0rn

Orb-A4-0rn

Figure 4-3 Phylogenetic analysis oselectedA domains. These A domains wextracted from the modules of
the gene clusters encoding NRP synthetases involved in burkéBliambifaria AMMD), ornibactin (Orb,B.
cenocepacial2315), glidopeptin A (GIpAB. sp. DSM 7029), gramibactin (GrbP. graminis C4AD1M) and
trinickiabactin (Trb,T. caryophylliDSM 50341)
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4.2.2 Isolation of Trini ckiabactin

To get more structural information dhis compounda sufficient amount andpurity was
demanded, hence the following procedure was carriedFagiire 4-4 features the whole

procedure for isolation of pure trinickiabactin.

2L culture of T. caryophylli DSM 50341

in SRM,;c medium

4| Centrifugation |

I XAD-16 |
Crude extract
0.83¢g

[Sephadex LH20 |— ] _CAS assay g Positive |

I I I
[s] [F] [Fs]

: Repurification |

Pure compound
20.73 mg

LC-HRMS 1D/2D NMR

Figure 4-4 Fractionation schemefor the isolation of trinickiabactin .

A total of 0.83g crude extracivas obtainedrom 2 L T. caryophylliculture which was
resuspended in 70% MeOH afutther fractionated by open column chromatography with
SephadeX* LH-20 beads (32 cm x 3 cm). The sample was loaded stepwise and eluted with an
isocratic gradient with 500nL 7:3 water/methanol (v/v). Afterwards, different fractions
appeared according to the aplbands thusfive fractions (F1F5) were collected in round
bottomflasks. The dried subfractions weighted 0.16, 0.22, 0.12, 0.103 and 0.096 g, respectively.
LCi MS screening of the L¥20 fractions, showed fraction 2 to be of further interest, since it
contained the target iom/z853.6.

Separation of this fraction by RRPLC was performed in gradient elution mode with dezechi
H20 containing 0.1% TFA (A) anahethanol(B) as mobile phaseand providedhis compound

in a semipure fornfFigure4-5). The gradient started at 40% iB¢reasing the percentage of B
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in 3 min to 60%, increasing the percentage of B to 90% in 5 min and from 90 to 100% in 5 min,
followed by isocratic elution of 100% B for an additional 4 min (Phenomenex Luna C18 column,
10 T 250 mm, 5 em in combinatiorcl8@)10k10a Ph
mm precolumn; 4nL/min flow rate; UV monitoring at 210 and 254 nm). Rechromatography

of the obtained material eluting &= 9.5 min using the same RfPLC conditions yielded

20.7 mg ofthis puretarget compoungFigure4-5).
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Figure 4-5 HPLC profiling runs during the isolation of the target compound (a) HPLC run of subfraction 2.
(b) HPLC run of the pureompound Red, blieand green traces represent thé absorption at 215, 254 and 300
nm, respectively.



46 Results and Discussion

4.2.3 Structure Elucidation of Trinickiabactin

To confirm the accurate masstbfs unknown compoundhe sampleweresubmitted to HR

MS measuremesboth in positive and negative modalyzing the LCHRMS profile of T.
caryophylliDSM 50341 identified two c@luting singly charged ions witim/z of 853.6 and
906.5 in SRGs medium Figure4-6). The mass difference of 53 indicated a loss of Fe(lll), a
typical iron binding siderophoravhich isin agreement with our previous bioinformatical
analysid?2 Since some other trivalent metals like Ga(lll) are capable of displacing iron from
siderophore$® the effect of gallium wasnvestigated From the Ga(lll) treated crude extract,

a galliumadduct ion am/z919 ([M-2H +Ga(ll)]") was ckarly observedRigure4-6).

nnnnnn

(a) - ) " (b) ,
[M-2H+Fe(IID)] [M-4H+Fe(II)]

288

" (o) | (d) siims
[M-2H+Ga(II)]* ; [M-4H+Ga(IID)] ‘

4581346

9shams
» 662 1655 *

1
200 00 600 800 1000 1200 1400 1600 miz 200 100 600 800 1000 1200 1400 1600 mz

Figure 4-6 High-resolution ESI-MS spectra of trinickiabactin. (a) HR-ESIFMS spectrum of drrated
trinickiabactin in positive mode. (b) RMESFMS spectrum of ferratettinickiabactinin negative mode. (c) R
ESFMS spectrum ofrinickiabactinwith gallium in postive modeandmagnification of the pseudomolecular ion
peak. (d) HR-ESI-MS spectrum of trinickiabactin with gallium in negative moaled magnification of the
pseudomolecular ion peak.

All these analyzed results were suanired in Tabde 4-4. Employing the MS database of
Burkholderiaand based otheseHRMS results, it can be deduced tthetcompoundf interest
represents new siderophore with the molecular formulazBssN10017, which was given the

common name trinickiabactin.
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Table 4-4 HR-MS results of trinickiabactin.

Pseudemolecular lon Calculated Measurement Err. Molecular Formula
[m/Z [m/Z [ppm]

[M+H]* 853.3898 853.3899 -0.2 Cs2Hs7N10017
[M-2H+F4lII T* 906.3018 906.3012 0.8 CsoHsaFeNigO17
[M-2H+GAlI) 1* 919.2924 919.2919 0.3 CsHs54GaNi0O17
[M-H] 851.3752 851.3752 -0.3 Cs2Hs5N10017
[M-4H+FLIIN T 904.2861 904.2863 0.5 CsoHsFeNigO17
[M-4H+GAlI) ] 917.2768 917.2773 -0.3 CaHs:GaNi 017

For the full structurelucidation of trinckiabactin, NMR spectroscopy was integrated into the
analysis, too.The isolatedpure trinickiabactin was recorded with 1D and 2D NMR
measurementsn NMR analysis, 1D NMR experiments, includiftg, 13C and DEPT135, and
2D NMR experiments, such as HSQC, COSY, HSQmCSY, HMBC and NOESY were

performel.

CH;’s

. CH,’s
NH’s (_1_
o ' \

| 'i\ | ]
MM HJlefu( fﬂwkwbv UA’WU Uh

T T T T T T T T T T T T T T T T
Q 8.5 8.0 7.5 7.0 8.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f (o)
Figure 4-7 *H NMR spectrum of trinickiabactin (400 MHz, DMSO-ds).

The!H NMR spectrum ofrinickiabactinin DMSO-ds displayed resonances for exchangeable
amide protongNH) atl 7.5t0 8.5, partidy o v e r | a p p e dprosonhsgamging fsonild f 6

3.60t0 4.80 a large envelope of GHbrotons atiy 1.2to 2.4 andthreemethyl group signals at
Uik 0.85, 0.97 and 1.07, respectivéRigure4-7). Combining**C- and DEPT135 spectr&igure
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4-8), the number of CH, CHand CH groupscould be confirmé. In total, 3 CHs-, 13 CH-
and 8 CH groupscould be detectedithin the structurein additon to the 8 carbonydroups
Overlapping methylene signals in the high magnetic field, together with a terminal methyl
resonance aiy 0.85 suggested that trickiabactin contained an alkyl chaifherefore, hese

data suggested that trinickiabctin bears a typical lipopeptide scaffold.
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Figure 4-8 3C and DEPT135 NMR spectra oftrinickiabactin . (a) 3C NMR spectrum of trinickabactin. (b)
Expanded region dfC NMR spectrum of trinickiabactin. (c¢) DEPT135 NMR spectrum of trinickabactin.

Initial NMR analysis of théH-13C HSQGTOCSY and'H-'H COSY spectra indicated that
there aresevenspin systems preseiiixamplified s the elucidation of one of the spin systems
(Figure4-9). Theproton at position 2 witl chemical shifti4 at 4.03is connectedo carbon 2
(Uc at 66.3)according to'H-13C HSQC spectrum. Besides, it can be observed fhatH-1°C
HSQGTOCSY spectrumthat this protorwascorrelated to carbons wiilic at 583 and 19.5.
The protons at position 3 and position 4 (withat 4.23 and 0.97espectively)were aso
correlatedwith these three carbons. Hentigs residue can be determinedhreonine.
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Figure 4-9 'H-13C HSQC-TOCSY NMR spectrum of trinickiabactin (400 MHz, DMSO-ds). The blue box
depicts thestructure of threoninéhe number of the carbons are colored in red, the chemical sBiitolored
in black, and the chemical shift 6f is in blue).

In a similar mannerthe remainingsignals ofthe other six spin systems together with the
examplified threonine were sunanzed in Table 4-5. This included the amino acids 2x

t hr eoni ne- hydiokyaspartic dcitl (Hpa), 1x glycine (Gly), 2x putativeithine
resi dues, and a fatty aci d. -oHMgensrandstreir c or
corresponding carbonyl grospomplemented each amino acid moiety. As the chemical shifts
of the ratoms of theputative ornithine residues were relativelyndhfield (4 4.050c 61.1
61.3), the nitrogen atom wastimate to be further functionalized\n in-depth analysisf the
H-15N HMBC spectrum demonstrated coupling between d@ablgdrogen of the putative
ornithine residues and laydroxylamine and a nitem group Figure4-10), respectively. The
presence of two nitroso groups was also corroborated by-M$%Rpectrumwhich showed
twice the typicaloss of 30 DaKigure4-10). Therefore, the assumed regular ornithine residues

were revised to be 2x%hitroseNU-hydroxy-D-Orn, also kown as graminines (Gr%)
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Table 4-5 NMR spectroscopic data (DMSQds) for trinickiabactin .

Position Uemin ppm (mult.) UH in ppm (mult. Jin Hz)
Octanoic acid C=0 172.7,qC -

C2 35.2,CH 2.15 2H (m)

C3 253, CH2 1.47,2H (m)

C4 28.6, CH2 1.23 2H (m)

C5 28.5, CH2 1.23 2H (m)

C6 31.1, CH2 1.22 2H (m)

C7 22.1, CH2 1.26 2H (m)
Cc8 14.0, CHs 0.853H (t, 7.1)
Hyal C=0 169.7, qC -

C2 56.0, CH 4.67, 1H (dd, 8.6, 2.6)
C3 706, CH 4.41,1H (d, 2.6)
COOH 172.9,qC -

NH 112.2 8.04, 1H (d, 8.6)
Thr2 C=0 169.8, qC -

C2 583, CH 4.20, 1H (m)

C3 66.3, CH 4.04, 1H (m)

C4 19.5, CHs 0.97,3H (d, 6.2)
NH 109.1 7.64, 1H (m)
Thr3 C=0 170.6, qC -

C2 58.4, CH 4.24,1H (m)

C3 674, CH 3.80 1H (m)

C4 20.1*, CHs 1.07,3H (d 6.1)
NH 114.2 7.73, 1H (d, 8.4)
Grad Cc=0 171.4,qC -

(o7 525, CH 4.19 1H (m)

C3 23.0¢, CH 1.83, 2H (m)
C4 27.97, CH2 1.72, 2H (m)
C5 61.3, CH2 4.05 2H (m)
NH 121.0 8.23 1H (m)
N-OH -32.7 -

N=0 315.7 -

Gly5 C=0 168.5, qC -

C2 418, CH 3.71, 2H (brs)
NH 112.2 8.10, 1H (m)
Grab COOH 1733,qC n.d.

c2 51.2, CH 4.2, 1H (m)

C3 22.97, CH 1.82, 2H (m)

C4 27.9, CH 1.72, 2H (m)
C5 61.1, CH2 4.05, 2H (m)
NH 116.0 7.97, 1H (brd)
N-OH -32.7

N=0 315.7

* carbon chemical shiftsreinterchangble.
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Figure 4-10MS and NMR measurements of trinickiabactin.(a) MSfragmentation pattern due to a tandem
loss of NO. (b)}H-*N HSQC NMR spectrum of trinickiabactin (400 MHz, DMS¥). (c) *H-1>N HMBC NMR
spectrum ofrinickiabactin (400 MHz, DMS&l).
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Figure 4-11 2D NMR spectra of trinickiabactin. (a)'H-3C-HMBC NMR spectrum of trinickiabactin (400
MHz, DMSO-dg). (b)H-*H-NOESY NMR spectrum dfrinickiabactin (400 MHz, DMS&l).

Employing*H-3C-HMBC through bondas well agH-'H-NOESY through space interactions
(Figure4-11) observed between the amide praton a n datomé o thelhdjacent amino acid
residue identified the linear peptide sequend@/adiyal-Thr2-Thr3-Gra4Gly5-Gra6(Figure
4-12). This sequence was alsoalignment withtandem MS dataFjgure4-13), of which the

chemical formula is in agreement with2B56N10017 as discussed above.
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Figure 4-12Key spin systems and selected loaginge correlations leading to the identification of the planar
structure of trinickiabactin. Bold lines indicate!H-*H COSY or!H-C HSQGTOCSY correlations, arrows
indicateH-1°C or!H-*N HMBC correlations.

The product ions ah/z793.3989 exhibited the tandem loss of NO (30 Da) from tbeupsor

ions, which could be explainday the characteristic MB0 fragment ions-NO) caused by the
cleavage of diazeniumdiolate moieties from graminine. The ioniz160.2298 shows the loss

of (GraGly-Gra) from trinickiabactin and 359.1821 represents an additional obliteration of
threonine The relatively small fragment at/z258.1342 indicates the absence of another Thr

from 359.1821andcorresponds to the mass of octanoic dmidroxylated aspartic acid.
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Figure 4-13MS/MS spectrum oftrinic kiabactin in positive mode

The absolute configuration of the amino acids in trinickiabactin was deduced in silico from its
BGC, since the whole genome of the producer strain was sequenced and the corresponding
BGC readily identified using antiSMASH 5.0 dirPRISM 324 These resultded to the
prediction of the sguence DAspl-L-Thr2-D-Thr3-D-Orn4-Gly5-D-Orn6 (Figure4-14). It is
noteworthy that the epimerization of the Aspl and Thr3 must be performed by epimerases that
arelocated elsewhere in the genome. Considering that tailoring enzymes will convert Aspl into
Hyal (possibly mediated by dioxygenase TrbX) and Orn4/Orn6 into Gra4/Gra6, the gene
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cluster was in full agreement with tliscoveredplanar structure and the daaowed the
suggestion of the absolute configuration toinickiabactin with the exception of the

st er eoc he matans of yalh Thr2tard dhr®H

j \OHO
“N

o\‘ /OH o _~ O

O

Figure 4-14 Chemical structure of trinickiabactin.
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4.2.4 Biological Activity of Trinickabactin

Purified trinickiabactin was profiled in an antibacterial assay comprising seven bacterial
pathogengTable4-6). In general, onlgram-negative bacteria were affectedthpickiabactin

With a MIC value 000.004 mM trinickiabactin exhibited the highest activity towaltersinia
pseudotuberculosigPlll, followed by moderate to low activities towards kanamyrasistant

and rifampicinresistanBurkholderia thailandensi®SM 13276 andPseudomonas aeruginosa

PA14, respectively.

Table 4-6 Antibacterial activity of the isolated trinickiabactin.

Trinickiabactin 2  Kanamycin? (+) Rifampicin@(+)

E. coliDH5-U 0.036 0.004 0.035
P. aeruginos®Al4 0.040 NAP NAP

Burkholderia thailandensiDSM 13276 0.012 0.010 0.007
Yersinia pseudotuberculosyPIlI 0.004 0.031 0.014
Bacillus subtilisATCC 6633 NAP 0.007 0.004
Staphylococcus aureldSM 25691 NAP 0.018 0.011
Streptococcus pneumoniad CC 49619 NAP 0.079 0.040

2Antibacterial activity is expressed as MIC (mNI)A: no activity observed (thresholIC > 0.07 mM. The
negative control MeOH 10% exhibited an MI@418 mM.
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4.2.5 Discussion andOutlook

4.2.5.1 Lipopeptide Derived Siderophores

Lipopeptides are a class stirfaceactive compounds produced by a large number of bacteria,
fungi or yeast®. Structurally, they contain a fatty aagsidue ranging fron@si Cis in length

and chains ofi725 amino acid$®. Because of theiliversestructurecompositiors, lipopeptides

have amphipathic features that allowvade rangeof biological activities Representative
compounds from this class are the antibacterial surfactin, the antifungal iturin and the
antitumoralfengycirt?’. In addition to thesbioactive lipopeptidesurther lipopeptides have
been reported tact as siderophores, such as ornibactins, corrdéatf as well asherecently
isolated serobactins and variochelfig®! which occur frequently in Pseudomonas
Burkholderiaor other closely related bacteria

Siderophoreg f r om t he Gr e edte lowmolecutarweightaironr chetators that
ensurdheiron-supply for microorganism¥. In the natural environment, themberof soluble

iron (F&*) sources is limitedandin orderto satisfy irorrequirementsbacteriasynthesizeone

to two siderophoresvhich havea high affinity to ferric iron (Fe*). Afterwards these ferric
iron-siderophore complexesill be transferred into the cellhere,the ferric ironis reduced

into the ferrous ironand becomesioavailablefor bacterid?®'33 In Burkholderia this step
requires arutermembrane receptaovith asize ranging fronY5to 85 kDa This receptor is a
pol ypepti de tbaraltconthimng d sentral plagaonwliméentry of the ferric
siderophore complexes to the periplasmic space is allowed by binding of the coonthlex
external face of the receptor, which triggers a conformatiohange in the gated receptor
(Figure4-15)116. Therequiredenergy is translated through the periplasm by the TonB protein
complex, composed of TonB, ExbB and ExbD proteansl which areall locaied in the
cytoplasmic membrandt uses the proton motive force at the inner membrane to transduce
energy to the outer embrane via TonBThus,ferric-siderophore receptors involved in this
process are referred to as Tortl@pendent receptors (TBDRs) or TedBpendent transporters
(TBDTS).
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@ ferric ornibactin

ferric ornibactin

Figure 4-15 Ferric-ornibactin and proposed ornibactin uptake pathways irto the Burkholderia
bacterium?%134 Ferric-ornibactin is recognixd by the OrbA TBDR and is translocated into the periplasmic space
through a conformational change in the plug domain of the TBDR that requires energy transduction by the TonB
complex (TonBExbB-ExbD). The irorsiderophore complex is then transported actis cytoplasmic membrane

by a periplasmic binding proteitependent ABC transporter (OrbBCD). Otilce ferricsiderophore complex has

been internalized, iron is released from ornibactin through its reduction to the ferrous form by OrbF

Briefly, two general biosynthetic pathways for siderophoi@she classified The first isthe
well-characterized NRR8ependent pathway and thether is the NRPSindependent
siderophore (NIS) pathway, which relies on a different family of sparsely investigated
synthd¢ase$®. In the bacteriavorld, NRPSs play a dominantle in siderophorgproduction.

So far,the majority of siderophores coming frddurkholderiaare biosynthesized using these

thiotemplate mechanisngs.g., for the production arnibactinsor malleobactin&*13§.

In the medical field, siderophores have been applifighbagainst antibiotigesistant bacteria

and in the treatment of several human diséd$&hey can mediatthe selective delivery of
antibiotics to antibiotigesistant bacteria by the Trojan horse straf€gyhis strategy exploits

the iron transport abilities of siderophores to carry drugs into cells by preparation of conjugates
between siderophores and antimicrobial agefisrthurmore, the siderophores show bright
prospects in other fields as wefl,agricuturefor exampls. Herg they are used for promoting

plant growth or biological controln additon, they can contribute the soil enviroament for

bioremediation of heavy met&fd

Burkholderiaspecies are talented producers of lipopetideved siderophores. A common
feature of this class of compounds is that the polar amino acids like ornithine, lysine, serine,
threonine, or aspartic acids are usually inserted into the peptide backbone. These polar amino

acids are rich in hydroxy groupsd therefore will facilite the irenhelating ability of the final
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product. Another hint for encoded siderophores on the genomic level can be the presence of

genes coding folysine/ornithine N monooxygenaseand TonB-dependent receptdf§12°

Besides the well studied ornibactins and malleobactins, a new group of siderophores that
contain uniqgue amino acid witldiazeniumdiolatemoiety was recently reported from

Burkholderiaas shown irFigure4-16.

/OH /OH

g g
wﬁ%ﬁwﬁww

24

Figure 4-16 Chemical structures of megapolibactin A (23) and gramibactin (24).

This new class ofipopeptidederived siderophoresnegapolibactins and gramibactins
biosynthesized via the classical NRB&endent pathway insamilar manner They share
high similarity in chemical structures, tharing a lipide chain ranging frome®@ Cio with or
without a 3hydroxy group. Further, all of therpossessd the new defined amino acid
graminine(a diazeniumdiolateontaining amino acid) within their structure. This newly found
amino acid played crucial roles in this siderophore. It has also been deatemhghat the
diazeniumdiolate siderophore pathways are widespread in-gdantiatedor pathogenic

bacteria, whichncreasesnterestin further investigational wofR.
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4.2.5.2 Discovery ofa New Siderophore Against Gram-NegativeBacteria

The major focus of this work was the isolation and structure elucidation of new clydnoistr
Trinickia caryophylliDSM 50341 based on screening results. The whole genome sequencing
allowed the identification of its biosynthetic gene cluster. As a result, the struchasre

elucidated by a combination of NMRnd MSspectroscopic techniquesdbioinformatics

j “OH j “OH
oy ﬁj/w;* ﬁrw ~

trinickiabactin

gramibactin

Figure 4-17 Chemical structures of trinickiabactin and gramibactin.

It was proven that trinickiabactin bears a rare diazeniumdiolate ligand asSivettiturally,
trinickiabactin could be considered a linearized form of gramibactin, which was recently
publisheal by the Hertweck groupAccording tother publication, gramibetin (Cs2Hs4N1001s,
exact mass of 834.37 Da, 18 Da less than the mass of the compound detmatestiuidy is a
bacterial sideophore with a diazeniumdiolate ligand system producedPdmaburkholdera
graminis C4D1M (Figure 4-17). This new discovery led to the extension of the type of
siderophore because of its novel diazeniumdiolateniffdscN-hydroxylamine) chelators
found in two graminine (Gra) moieties of the @m¢ptide They introduced a new amino a€id
graminine from natuel origin and conifmed its structurevia chemical synthes?s. As

mentioned before, graminine maofay crucial roles in this siderophar&he strong iron
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chelating ability could be observed even dutimgisolation procedurezhen monitored with a
CAS assay as reflected Figure 4-19 (even 20 L of diluted crude extractlissdved in

methanol caused an intense orange)halo

Figure 4-18 CAS assayresult of the crude extractfrom T. caryophylliDSM 50341.

With a deeper inspection of th%C NMR spectrum, some of the carbonyl grouwgse found

to be significantly lower in intensity and exhibited minor peak broadness, likely owing to
conformational changes or incomplete iron rempgadindicating in the latter case in turn
that Fe(lll}binding might be mediated via Gra4, Gra6, Thr2 and ;Twtschcould differfrom

thoseof the cyclized gramibactif (Figure4-19).
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Figure 4-19 Proposed ferric structural form of trinickiabactin ([Fe(TBT)"]) and gramibactin (Fe(GBT)).
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According to the recently reported study, fourdiogxyl groups of gramibactin could be
involved in various protonation/deprotonation proegsscluding two hydrayl groups from
hydroxytaspartic acid and two -NitrosoN-hydroxylamine groupgé® In the case of
trinickiabactin, two more hydroxyl groups are available due to the opened lacton ring (labeled
in pink). Moreover, due to the linearized form of tckiabactin, the conformatioof the whole
molecule should be alteredmpared tdhe cyclic gramibactin. Thereferthese two molecules

may differ in their iron binding affinity. However, no detailed comparison studies were

performed so far.

In brief, the difference between gramibactin and trinickiabactin is that the fbiamer cyclic

form, while the compound irthis studyis in linear form. However, the genes of the
corresponding BGC withif. graminis C4D1MandT. caryophylliDSM 50341 shaved only

an average identity of 63.9% and vary significantly in sigh HIJ=26.3 kb vstrb HIJ = 25.3

kb). The difference between gramibactin and trinickiabactin could be explained by a speculated
different activity of the involved TE domains (GrbQlaerminal in GrbJ vs. TrbC and terminal

in TrbJ),that is the TE domains of the trinickiabactin BGC possibly lost their cyclase activity
during evolution Figure4-1,Table4-3).

In contrast tggramibactin trinickiabactin was found to be antibacterial toward sevgnai+
negative bacteria (MIC valueanged fron0.007to 0.040 mM), while the antibacterial activity
of gramibactin is unknownAnother example o& bioactive siderophore isgatiochelin A
which inhibited the growth of eukaryotic cells astiaphylococcus auretfs. Trinickiabactin
showed selectively antibterial activity againsgramnegative bacteria, especially, against
Yersinia pseudotuberculosigPIll and Burkholderia thailandensi©SM 13276 with the
highest activity. A plausible explanation could be the iron deprivation as observed for other
siderophoes, particularly, concerninghe intraspecific and interspecifstimulatd competition
An exampleis the case ofictinomyceteS. coelicolorin interaction with five other species of
actinomycetesin the face of fierce competition for irdd. coelicolorprodue@d a vast and
diverserange ofsiderophore$$?.

To sumnarize this studywe confirmed thathe plant pathogeni€rinickia caryophylliDSM
50341 is capablef produang trinickiabactin, a new siderophore that represents the linearized
form of gramibactinyhich wasin turn isolated from a plasiieneficial rhizosphere bacterium
Paraburkholderia graminisC4D1M. Both strains share a highly similar BGC but produce

predominaltly either a cyclized or a linearized variaAtsuming that the closethg molecule
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is the maximal product of the biosynthetic pathway, differences among the detected variants
could be explained by differentactivity of the involved TE domains (TrbC émerminal in

TrbJ vs. GrbC and terminal in GrbJ) in fhenickiaisolate or by isolation of artifacts, possibly
caused by fermentation, isolation, or analytical conditions used in one of the two studies.
Because lactone rings can be cleaved by strorgticaor basic conditions, pH could be a
crucial factor in these experiments. However, we monitored the pH at the start and at the end
of the cultivation and noticeelcomparableand only milddecrease of the pH valugthin the
cultivation time frame more specifically from neutral pH down to pH 6.4 in case of
T.caryophylliin SRMhe medium and down to pld.6 inthe case ofP. graminisin modified

M9 medium, respectivelySince ineachextraction protocoho acid was use@ndthe same
parameters were appliédr the LGMS analysis a workup- or analyticsrelated cleavage in

the case of trinickiabactin was excluded. We thus speculatthdratare differences between

the TE domains involved in the respective biosyntheses that the TE domains of the
trinickiabactin BGC possibly lost their cyclase activity during evolujiol trinickiabactin
productionrepresents ancelogicaladvantagdor T. caryophylliin terms of competition for

iron or for the defense of its nichar if it even influences the virulence of the strain towards

plants are intriguing questions for future studies.
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Results and Bicussion

4.3 Burkholderia oklahomensiDSM 21774

4.3.1 Identification of the Hybridobactin Biosynthetic Gene Cluster

As oneof the most talented produceasiongBurkholderiastrictorelated straingluring pre

screening Burkholderia oklahomensi®SM 21774demandedurther study. Given that the
genome(7.13 Mb 67.07 GC%) of B. oklahomensiDSM 21774was accestble from the
GenBank(NCBI, accession numbedZ_CP013358and NZ_CP013358 a bioinformatical
analysis usinghe webbased softwaré@ntiSMASH 4.2.0 was performedAltogether two

chromosomes containing 20 biosynthetic gene clusters (BGCs) could be olzsereéidcted

in Table4-7.

Table 4-7 Secondary metabolitesiosynthetic gene clusters identified inBurkholderia oklahomensisDSM
21774using AntiSMASH 4.2.0 software.

Chromosomel Cluster Type Predicted Product Similarity
1 Phosphonate - 5%
2 T1 PKS Lipopolysaccaride 5%
3 Arylpolyene - -
4 NRPS Azinomycin B 4%
5 NRPS Nunapeptin 35%
6 Terpene - -
7 Lassopeptide_ NRPS Capistruin 100%
8 Bacteriocin - -

Chromosome2 1 Other Echosides 23%
2 Hserlactone - -
3 Pyoverdine - -
4 NRPS - -
5 Bacteriocin - -
6 Herlactone PM100117/PM10018 10%
7 Phosphonate Thailanstatin 10%
8 TransatT1 PKSNRPS Malleilactone 100%
9 Terpene - -
10 T1 PKSNRPS Yersiniabactin 11%
11 T1 PKSNRPS Glidobactin 26%
12 TerpeneOtherKS - -
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The strain showed a high chemical diversityluding numberous attractive NRPSNRPS
PKS productsas expected. After an intgme anaysis of these selected BGCs and combining
the previousscreening results, thBGC encoded in the second chromososharing 26%

similarity with glidobactirwas considered to be an intriguing targetfiwther investigation.

This potentiabiosynthetic gene clustenybAH) was13.5 Mbin sizeandcentrallyconsisted
of NRPS and NRP¥KS hybrid genes, which eve given the designatidmybB and hybE
respectively Some transporter genes and accessary flan&the central genagpstream and
downstrear(Figure4-20 andTable4-8). The genes betwedrybBandhybErepresent an MFS
transporter an@n MbtH-like gene, respectively. ThgeenehybAthat encodsa dioxygenase
shares 59% similarity with thgtbB geneof theglidobactin BGC, which was recently identified
as alysine 4hydroxylase allowing the hydroxylation of the lysineesidue during the

biosynthesi¥*.

The genesiybBandhybEbuild up the core assembly lineybEencodes a ¢A-T module and

the Grarterdomain initiates the fusion of the fatty acid chain with the first activated threonine.
Afterwards, the acylated threonine should be extended by the other two NRPS and single PKS
modules encoded byybB Therefore, a ThrLys/Orn2X3 sequence could be deduced from

this biosynthetic pathway, in which X3 represents an unknown amindasetl unit.

hybA B cC D E
. NRPS . Transport |:| Other/unknown
HybE HybB

NRPS modulel NRPS module2 NRPS module 3 PKS module 4

@0 00® 000 @

Figure 4-20 Proposed hybridobactin biosynthetic gene cluster
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Table 4-8 Encoded enzymes and their putative functions within the proposethybridobactin) biosynthetic
gene cluster.

Protein Size[ad] Putative Function
HybA 263 20GFe dioxygenase
HybB 4203 NRPSPKS

HybC 416 MFES transporter
HybD 66 MbtH-like

HybE 1070 NRPS
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4.3.2 Isolation of Hybridobactins

To get a sufficient amount difie target compound@ermed hybidobactirs A-D), an upscaled
bacterial culture o24liters was fermented.he supernatant was extracted with XABN resin
andsubsequently eluted with MeOH and evaporated under reduced ptesgeteé 6.8 g crude
extract. The resulting residue was resuspended in a mixture of Md&H (70:30) and
fractionated by LH20 size exclusion chromatograp{®EC)to affordsix subfractionswhich
were collected according to theccuence of thecolored bands LC-MS monitoring of the
obtained subfractions showd#tk third fractionto be of futher interest, since it contained the
targeted hybridobactins (Figure 4-21). Then the third fractionwas subjected tcsemt
preparativeRP-HPLC to obtain the hybridobactins in a semire form.The separatiorwas
thenfurtherperformed in gradient elution modsingMeOH (A) and deiorzed HO containing
0.1% TFA ) as mobile phase3he gradient started a0% A, holding for 5 min,increasing
the percentage of A in 10 min &%, increasing the percentage of A to 100% in 5 min,
followed by isocratic elution of 100% for an additionaB min (Phenomenex Luna Omega
Polar Gg column, 10 x 250 mm, 5 pm in combination with a Phenomenex SecurityGuard RP

C1810 x 10 mm precolumn; 4 mL/min flow rate; UV monitoring at 254 .nm)
24 L culture of B. oklahomensis DSM 21774
in MM9 medium
I

Crude extract
68g
| Sephadex LH20 |———
I I I I
[F1] I [F:] [F5] [Fe]
Semi-prep
HPLC

Hybridobactins in
semipure form
P1138mg mmIm P443m9

| Final purification |

LC-HRMS 1D/2D NMR

Figure 4-21 Fractionation schemefor the isolation of hybridobactins.
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Final purification was performed with an AéisPeptide XBC18 column (250 x 4.6 mm, 3.6
pm), flow rate 0.8 h/min, UV monitored at 254 nifFrigure4-22). The gradienstarted afl0%

A, holding on for 3 min, increasing the percentage of A Thmin to 50%, increasing the
percentage of A to 100% {0 min, followed by isocratic elution of 100% A for an additional
3 min. Hybridobactiis A-D were eluted at 12.7 min, 13.8 min, 14.9 min and 15.7 min,
respectivelyRechromatography of the obtained material yieltié@ mghybridobactin A, 6.3
mg hybridobactn B, 11.2 mdybridobactin C and 4.3 migybridobactin D.

W2568 at 26400~ FDA 210.0 o 400.0 nmat 1.2 |

hybridohactin A

hybridobactin B

T2 / yridobactin C

hybridobactin D
/

Figure 4-22 HPLC chromatogram of the purification of hybridobactins . UV monitored at 254 nm.



Results and Discussion 67

4.3.3 Structure Elucidation of Hybridobactins

To determingheir planar structusgg ESFHR-MS, MS/MS, and 1D and 2D NMR experiments
were performed. Fohybridobactin A HR-MS analysisin positive modewith an m/z of
485.2976[M+H] " (Figure 4-23) suggested a molecular formula 0$3841N4O7 (calc. for
485.297Q0 O&ppm,6 degrees of unsaturation).

fE"SE Gross_liao_OKIaSNCF2_GB3_01_39166.d: +MS, 12.1min #1852 '"'5"56 Gross_Jiao_OklaSNCF2_GB3_01_39243.d: -MS, 12.0min #1140)
x10 x10 b
(a) A

[M+H]*

485.2970
L 4 15 [M-H]'

[M+FA-H]

M T
100 200 300 400 500 600 700 miz 100 200 300 400 500 600 700 miz

Figure 4-23 High-resolution ESI-MS spectra of Hybridobactin A . (a) Positive mode. (bNegative modeFA
is abbreviated for formic acid.

All 13C NMR and!H NMR signals were assigned using DEPT135, COSY, HSQC, HSQC
TOCSY and HMBC spectroscogxperimentsTable4-9).

(a) (b)

Figure 4-24 1D NMR spectraof hybridobactin A. (a) *H NMR spectrum of hybridobactin A (400 MHz, DMSO
de). (b) °C NMR spectrum of hybridobactin A (100 MHz, DMSdy).

In IH NMR spectrum exchangeable downfield amide signals:at.4Q 8.50 andh -proton
resonances betweem 3.50 and 4.50 werebserved Eigure 4-24). Overlapping methylene
signals in the high magnetic field, together with a terminal methyl resonanae 0a85

suggested thatybridobactin Acontained an alkyl chain. TR&C NMR spectrum etected four
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carbonyl carbons in the rangeiaf 167 172. These datauggested thdtybridobactin Awas

likely to featurea typical lipopeptide structure.
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Figure 4-25 2D NMR spectraof hybridobactin A. (a) 'H-'H COSY NMR spectrum of hybridobactin A (400
MHz, DMSO-ds) (b) *H-13C HSQGTOCSY NMR spectrum of hybridobactin A (400 MHz, DMS).

Based oran HSQGTOCSY spectrumgpne spin system was interpreted &smaethyt4-aminc
2-hexenoic acidnoiety derived from valine incorporag a double bond, a vicinal coupling
constant of 16 Hz indicatethat this double bond harbored adfconfiguration. A deeper
analysis of the HSQ@ OCSY and COSY spectra revealed thespree ofainotherthree spin
systems(Figure 4-25 and Table 4-9). Therefore hybridobactin Aposssessedne threonine
(Thr), one 4-hydroxy-lysine (4-OH-Lys), one 5-methyt4-aminc2-hexenoic acid(5-Mah)
moiety and a fatty acidhain

A JNLJ\- e A RAsAA JLJLm
154
156
158
2.99
L 164
166 HN OH
7 . - i o
5 1) ﬁ U Vg e 167.8
. | 172 Ei H
I 2 O N

A L 0 i174 = ’W
! [176
:;;: 171.5
O
[1s2
[ 184 &N ) o
H

[ 188 8.44

Figure 4-26 Enlarged *H-*C HMBC spectrum of hybridobactin A and key correlations. Signals in different
colors are reflected on the partial planar structure at right side.
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Analysis of the HBMC spectrum revealed tHaith theamidegroups andits carboryl group of

the 4hydroxy-lysine were involved in the ringlosure(Figure4-26). Mor e ov eamjno i t s
group was connected witma\-acylated threonine, followeby the fatty acid chain. The
remaining unassignegix carbon andwo oxygen atomshatwerenot accounted fopy amino

acids includingone methyl, one carbonyl carbon and one carbinol methine and three aliphatic
methylenecarbons Table4-9), suggestd the presence aflinear hydroxyhexanoic aciqOA).
Summarizing all the information abouve linear peptide sequeno€hybridobactin Awas
identified aHHA-Thrl-(4-OH-Lys2)-Mah3 (Figure4-27).

Table 4-9 NMR spectroscopic data (DMSQds) of hybridobactin A

Unit Position gk, mult. di,mult. (J in Hz)
3-hydorxy-hexanoic acidffHA) 1 171.1,9C -

2 43.5, CH 2.26, 2H (d, 6.7)

3 67.2, CH 3.79, 1H (m)

4 38.6, CH 1.34, 1.27, 2H (m)

5 18.3, Ch 1.34*,1,27* 2H (m)

6 14.0, CH 0.85, 3H (d, 6.8)
Thri Cc=0 169.4, qC -

U 57.9, CH 4.18, 1H (dd, 8.6, 4.3)

b 66.6, CH 3.92, 1H(m)

) 19.7, CH 1.00, 3H (d, 6.0)

NH 121.2 7.72, 1H (d, 7.5)
4-OH Lys2 Cc=0 171.5,qC -

U 51.2, CH 4.36, 1H (t, 8.7)

b 42.4, Ch 1.86, 1.56, 2H (m)

2 66.7, CH 3.57, 1H (Broad s)

U 39.2 1.39, 2H (m)

0 39.6 2.99, 2H (Broad s)

U-NH 118.1 7.72, 1H (d, 7.5)

NH 118.1 7.41, 1H (Broad s)
5-Mah3 Cc=0 167.8, qC -

U 124.7, CH 6.20, 1H (d, 16.2)

b 140.7, CH 6.32, 1H (dd, 16.4, 6.7)

) 55.7, CH 4.05, 1H (q, 7.6)

U 30.5, CH 1.75, 1H (m)

0 19.1, CH 0.89, 3H (d, 7.1)

e 19.6, ChH 0.86, 3H (d, 7.0)

NH 132.6 8.45, 1H (d, 8.1)

*Overlapped signals
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— COSY
— HMBC

/:i;% 1L

hybridobactin A

Figure 4-27 Key spin systems and selected loagnge correlations leading to the identification of the planar
structure of hybridobactin A. Bold lines indicatéH-'H COSY or*H-3C HSQGTOCSY correlations, arrows
indicate'H-*°C correlations.

To acquire more informain and to canfirm the building block composition and their
connectivity, ESFMS/MS experimentsvere also carried out.For this analysis, thpseude
molecular ion [M+H] was selected and fragmented. The fragmentation occurred mainly in the
amide bond, whicis commorin peptides. The combination ofimd y fragmentdom MS/MS

was in agreement with the proposed peptide sequisToeed fromNMR and bioinformatics
(Figure4-28).

\menss- Gross_Jiao_OKIaSNCF3_GBA_01 39167.d: +M52(485.2971), 34.4¢V, 11.9min #1830
x10°
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Figure 4-28 MS/MS spectrum ofhybridobactin A in positive mode

Based on HRMS analysis,hybridobactiis B-D represent derivatives whicluccessively
increased 14 Da in their massesomparison tdybridobactin AHybridobactin Bbears one
more methylene group thdrybridobactin A located at the double bommbntaining residue
based on MS/MS fragmentatiohhis assignment could be confirmed with 1ld&2D NMR
analysis. Hencdyybridobactin Bhabors @&-methyt4-aminc2-heptenoic acigé-Mah) instead

of 5- methyt4-amino2-hexenoic aciqTable4-10 andFigure4-29).
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Table 4-10 NMR spectroscopic data (DM®$-ds) for hybridobactin B.

Unit Position gk, mult. di, mult. (Jin Hz)
3-hydroxy-octanoic acidfiOA) 1 171.1,qC -

2 43.5, CH 2.25, 2H (d, 64)

3 672, CH 3.79, 1H (m)

4 39.3 CH, 1.36*, 2H (m)

5 18.3 CH, 1.27, 133%, 2H (m)

6 14.0, CH 0.86, 3H (t, 7.5)
Thri Cc=0 169.4, qC -

U 57.9, CH 4.17, 1H (dd, 8.6, 4.3)

b 66.6, CH 3.92, 1H (m)

2 19.7, CH 1.00, 3H (d, 6.0)
4-OH Lys2 Cc=0 171.2, qC -

V] 51.2, CH 4.31, 1H (t, 8.7)

b 42.2,CH 1.84,1.62, 2H (m)

2 66.9, CH 3.57, 1H(Broad s)

U 39.1 1.39, 2H (m)

0 39.7 2.98, 2H (Broad s)
6-Mah3 Cc=0 167.7, qC -

U 124.2, CH 6.22, 1H (d, 16.0)

b 140.0, CH 6.32, 1H (dd, 16.4, 6.0)

) 47.6, CH 4.34, 1H (m)

U 41.5,CH 1.41, 2H (m)

0 24.6, CH 1.57, 2H (m)

6 21.9, CH 0.84, 3H (d, 7.1)

d 22.4,Ch 0.89, 3H (d, 7.2)

*overlapped signals.

Furthermorehybridobactin Ccarries two methylene groupsorethanhybridobactin Adue b

a longer fatty acid chaifCg), while the same situation occurshgbridobactin BandD.
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Figure 4-29 Planar structures of hybridobactins A-D.
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The same color represents the safmemicalmoiety.
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4.3.4 Determination of the Absolute Configurations

To confirm the configuration of the threonine unit within hybridobactins, Marfey’s method was
performed as ebscribed inchapter3.2.6 Comparing with all four threonine standardse t
absoluteconfiguration of thehreonine irhybridobactin Awas determinetb belL-configured

Since theother twoamino acidcontaining portions were relatively ranep standarslwere
commerciallyavailable Thus,Marfey’s method couldot be applied in this cas&iven that
neitherepimerization domains nor dual C/E domaffisvere presentithin the corresponding
BGC, all amino acidsvere considered toeL -configured Due to the high structural similarities
and the existence of only one biosynthetic gene clusteinferred that hybridobactin /&
confers the same configurationthe peptide sequence.

(a) L-allo-Thr
) \ D-allo-Thr
L-Thr |7
i\‘ n ||/D-Thr
1 -
i H‘ | ‘|\
o ) ,,,%JQQU‘\A«_J\g, o -
(b) ﬂ
:‘L
E h . A A
Y RYY 1 IS
R
(C) NO , O - b
1,
O,N OH
HNfO
OH

Figure 4-30 Determination of the threonine configuration within hybridobactin A using Marfey’s method.
(a) HPLC run of amino acids standard derivatized wHRDAA. (b) HPLC run of hybridobactin A hydrahate
derivatized with LEFDAA. (c) Derivatized threonine and isass ion in postive mode.



Results and Discussion 73

To determine the stereocentdrthe side chain of all hybridobacting stereeanalysiswas
accomplished by enantioselectivéPLC-ESFMS analysis witha CHIRALPAK® IA-U
columnas chiral stationary phadgacemization of the dained fatty acids residue was detected
during sample analysis, possildye tothe hydrolysis. This could also be confirmed through
isotopologue correction. However, the major components remBigedfigured Thus the 3
hydroxy-hexanoic acid ofhybridobactis A and Cmatched the R-hydroxy-hexanoic acid
while hybridobactin B and D were confied as3R-hydroxy-octanoic acid® (Table4-11).

Table 4-11 Results of the stereosegation of the chiral side chains from hybridobactins A-D

SampNaene tRi n [ min tkin [ min]
S R
HHA standar 2.79 3 .41
Hybridobact - 315
Hybridobact - 315
HOA standar 7. 27 749
Hybri dobact - 7.50
Hybri dobact - 7.50

To sum up, pplying the bioinformatics and chemical analytical methods in combination
allowedthe suggestioonf the absolute configuration bi/bridobactin AD with the exception

of the sterecentergiven at the>-positionof 4-hydroxy-lysine.



74 Resuls and Discussion

4.3.5 20SProteasomelnhibition Assay andCell Proliferation Assay of Hybridobactins

The syrbactins are known as irreversilieoteasomeinhibitors, so we performed 20S
proteasomenhibition assays to tedtybridobactin AD (Figure 4-31). In order to have a
comprehensive compaon with other known subgroups of syrbastisyringolin A and
glidobactinC were isolated as standards, in addition to epoxomiicigeneral hybridobactn

A-D exhibited proteasomenhibition ability in varying degreesas expectedOut of the four
hybridobactins, hybridobactin D showed particularly strong activity that could even compete

with epoxomcin onthe same levglTable4-12 andFigure4-31).

Table 4-12 Proteasomeinhibition assay results of different inhibitors.

Compounds ValBaesed on
.1@. 000085
.01°01 809 4.
.03D1P020
. 0306054
.1°P101671
. 04840039
o inhibiti

Epoxi cin

Hybri dobact
Hybri d8bact
Hybri dobact
Hybri dobact
Glidobactir

SyrinAgolin

Z O O o o o o

Comparison of different inhibitors to newly found inhibitors
(values based on kobs/l)

kobservedl [I] 0.15-

6n 0.104
p .

kobs/I

-0 Hybridobactin D (M526)

=4 L : ] 0.05
) 4 ;,r L7 : -0- Epoxomicin
- . -0 Glidobactin C
2 8 g =" : 0.00
22 1,5 % .- : =0+ Hybridobactin C (M512) : - y \ ' . y
- _E . . \cﬁo 53:"'\ @S\ (iw\ ;;\E"\ 00
- - -¥- Hybridobactin B (M498) & & N “(o &
- -A- Hybridobactin A (M484) ((30‘* & 5 c_o\ o2
& L F & IS
J - & & & S
-V Syringolin A & & & &
0 10 20 3 40 50 wring & F S

Inhibitor concentration (nM)

all n=3 (3 experiments in triplicates)

Figure 4-31 Results of theproteasomeinhibition assays.

In parallel, the proliferation assay was also carried out to evaluaie Witeo cytotoxicity of
hybridobactirD. Due to insufficient amaus of glidobactin C, only duplicates were performed
in which only anapproximatelCso value was obtained Kigure 4-32). Hybridobactin D

presented a weakactivity (473.3 nM)in comparison t@poxomicin (1.962 nM).
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Figure 4-321In vitro proliferation assay results of hybridobactin D and glidobactin C.
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4.3.6 Discussion and Outlook

4.3.6.1 Proteasomelnhibitors from Syrbactins

The class of syrbactins composed of syringolins, glidobactins and cepafungamspaind
families They not only display a common modkaction, but also shaie high similarityon
the structural and biosynttielevel. To reflect these facts, the subordinate natural product class
of 0syr bacotnednrend thewcarsbiration of the nanres 6 syri ngol i ns
6glidoffacti nsod

Cepafungins and glidobactirexhibit antifungal and antitumor activitand were the first
compoundgo be isolatedrom the syrbactin family Later on it was reported thatyringolirs
inducedresistance tdhe iice pathogerPyricularia oryzae Subsquentlyfurther glidobactin
derivatives were discovered such asluminmycinsg whose BGC from Photorhabdus
luminescensvas cloned into a vector by using the newly established Tilleear homologous
recombination and successfully expressedscherichia coli This led to the discovery of

luminmycins AC46,

27 28

Figure 4-33 Representtive compounds fromthe syrbactin compound family. Glidobactin A@5), cepafungin
Il (26), syringolin A 7) andluminmycin A 28).

As a unifying feature, all syrbactins are framed based on -mel@bered dipeptide
macrolactanring systemyresulting from linkage of a vinylogous amoi acid and a modified
lysine moiety. Addionally, the U-amino group of the lysine residue is coupled with an
exocyclic chain. In the case of syringolins, this exocyclic residue is an ureido dipeptide moiety

while glidobactins and cepafungins possesdNaacylated threonine residue inste@igure
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4-33). Moreover, all amino acids from glidobactins and syringolins feature)acoqfiguration.
Luminmycin A is a desoxylated glidobactin A, while other lumininmycins are acyclic
derivatives. Due to the unprecedented novelty of the syrbactins, they were turned to an unique

natural product class with special chemical and biological propérties

However, the bridge of thesyrbactinsubgroups was constructed &yoll and coworkers
through elucidation of their molecular mechaniguoth glidobactins and syringolins have been
proven to actas 20Jroteasoménhibitors Their structural studiesevealedhat the observed
irreversible inhibition resulted from an okdichaektype addition of the hydroxyl group of the
active site threonine residue of the 20S protea&timEhis studyraised theinterestof this
compound clasgarticularly in the synthetic fieldyhich led tosynthess of a great number of
syrbactinderivatives, aiming to improve their activities, includedjpophilic SylA derivative

anda hybrid compound SyHGIbA exhibiting highy potent activity*814°

To have a first insight into the biosynthesis of the structurally unique syrbactins, the Dudler
groupinvesteda of efforts identifyng and characterimg the biosynthetic gene clusters coding

for syringolins and glidobacts*%°! The biosynthetic assembly line of both syringolins and
glidobactins were proven to be of hybrid NRPERS origin(Figure4-34). These findings also
enabled the discovery dhe luminmycin biosynthetic gene cluster through bioinformatic
analysis. Recently, Zhaet al. founda vast number aflidobactinlike proteasomenhibitors

using bioenineering and molecular networking approadhe®mbinationd®?. All these studies

enrichedthe diversity ofthe syrbactin compoundamily.
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Figure 4-34 The biosynthesis of selected syrbactinga) biosynthesis model of syringolin A. (b) biosynthesis
model of glidobactin AR denotes fatty acid moietlS, putativeb-ketoacyl synthase\T, acyl transferaseDH,
dehydrataseKR, b-ketoreductaseACP, acyl carrier proteinTE, thioesterase.
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4.3.6.2 Discovery of Novel Hybrid Proteasomelnhibitors from the Syrbactin Class

Since the biosynthetic origin ofithclass of compoundss similar, a comparison of the key
enzymes wvithin each of the BGCsasconducted via Blastfable4-13). Two enzymesHybB

and HybE, make up the NRAEKS assembly line of the final prodwdpreviouslypredicted,
andare conserved both in syringolin and glidobactin BGCs. Another vital transporter like HybC,
likely involved in the secretion of the compounduld also be observed. The Mblie protein

is conserved in both hybridobactin andighactin BGCs but could not be detected in syringolin
BGC. In generalthe hybridobactincorrelates morevith the glidobactin BGC (approximate

identity is 60%) tharthe syringolin BGC (approximate identitg less than 40%).

Table 4-13 Comparison of encoded enzymes in hybridobactin, syringolin and glidobactin BGCs.

Syringolin BGC Hybridobactin BGC Glidobactin BGC

syringae pv. syringae Burkholideria is DSM 27114 Polyangium brachysporum DSM 7029
Protein Length Encoded putative protein Identity | Protein Length Encoded putative protein Identity Protein  Length Encoded putative protein
SylA 237 aa LysR-type regulator - - - - - GIbA 337 aa LysR-type regulator
SylB 350 aa fatty acid desaturase - HybA 263 aa 20G-Fe dioxygenase 59.09 % | GIbB 286 aa Conserved protein
SylD 4186 aa NRPS/PKS 41.11 % | HybB 4203 aa NRPS/PKS 61.19 % GIbC 4181 aa  SylD-like NRPS/PKS
SylE 398 aa permease 39.38 % | HybC 416 aa MFS transporter 62.65% | GbD 436 aa SylE-like permease
HybD 66 aa MbtH-like 65.57 % GIbE 73 aa MbtH-like
SylC 1304 aa NRPS 33.74 % | HybE 1070 aa NRPS 61.42 % GlbF 1083 aa Sylc-like NRPS
GlbG 121 aa Ketosteroid isomerase-related
GIbH 472 aa 2-Nitrodioxygenase-like
(a) (b)
hybA B cCD E HN OH _oH

/sy or
H
hybridobactin A
glbA B c DE F GH N \LOH _on
| /' H o
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Figure 4-35 Examples of syrbactin BGCs and their encoded secondary metabolitgs) Biosynthetic gene
cluster of hybridobactinhf/b) glidobactin ¢lb) and syringolin gyl) biosynthetic gene clusters i oklahomensjs
P. luminescenandP. syringaerespectivelyArrows with the same pattern represent similar functional gémes.
Chemical structures of selected syrbactins.

This variableidentity of these three BGCs from different producers led todtdvenstream

chemical structuregariation in whichseverakubclasss from syrbactins were formeigure
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4-35). Given that the biosynthetic pathway lafth syringolins andglidobactinsarerelatively
clearly understood, the hybridohecassembly line could also lbeferredin a similar fashion

after the chemical structure of hydobactins was fully elucidated

hybA B CD E
. NRPS . Transport |:| Other/unknown
HybE HybB

NRPS modulel NRPS module 2 NRPS module 3 PKS module 4

90O 900 000 @
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OH 5 H o OH
O)’\(\/\/NHZ / o "’NJK/\/\
NHy NS00 H
H

hybridobactin A

Figure 4-36 Proposed pathway for hybridobactin biosynthesisUnderneath the genes are the module and
domain organization of HybE and HybB. C, Condensation domains; A, adenylation domains; T, peptide carrier
protein domai +ketoacyllsy®thasg) AT, acyanstermse domain; DH, dehydratase domain; KR,
b-ketoreductase domain; ACP, acyl carrier protein domain;Thibesterase domain.

Here, hybridobactin A was emplified tointroduce thewvhole biosynthetic pathwafFigure
4-36). ThegenehybAthat encoded a dioxygenase shares 59% similarity witglbiizzgene in
the glidobactin BGC, which was recently identified asysine 4hydroxylaseas previously
mentioned*, enabing the hydroxylation of the lysine during the biosyntheBige genenybE
encods a GA-T module and th Cstaterdomaininitiates the fatty acid chain elongation with
the first activatedhreonine. 8bsequentlythe acylated threonine contirate be assembled by
theNRPS encodely hybB resultingin a Thil-Lys2-X3 sequence. X3 is alanine in glidobactin
and valine in syringolin, while irhybridobactins X3 is valine (hybridobactin A and Cpr
leucire (hybridobactin B and DAfterwards, the tripeptide chais elongated by a PKS module,
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implementing analonylunit viaAT andKS. Then it isreduced through DH and KR to form
the double bondAt last, the producis cyclized and relased from the assembly line B¥E
domain.Overall, structurally,hybridobactin A and Ghare the san@Mah-moiety like those

in syringoling**and the 40H-Lys portion from glidobactints®, while the 3hydroxy-hexanoic
(or octanoic) acid chain has never bedscriled in any knownsyrbactins. Furthermore,
hybridolactin BandD that bear a-#nethyl4-amino2-heptenoic acidrequite unique andre
discoveredor first time.Due tothe structural hybridity related to glidobactins and syringolin

classes (Figure 4-37), these four isolated products were coinkgbridobactirs A-D,

respectively.
HN. N\ .OH -__OH h Y o
AN N AT
{ & H 00 ' H o)
N = O
;.
glidobactin A syringolin A
Glidobactin-like moiety
OH
@] OH
N/lk/\/\
T H
o7 O OH

Figure 4-37 Hybridobactin hybridity reflected from syringolin and glidobactin.

To disclosethe biosynthetic origin of the strucalrdiversification from the homogeneous
BGCs an in-depthinvestigationsuggested that the A domain specifigiyays an important
role. Thus a phylogertic approach was applied to shed more ligitheir specificity(Figure
4-38). From this phylogestic treg those A domains for Thrand Ly (color coded inblue
and orangeare clustered together in all syrbactin subgrowpéch isin line with the chemical
investigatios. Although the A domainef the third amino acidcploredin red)from different
syrbactins BGCs were still clustered together, their specificity is varied in different syrbactin
producers, which resulted in the diversificatioth&fpeptidemoiety in syrbactind-or example,
the A domain in module 3 of HybB froB. okbhomensi®SM 21774 could activate botal
(hybridobactin A and C) anideu (hybridobactin B and D) to generate different hybridobactin
derivatives It suggestedhat trese A domains displagd relaxed substrate specificity for

structurally related amino @ls. This stuationwasalsofrequently visable in cyanobacterial
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NRPS pathwaysAs a characteristic featuref nostopeptolidesthe entire families of

structurally related compoundsere isolated in one specific straifi Similar amino acidsuch

asVal, lle, and Leuwerefound in equivalent positionsithin the peptide’$®.
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Figure 4-38 Phylogenetic analysis of the A domains
biosynthetic geneclusters in genusBurkholderia.

Besides the A domains, the lipoinitiation med

extracted from the modules of the NRP8ated

iated by theid@omainalso contributseto the

syrbactin structure diversity. As already known, the bioactivity of the lipopeptide is normally

affected by the attached lipid chaira a process lown as lipoinitiation by whichthe lipid
chain wasincorporated into th&NRPS peptidyl backboneA distinct example is the well
investigated daptomycin, a component of the A21978C compB#suctural activity

relationship (SAR) studies have shown that variations in the lipid side cduase significant
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effects on the bioactivities®®. For syringolirs, which bear anureido (from bicarbonate or
carbon dioxide) containingmino acidincorporatedoy SylC (a special C domain), whilthe
Cstater domain in the othe syrbactins (glidobactins, cepafungins, lumimycins and
hybridobactins) BGCs indicated a variable specificity, resuitindgjssimilartypes of the acyl
chains A additionalBlastP analysis to compare the similarity of these fodo@ains waglso
conductedreveaing that theCstarter domain of hybridobactin showed an altered identity
glidobactin (50.00%), luminmycin (39.06%) and syringolin (25.57%), respectiMeliably,
theselevels of identity are significantly lower than the overall idetytiof the whole BGCs,
which ranges betwee33-66% (Table4-13). A compellingresearchhat supported this point
was recentlypublished by Bode grodi?. In total, 31 glidobactinlike proteasome inhibitors
were identified via heterologous expressioand pomoter exchangestrategies These
derivatives mainly differed in their lipid chains, which in toeflecs the flexible specificity of

the Cstaterdomainfrom the producestrain
4.3.6.3 Biological Activity and Biological Roleof Hybridobactins

As new members of syrbactins, hybridobastexhibited potent inhibition ability in the
performed 20%$roteasomeénhibition assay. Syringolin was reported as the weakest subclass
from the syrbactin family*é, which is in agreement with our experimental results éasribed
in section4.3.95. Glidobactin C showed slightly stronger activitythan hybridobactia A-C.
However, hybridobactin D displayed autstandingpotency equal to eporicin®®’. As
previously mentioned, syrbactinsediated arirreversible inhibition via an oxMichaektype
addition ofthe hydroxy group of the proteasomal active site residue threonine to the vinylogous
amino acid residdé’. A preliminary moe! of the structural determinants of syrbagtiediated

proteasome inhibition were suggested based on previous stigiese@-39).

geometry of macrocycle R? residue accomodates
influences subsite _ proteasomal S3 subsite
selectivity .-~

potency

T (R
: 02\, ¥ ": j\ acycliclipophilic R* residue
: y/ el N R* enhances proteasome inhibition
A0
H

R* residue accomodates
proteasomal S1 subsite

Figure 4-39 Analysis of structural determinants ofthe sy r bact i nsd proteasome i nhi
subsite selectivity as derived from currently available derivative's®.
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As reported,n contrast to hybridobactinglidobactins bear longer lipid chainthat may
occupy the lipid binding pockén anefficient way,leading toa higher potency of proteasome
inhibition. In case of hybridobactins, their lipid chaasonly limited to G and G, although
they have an additional hydroxy group on the side chaifie hybridity properities of
hybridobactiis enable a structure extension frorhrgsidue as reflected iRigure4-39. This
particular alterationmay mediatean affinitive bindingto the proteasomal S1 subsitéurther,
glidobactinsand cepafunginsvere isolatedinitially throughan antifungal screening event.
Hence, both thglidobactins and cepafungins are antifuhgatievant, while hybridobactis
A-D are void of antifungal activity aording to antifungal assaye.g, pure compounds on
agar plate withAspergillus nigey. It could bedetermired,thattheshortedipid chain(Cs or Cg)
altersthe plarity of hybridobactins, leading to a diminished permeability. Thus, in comparison
to glidobactins, hyhdobactirs lost their antifungal activity. Additionally, this could also
explainthe reduced cytotoxicity during the cell proliferation asSay.gaina more detailed
insight intothemolecular mechanism of hybridobactins, acegstallizaton study with the 20S

proteasome are egoingas part of aollaboration.

The original produceBurkholderia oklahomensiBSM 21774(C6786)wasorignally isolated

in 1973 from a 2¥&earold farmer with a deep leg wounarthich washeavily contaminated
with soil during an accident in Oklahoma, USALater, another two enviromental isolates
C7532 and C7533 were recovered from the soil near the accident site. Due to high similarity
based on genomic analysis, these three isolaées grouped aB. oklahomensispecie$'.
During the identification of the hybridobactin BGC, other secondamgtabolite BGCs that
could encodeseveralintriguing targets including somenovel siderophores and antifungal
compound, were observeads well As an opprtunistic pathogenisolated from soil, their
potential to produce these cytotoxic compounds dtegtiservedand silenundernormal lab
conditions Once their living enviromens change, these hidden weapons are still able to be
expressed, whichelp them to survive in harsh living situatso®ne interesting example was
reported fronmtheisolation of the luminmycin Dan insect migh&ct asatrigger for inducing

the production ofjlidobactirs and luminmyciis by Photorhabdusasymbiotica Accordingly,

P. asymbioticzells were injected into live crickets. A-2burpostinoculatiorcausedhe death

of P. asymbioticanfected crickets. All four glidobactins and luminmycins could be detected
through an extraction of thimsect carcass&$. This study coupled vth our successful

screening and isolation of hybridobactins via fermentaion in selected ,medé&aled the
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admirableability of the bacterido adapt taextreme enviromentsy secretingliverse secondary

metabolites.
4.3.6.4 Distribution of the Syringolin-Like Biosynthetic GeneClusters.

It was predicted by thBudlergroup that grbactinBGCsareconserved irBurkholderiaand
Photorhabdus luminesng™®. This wadaterproven basedn a series ofnvestigativestudies

as previously mentioned. However, duringhe annotation ofthe hybridobactin BGC, a
transposase thatlocated just downstream of thgpbBGC border was noticeflabeled in back,
Figure 4-40). This may infer a putative horizontal gene transfer, which commonly occurs in

micobed>%161

glbA B C DE F G H

1kb
Strain K481-B101 —_

hybA B cD E

Figure 4-40 Comparison of related BGCs from different straing®®. Homologous genelusters of glidobactin
producer strain K48B101, B. pseudomalleiB. malleiand P. luminescengre aligned. The inverted triangle
indicates the position of transposorediated disruptions in tigdbC homologues oB. mallei strains The gene
labeled in back downstream of theyb BGC represestthetransposon 1S4Q7

However, a Bla search of the genes upstream and downstoédhe hyb BGC could not
locatethe otherexpectedransposas@S407A insertion sequenceYhe average value of the
GC-content of thdhyb BGC and its adjacent region is around 69%. No obvitwguation of
the GGcontent could be detected,ceptat thebeginningof the gee cluster(highlighted in
thered box,Figure4-41), where a promoter may appeatr.
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Figure 4-41 Displayed GG-content of the hybridobactin BGC and its nearby genessing SnapGenesoftware.

By coincidencethe Dudlergroups compared the syrbactin homologous BGCs from different
species. They also demstratedthat exceptfor the B. mallei strains, all thesyrbactin
homologousBGCsin the other strainareexecutable Interestingly,in all of theinvestigated
nine B. malei strains the cluster igdisruptedby chromosomal rearrangements inahgdan
interruption of the coding region of tlgoC homolog caused by insertion of the transposons
IS407 and ISBmas well (Figure 4-40). Basal on the fact that the transposon insertion is
conserved in all of the niri& malleistrains, they inferred the primary event of the transposition
may have happened in a common ancestdrin the case of hybridobactin BG@om B.
oklahomensisthe cluser is notaffectedduing the transposition. Nefybridobactins coulstill

be synthesized via this complete machin@iyen that the syrbactin BGCs are not so Wide
conserved in all th®urkholderiaspeciesan additional BlastP analysis of the charaster
NRPSPKS hybrid genenybB was performedThe dominant candidatesiere detectedn
Burkholderia pseudomalleiand several other specigscluding the known syrbactins
producers) These results suggested thanctional syrbactin BGCsare limited to certain
species. Hence, the spread of these geneshmapused bya horizontal gene transfaas
mentioned Since most of these syrbaepnoducing strains are pathogenic, it may raise the

question, whether these compounds could contributeetpathogenicity of these strains.
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4.4 Burkholderia glumaelCMP 3729
4.4.1 Identification of a Bactobolin-L ike Biosynthetic Gene Cluster

The sequenced genome &urkholderia glumadCMP 3729 (6.62 Mb) was deposited at
GenBank under the accessimmberJABWEAOOOMOOOO.A total of 15 encoded BGCs were
detected usind\ntiSMASH 5.0, including one NRPS BGC and six NRIPES hybrid BGCs
and a fewother unknown BGCs. Based onthe previousscreening resultssome tlorine-
containing compound$rom the bactobolin family were dereplicated. Howevaer,further
chlorinated compoundith a mass ion ah/z702.3 possibly produced by the same biosynthetic
gere cluster, ould not be found in databases. This findirgignited our inteest in this
bactobolinlike BGC (labeled as BGC 1)2which had &6%identity to the known BGbta
encodedn the Burkholderia thailandensiE264genome Thus,afurthercompaative analysis

was performed

L-val

(c [ ks [ ar lace ks [ar kr_ace Jl ks AT kR Ace |
D/E/C/H K N o M L
Mo M1 M2 M3 M4 M5

B. glumae 3729 (BGC 1.2)

) ) ) p P YD 2] 4 ) €

B. Thailandensis E264 (bta)

Bta D/E/C/A/H BtaK BtaN BtaO BtaM Btal
Mo

M1 M2 M3 Ma M5
0?000 EEEENE DEEDDNEE CDEIEDNE

L-Val

Figure 4-42 Comparison of thebactobolin-like BGC in B. glumae3729 and the BGCbtain B. thailandensis
E264.Two clusters contain distinct elements: synthesis of the unnatural amino acid (grafjaAlight gray)

and the C6 polyketi (blue), genes involved in regulation (orange), product transporters (green), lactone ring
(pink), modi fication (brown) and genes of unknown
modification domains (chlorination and hydroxylation) their orders are still unclear.

To have aunambiguou®verview of both BGCs, all the genarepresented and styled based
onthe work ofJon Clardyand coworker$? First, detailed domain annotatisasing BlastRof
both BGCs wereonducted Figure4-42 andTable4-14). This analysigndicates the presence
of a hybrid NRPSPKS assembly line containiigreeNRPS modules (module 0/1/2) attlee

f
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PKS modules (module 3/4/5) Br glumae3729as well Similarly, the module 0 consists of the
free-standing T and A domains, which are coded by gBnasdE, respectively. Additionally,

the A domains of module 1 andodule 2possessGly- and Alaspecifcity accordingly
However, there are also some differenoesveerboth BGCsFirsty, the lack obtaAin BGC
1.2may result in the absence of a modification domain in module 0. This modification domain
was thought tderesponsible for hydroxylation of the unnatural amino acid. In addition, genes
B andF werenot found in BGC 1.2either These two geneserethought to banactive,or

their functions are still unclear in the BA€a'®>1%3 Furthermorethe genesl2 (regulatory
factor andQ (acetyltransferageare also missing. Besides, the predi¢t@ddomain of module

1 in B. glumaelCMP 3729 (indicatedin black in Figure 4-42) was also different from the
corresponding €£domain in the BG®ta

Table 4-14 Comparison of putative functions of involved enzymes iB. thailandensisE264 andB. glumae
ICMP 3729

B. thailandensisE264 B. glumaelCMP 3729

Enz?® Size (nt) Functions Similarity Enz.  Size (nt) Functions

Biosynthesis of the unnatural amino auaiult

BtaD 246 Freestanding T 65.01% D 243 T domain

BtaE 1647 Freestanding A 69.56% E 1488 A domain

BtaC 924 Dichlorinase 87.62% C 924 Unknown

BtaA 1146 Hydroxylase f

BtaH 858 Transacylase 64.03% H 843 Unknown

Biosynthesis ofhe peptide linker unit

BtaK 4341 NRPS 58.84% K 4542 NRPS

BtaN 3435 NRPS 65.87% N 3489 NRPS

Biosynthesis othe C6-Polyketides unit

BtaO 2340 T1PKS 67.01% o] 2313 T1PKS

BtaM 4113 T1PKS 72.32% M 3963 T1PKS

Btal® 4575 T1PKS 66.52% L 4500 T1PKS

Modification

BtaS 843 Thioesterase 70.80% S 843 Thioesterase

BtaP® 1593 3-lactamase 77.50% P 2427 Unknown

BtaQ 846 Acetyltransferase f

BtaJ 2082 Oligopeptidase 55.77% J 2064 Unknown

Btal! 846 Hydroxylase at C5 77.17% U 846 Hydroxylase

Others

BtaG 1233 Transportrelated 74.88% G 1233 Transporirelated

BtaT 1227 Transportrelated 59.51% T 1251 Transporirelated

Btal2 621 Regulatory factor f

BtaR2 705 Transcriptional 70.94% R2 705 Transcriptional
regulator regulator

BtaB® 297 Unknown f

BtaF 408 Unknown f

Enz& EnzymeBtal’ BtaP: btal(SDR)and btaP mutant abrogated completely the biosynthesis of bactobolins.
Btal®: btaU mutant produced only compounds without-Qoup at C5BtaB®* btaBmutant didnot show any
effects on biosynthesis of bactobolinsf: Genes, which could not be found in the BGC 1.BofjlumadCMP
3729.
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4.4.2 Detectionof More Bactobolin DerivativesDuring Upscaling Using MS

To get a suftient amount of this new derivativa,fermentation of 3L bacterial cultures in
MM9 medium were performed. Since the IMS was also integratetbr monitoring the
isolation procedure, moigactobolin derivatives were detectéacluding bactobolin B and.E
The following HRMS spectraKigure4-44, Figure4-45 andFigure4-47) showedthe observed
bactobolin or acybolinrrelated masses MM9 mediumand theitMS/MS fragments positive

mode.

To simplify the MSbased dereplication procedure for the bactobolin compound family, all
bactobolinrelated compoundwere divided into foursulgroups according to their chemical
structureto avoidconfusion.The classification depends oretsubstituerg on the position 5 or

3, as well as the side chawariations as reflected irigure4-43.

(a) R (b)

OH O

group 2
Bac A: R = L-Ala Exact mass: 382.1 Da Bac C: R = L-Ala Exact mass: 366.1 Da
Bac B: R = L-Ala-L-Ala Exact mass: 453.1 Da Bac D: R = L-Ala-L-Ala Exact mass: 437.1 Da
Bac E: R = L-Ala-L-Ala-L-Ala Exact mass: 524.1 Da Bac F: R = L-Ala-L-Ala-L-Ala Exact mass: 508.1 Da

N-acetyl Bac A: R = N-acetel L-Ala Exact mass: 424.1 Da

(c) (d)
OH O OH O
group 3 group 4: acybolin

Bac G: R = L-Ala Exact mass: 332.1 Da A: R'=H, R?=Ala-Ala-Ala-Gly-Acyl Exact mass: 735.3 Da

Bac H: R = L-Ala-L-Ala Exact mass: 403.1 Da B: R'=0H, R?=Ala-Ala-Ala-Gly-Acyl Exact mass: 751.3 Da
C: R'=H, R?=Ala-Ala-Gly-Ala-Gly-Acyl  Exact mass: 792.3 Da
D: R'=H, R?=Gly-Ala-Ala-Gly-Acyl Exact mass: 721.3 Da
E: R'=H, RZ=Ala-Ala-Gly-Gly-Acyl Exact mass: 721.3 Da
F: R'=0OH, R?=Ala-Ala-Gly-Acyl Exact mass: 681.3 Da
G: R'=0H, R?=Gly-Ala-Ala-Gly-Acyl Exact mass: 737.3 Da

H: R'=0OH, R?=Ala-Ala-Gly-Gly-Acyl Exact mass: 737.3 Da
I: R'=0H, R?=Ala-Ala-Gly-Ala-Gly-Acyl Exact mass: 808.3 Da

O OH

Acyl= \ek/\/\/\/\

Figure 4-43 Thefour subgroups ofbactobolin-related compounds (a) Bactobolins ofyroup 1. (b)Bactobolins
of group 2.(c) Bactobolins of group 3d) Bactobolins of group facybolins).
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For detection of the halogaontaining compounds, MS was prove be asuitabletool due

to the special isotope pattern of these halogens that are present in the cofip@aatebolin
related compounds, which contain one or two chlorine atoms are rare in natural pkbithects.
it bears only one chlorine atom, the peak heights of the molecular ion peaiadW+2) are

in the ratd of 3:1, because chlorine has two principal stable isotép@is(75.77%) and’Cl
(24.23%) Likewise, if themoleculecarries two chlorire atoms, the ratio of the peak heights of
three molecular ion peaks {(MM+2 and M+4)will become 9:6:1Based on ta analysisthe
bactobolinrelated masses Figure4-44 andFigure4-45 containtwo chlorine atoms, while the
masses described Figure4-47 bear only one chlorine atorihus,the number of chlorine

atoms deduced by the isotope patternseceasistenhwith the predicted molecular formulas.

1+ 1+ 1 1+ 1
(a) sssomm 4541148 25,1512 PR L (b)
* s * ®
‘
+ 1+ 1+ 764 T _CHCI
385.0744 456.1119 527.1488 427.0850 7583013 E 2
OH ©O
group 1
Bac A: R = L-Ala Exact mass: 382.1 Da
Bac B: R = L-Ala-L-Ala Exact mass: 453.1 Da
Bac E: R = L-Ala-L-Ala-L-Ala Exact mass: 524.1 Da
|. | 4 l ‘ L | | M-acetyl Bac A: R = N-acetel L-Ala  Exact mass: 424.1 Da
()
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Figure 4-44 Detection of dchlorinated bactobolins with hydroxy group at position C5(a) The HRMS spectra
of bactobolin A, B, E, Nacetyl bactobolin A andcybolin B in positive mode. (b) Group 1 of bactobolins. (c) The
MS/MS spectra of their corresponding masses.
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| | | Bac D: R = L-Ala-L-Ala Exact mass: 437.1 Da
I — ] T | Bac F: R = L-Ala-L-Ala-L-Ala Exact mass: 508.1 Da
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Figure 4-45 Detection of dichlorinated bactobolins without hydroxy group at position C5.(a) TheHRMS

spectra of bactobolin C, D, F, acybolin A in positive mode. (b) Group 2 of bactobolins. (c) The MS/MS spectra of

their corresponding masses.
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Figure 4-46 MS/MS fragmentation patterns of thecompounds describedn Figure 4-45.
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Additionally, MS/MS fragmentation patterns of precursmsalso provided valuablgructural
information. Here, thé&1S/MS fragmens from thosemasses of interest iRigure 4-45 were
exemplified to give more insightéFigure4-46). These compounds sharde same daughter
ion at m/z296.04%. The masdifferenceof 71 Daindicaed thetandem losf the alanyl
residus. Additionally, the mass difference between/z 736.3083 andm/z 509.1564
representedhe mass of thglycyl residue connected with lgpid side chain(3-hydroxy

decana acid)

It became apparethat the mass ions at/z383.0772, 454.1146, 525.1512, a4i2b.0877in
Figure4-44 matched bactobolin A, B, BndN-acetyl bactobolin ArespectivelyThe smilar
MS/MS fragmentatioswere also aligned with each othér.a similar manner, the masses in
Figure4-45(m/z367.0821, 438.1191 and 509.1564) and the mdsgime4-47 (m/z404.1586)
matched bactobolsC, D, Fand bactobolin H, respectively.

1+ 1+
(a) 404.1586 702.3471 {b)
L 4 *

1+
1+ 704.3458
406.1562

OH O
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Figure 4-47 Detection of monochlorinated bactobolins.(a) The HRMSspectra of bactobolin H and the new
congener in positive mode. (b) Group 3 of bactobolins. (c) The MS/MS spectra of bactobolin H and the new
corgener
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Furthermorethe mass ions ah/z752.3033andm/z736.3083(Figure4-44 andFigure 4-45)
weredereplicated aacybolins B and A, respectively. These findings were also cardelath
their molecular formula, moleculamass, and the degree of unsaturationvhich were

summarizedn Table4-15.

Table 4-15 HRMS data of all bactobolin-related masses in MM9 medium

lon Formula Calculated Measurement Err. rdb Retention Time

[M+H] * [Da] [Da] [Ppm] [min]
C14H21CIoN206 383.0771 383.0772 -02 5 111
Ci7H26CI2N3O7 454.1142 454.1146 -0.8 6 10.9
C20H31CIoN4Os 525.1513 525.152 0.2 7 111
Ci6H23CIaN207 425.0877 425.087 0.7 6 14.4
C32H52CIoN5011 752.30% 752.3033 0.1 9 21.2
C14H21CIoN20s 367.0822 367.082 -0.3 5 12.1
Ci17H26CI2N306 438.1193 438.1191 -0.2 6 12.1
Cu0H31CIoN4O7 509.1564 509.1564 0.2 7 122
C32Hs5,CIaNs010 736.3086 736.3083 0.4 9 21.8
C17H27CIN3Os 404.1583 404.1586 -11 6 10.8
- - 702.3471 - - 20.6

The mass 0i/z702.3471 was confined as a new acybolin congener. First, a typical isotopic
pattern of chlorine atoms (3:1) could teservedn its HRMS spectrumHigure4-47). On the
other hand,the MS/MS fragmentation patterof this new compoundndicated thatit
structurally belonged tthe acybolins groupRigure4-43). Furthermorethe slightly delayed

retention timgTable4-15) was in agreement with these predictions.

To suenl elpgat orbeollatned compoecdedwehei r masse

using HRMS. Tendeutp¢f wairéarantidneeame ov e t

new comgee@eéron MS

o

k
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4.4.3 Isolation and Purification of The New Bactobolin Congener

To fractionate the 25.5 g crude extralchat was obtained from 3L bacterialcultures, liquid

solid size exclusion chromatographuging Sephade®! LH-20, was applied.The whole
fractionation and isolation procedure presentedn Figure 4-48. The crude extractwas
redissolved in 70% aqueous methanol and then loaded on the packed column. Then, the sample
waseluted with 70% aqueous methanol. Four fractions were generatemliacted based on

the observed color bands. Subsequently, théviSCanalysis shoedthat thesecondF2) and

third (F3) fractions contaied the target compound. To avadliplication these two fractions

were combined for further isolation.

31L Cultivation of B. glumae ICMP 3729 in MM9 medium

Centrifugation

T

Crude extract
255g

| Sephadex LH20 I |
=

ﬁ#

acybolin J acybolin B acybolin A

m/z 702.3471
1.6 mg

F2/3-3-1 F2/3-3-3 F2/3-3-2

m/z 736.3083 m/z 752.3033
5.5mg 9.5 mg

Figure 4-48 Fractionation schemefor the isolation of acybolins

Due to the complexity of the subfractions, a series of prepafageta Unisol C18250 x 21.2
mm, Z£m) and sempreparative columnKhpauerEurospher Il C8250 x 8 mm, E£m) were
used for the following purification procedurEinal separation was carried out employing
Phenomenex Kinetex PFRBlumn (250 x 4.6 mm, £m), and provided acybolinsandB in

a semipure form as well a8.5 mg pureacybolin A

In order to purifyacybolin J and B for NMR analysisepurification ofthese twacompounds
was performedn agradientmode usingnethanol (A) and 0.1%TFA containing water (B) as
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mobile phases. The gradient stakat 35% A, incrasingthe pecentage of A to 50% over 10
min, followed by isocratic conditiorfer 5 min, incressing the parentage of A to 100%vithin
1 min and holding for anothe2 min, followed by reequilibration aB5% A for 6 min
(Phenomenex Luna C50.8nk/midflowraté; U8 manitoring & 218, 260
and 300 nm). Finallyl.6 mg acybolin &nd9.5 mg acybolin Bvere obtained for further NMR
measurements. Additionallpure bactobolin B4.01 mg)and bactobolinE (2.85 mg)were

isolated from another subfttémn (F2/3-2) obtained above after preparative isolatio
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4.4.4 Structure Elucidation of Acybolin J

Out of all five isolated compounds, acybolin B was not ablddsubmited to NMR
measurement, due to solubility issi€able4-16). Obviousprecipitdion was observed during

sample preparation. However, acybolin A and J cbeldissolvel efficiently in DMF-dy.

Table 4-16 Applied solvents to dissolvéhe obtained pure compounds.

Compound  Solvent
D,O MeOH -d4 DMSO—de DM F-d7 ACQtOIP—ds CH2C|2.d2 Pyridineds

BactobolinB  + +°

Bactobolin E  + +

Acybolin J ++ ++
Acybolin B d +C +
Acybolin A ++
Solvent: t he volume of alll mentioned solvents is 600

++b: completely dissolvable;*+partially dissolvable; ¢ insoluble
Relative polarity: DO>MeCH-ds>DMSO-ds>DMF-d->Acetonds> CH.Cl,.d>>Pyridineds.

Acybolin A was isolated in a suffient amount (5.5 mgand high-quality NMR spectra of
acybolin A were aquiredHowever, the new congener acybolin J was obtained onlgrnimadl
amount (1.6 mg) due to its low productidn.this case, 600MHz and 700 MHznstrumens
were utilized for the measurement of acybolin J, to geiproved NMR spectra. To facilitate
the structure elucidation procedure, a comparative elucidation strateg@ppléed for acybolin

A and J,due totheir structual similarity as predicted using MS analysksrstly, acybolin A
should be elucidatedsing 1B/2D-NMR. Then the intepretton of the spectra of acybolin J
could be referenced from acybolin A to ava@dme confusion, except those key signals

reflecting the structural variations.

To determinethe planar structuref acybolin A ESFHR-MS, MS/MS, and 1D and 2D NMR
experiments werearried out as mentioned beforehe HR-MS analysisof acybolin A in
positive mode withm/z736.3083 [M+H]* suggested a molecular formula @>Hs2CIl2NsO10
(calc. for 736.3086, o4 pfn, 9 degrees of unsaturation)n the 'H NMR spectrum
exchangeable downfield amide signaldiaf7.408 . 5 0 -peotod resdnances betweén
3.50 and 4.50 wergetectedFigure4-49). Combining*3C NMR andDEPT135 spectra, a total
number of 32 carbons, includirfiye CHs-, ten CH-, and eight CHgroupscould be delinetad
Five carbonyl carbons in the rangeliasf 1601 180 could beobserved, while the meaining

threequaternarycarbons were supposed to be integratemthe bicyclic ring systerntypical of



Results andDiscussion 97

the bactobolin compound familyOverlapping methylene signals in thgfield, together with
a terminal methyl resonancel&t0.85 indicatedthat acybolin A brean alkyl chan. Based on
HSQGTOCSY and COSY spedtr five further spin systemsincluding onefor glycine and
threefor alanine together with a typical bactobolin bicyaiemponentcould be confirmed
(Figure4-51).

(a) (b)
CH,'s
r_l_\
a-CH's
NH's :Hf's
L
‘ T TS VAL L [ L Mﬂhl

Figure 4-49 1D NMR spectraof acybolin A. (a)*H NMR spectrum400 MHz DMF-dy). (b) *3C NMR spectrum
(100 MHz, DMF-dy).
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Figure 4-50 2D NMR spectra of acybolin A (400 MHz, DMFRdy). (a) *H-*H COSY NMR spectrum(b) *H-13C
HSQGTOCSY NMR spectrum(c) *H-1*C HMBC NMR spectrum(d) *H-'H NOESY NMR spectrum.



98 Results and Discussion

(o] OH

Figure 4-51 Six spin systems of acybolir.

Subsequently, these spin systems weremectd with the help of HMBC and NOESY spectra.
All the 3C NMR and'H NMR signals were assigneshd sumrarized inTable4-17.

Table 4-17 NMR data of acybolin A (400 MHz, DMF-dy).

Acybolin A (H/C)  Ucn (ppm) Un (ppm) Multiplicity ( J/Hz)

1 169.5qC

3 85.7 qC

3a 76.1 CH 6.46, 1H (s)

3b 18.8 CH; 1.69, 3H (s)

4 48.7 CH 4.65, 1H (dd, 10.33, 3.85)

5 35.3ChH 1.95, 1.27, 2H (m)

6 64.6CH 4.03m

7 39.3 Ch 2.69, 1H (dd, 18.12, 6.02)
2.28, 1H,(ddd,18.48, 9.93, 2.41)

8 176.8 qC

9 92.8qC

10 32.4 CH 3.22, 1H(m)

1 104.2NH 7.70, 1H @, 10.42)

2 173.2qC

3 49.4CH 4.38, 1H (m)

4 17.9CHs 1.33, 3H (m)

5 115.8NH 7.64, 1H @, 7.24)

6 172.6 qC

7 50.0CH 4.17, 1H (m)

8 17.0CHs 1.33, 3H (m)

9 116.8NH 8.05, 1H @, 5.15)

10 173.8 qC

17 50.1CH 4.29, 1H (m)

12 17.3CHs 1.33, 1H (m)

13 110.6NH 8.39, 1H (¢, 5.62)

14 171.1q9C

15' 43.3CH, 3.93, 1H ¢, 5.84),3.85, 1H (I, 5.66)

16' 120.7NH 8.41, 1H(d, 5.62)

17 173.0qC

18 44.0 CH;, 2.42d (4.82) 2.36d (7.89)

19 68.6 CH 3.97, 1H (m)

20 37.6CH; 1.47, 2H (m)

21 29.8CH; 1.28, 2H (m)

22 29.5CH; 1.28, 2H (m)

23 25.8 CH; 1.47,1.31, 2H (m)

24 32.0CH; 1.26, 2H (m)

25 22.8CH> 1.27, 2H (m)

26 13.9CHs 0.88, 3H ¢, 6.92)
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The elucidation of acybolin J was performed in a similar mamif/MS analysiof acybolin
Jin positive mode with anass ion atn/z7023472[M+H]* suggested a molecular formula of
Cs2Hs3sCINsOno (calc. for702.3475 & 0 .9 legrpes af unsaturation). AC NMR and
'H NMR signals were assigned using DEPT135, COSY, HSQC, HBQCSY and HMBC
experimentsKigure4-52 andTable 4-18). Based ora HSQGTOCSY spectrumall the spin
systems thatvere present in acybolin A were also detectable in acybolifih& nunier of

carbons also matched withode ofacybolin A.
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Figure 4-52 NMR spectra of acybolin J.(a) *H NMR spectrum (700 MHz, DMigy). (b)*H-'H COSY NMR
spectrum (700 MHz, DM#) (c) *H-3C HSQC NMR spectrum (600 MHz, DMdF). (d) *H-3C HMBC NMR
spectrum (600 MHz, DM#gy).

Since monochlorination instead of dichlorination took place in acyboltheJcarbonand
hydrogensat postion 3bof acybolin Jhifted in comparison with acybolin A upfield digethe
decreased deshieding effecttloé chlorine atom. Indirectly, it also affected the chemical shift
of the carbon at posiin 3 Figure 4-53). Other signalsvere lessaffecied, since they are
relativdy far from the va®dmoiety. Sumrarizing all the above information, ahe'3C NMR

andH NMR signalsof acybolin Jwerecompiledin Table4-18.
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18-3’1-69333 cl 395051160
06/3.58
g57|  3HI606AES 839 3p
Cl
1/0 cl Yo
acybolin A acybolin

Figure 4-53 Partial structur al comparisonof NMR valuesbetween acybolin A and J.

Table 4-18 NMR data of acybolin J (600MHz, DMF -dv).

Acybolin J (H/C) tcem (ppm) Un (ppm) Multiplicity ( J/Hz)

1 173.6 qC

3 83.9 qC

3a 70.6 CH 3.58, 1H (s)

3b 22.5 CH 1.60, 3H (s)

4 49.1 CH 4.38, 1H (m)

5 35.1 CH 1.88,1.40, 2H (m)

6 64.6CH 4.02 m

7 39.3 CH 2.66, 1H (dd, 1857, 2.81)
2.30, 1H, (dd, 10.51, 3.09

8 1763qC

9 929¢C

10 31.5CH 3.21, 1H(m)

1 NH 7.75, 1H (d, 1015)

2 173.2qC

3 49.4CH 3.72 1H (m)

4 17.8 CHs 1.36,3H (d, 7.79

5 NH 7.70, 1H @, 7.67)

6 173.39C

7 49.1 CH 4.38, 1H (m)

g 178 CHs 1.33,3H (d, 7.36)

9 NH 8.05, 1H ¢, 7.05

10 1734qC

11 49.8CH 4.27, 1H (m)

12 17.2 CH3 1.32,1H d, 7.39

13 NH 8.34, 1H (d, 6.30

14 170.49C

15 43.0CH:> 3.80, 1H (dd, 16.41,5.65);
3.96, 1H (dd. 16.01, 5.97

16' NH 8.45, 1H (, 5.66)

17 172.79C

18 43.8 CH, 2.43 dd (13.8, 4.88); 2.36 (d, 7.89)

19 68.8 CH 3.95, 1H (m)

20 375CH; 1.47, 2H (m)

21 29.6 CH 1.28, 2H (m)

22 29.3 CH; 1.28, 2H (m)

23 25.6 CH, 1.46, 1H (m); 1.2, 1H (m)

24 319 CH, 1.26, 2H (m)

25 22.6 CH; 1.27, 2H (m)

26 13.8 CH3 0.87, 3H (t, 6.92)
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A mass difference of 34 Da between acybolin A and J was calculated, which indicated a
replacement of a chlorine with proton. This conclusiomvas alsoin agreenent with ther

MS/MS fragmentatiompatterns(Figure 4-54). Combining these MS data with the previouly
interpreted NMR spectra, the planar structure of acybolin J was confirmed together with
acybolin A as reflected ifrigure 4-55. The absolute configuration of the amino acids in
acybolin J was inferred in silico from the biosynthetic gene cluster. Since no epimerase was
observed within the biosynthetic gene clusige presume that all the amino acids within
acybolin J are tconfigured and the hydroxy group on the side chaRadsnfigured agiven

in acybolin A
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Figure 4-54 MS/MS fragmentation of acybolin J (a) andacybolin A (b).
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4.45 Discussionand Outlook

4.45.1 Cytotoxic Bactobolin Compound Family

Bactobolins are a class of chlorinentaining secondary metabolites with potent antibacterial
and cytotoxic activitiesThey were firstly isolated from theulture broth oPseudomonaBMG
13-A7 and were later reisolated from the strairBurkholderia thailandensisE264
respectively®?1%° Due to its unique structure asttongactivities a serie®f follow-up studies
werecarried out that letb the discovery of its acylated forms, ish were named acybolib'$.
Structurally, all these subclassestbé bactobolin compund family sharea bicyclic ring
moiety. They are extended with various combinatiminamino acids fronthe C4 postion via
an amide bond. Acybolins havm comparison with bactobolingn additioml 3-hydroxy
decanoic acidcttached to the last amino acid in the peptide likgure4-56).

4. _NHR, A: Ry = OH, R; = H, Ry = CHCl;

NG B: R; = OH, R, = L-Ala, R; = CHCl,

C: Ry =H, Ry, = H, Ry = CHCI,
D: Ry =H, R, = L-Ala, R; = CHCI,
E: Ry = OH, R, = L-Ala-L-Ala, Ry = CHCI,
F:Ry = H, R, = L-Ala-L-Ala, Ry = CHCl,
G: R1 =H, R2 =H, R3 = CHzC|

H: Ry = H, R, = L-Ala, Ry = CH,CI
N-acetyl Bac A: Ry = OH, R, = COCH3, R; = CHCI,

Bactobolin

A R'=HR?= Ala-Ala-Ala-Gly-Acyl

B R'=OH, R? = Ala-Ala-Ala-Gly-Acy/

C R'=H, R? = Ala-Ala-Gly-Ala-Gly-Acyl
D R'=H, R? = Gly-Ala-Ala-Gly-Acy!

E R'=H R?= Ala-Ala-Gly-Gly-Acyl

F  R'=OH, R? = Ala-Ala-Gly-Acy/

G R'=O0H, R? = Gly-Ala-Ala-Gly-Acy/

H R'=O0H, R? = Ala-Ala-Gly-Gly-Acy!

| R"=0H, R? = Ala-Ala-Gly-Ala-Gly-Acy!

Acybolin

O OH

Acyl = ,gﬂ\/-\/\/\/\

Figure 4-56 Chemical structures of bactobolinsand acybolins.

The node of action of bactobokhave been studied as well. In 20Chandleiand coworkers
have isolated bactobohiresistant mutants d@. subtilisand identified the mutation positions
using wholegenome sequencitf§. With their effort,a 3.4A-resolution crystal structure of
bactobolin A bound tahe 70S ribosoméRNA complexcould be generatedThis antibiotic
binds at a previousliiiddensite in the 50S subunit and displaces tRNA bound at thigeP
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Likely, its modeof actionis similar toblasticidin S despite binding to a different sas shown
in Figure 4-57. This could explain the potent antibacterial and antitumoral activity of

bactoboling®’.

Figure 4-57 Binding of bactobolin A to the ribosome in the presence of-Bite tRNA. (a) Chemical structure

of bactobolinA. (b) Relative positions of bactobolin, tRNA and uL2; overlappinthebactobolin andhe BlaS

binding sites. (c) Unbiased o T difference ma corresponding to bactobolin A and adjacentMdyellow
sphere) is contoured at 30. rRNA forming contacts w
Superposition of tRNA in the 76RNA-bactobolin complex with that from antibiotfree 70StRNA,
demonstrating the shift of the CCA eafiP-site tRNAtoward the Asite'®”.






































































































