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The rise of antimicrobial resistance haecessitated the discovery of novel antimicrobial
compounds as a matter of urgencionRibosomal Peptides (NRPs) are a class of
structurally diverse natural products used clinically as antibiotic and anticancer agents.
Actinonin and the matlystatins ar@ctinobacterial NRPshich inhibit metalloproteinases

by the chelation of their catalytic metal ion. This bioactivityasferredby theN-hydroxyt
2-pentyl succinamic acigroupz  NB ¥ SNNB R (i @roup. ActiribfirSis thi dgnosNK S |
potent natural irhibitor of peptide deformylase (PDB& key enzyme involved in bacterial
protein synthesiy and has been the focus of much research into the development of
therapeutic PDF inhibitors as antimicrobials. Therefore, there is interest in the
identification of dher warheadcontaining natural products which may have potent
bioactivities.

In this thesis, a genetic probe for warheadntaining NRmiosynthetic gene clusters
(BGCs) is identified and a number of putative clusters are prese@ied.such BGC was
present in the pathogenicitassociatednegaplasmid of the plant pathogdRhodococcus
fascians The product of the cluster was isolated frd® fasciangnd structural analysis
indicated that it was the antimycobacterial agent lydiamycin A, originally identified from
Streptomyces lydicusonsideration of theBGC andxtensive NMR analysis informed a
structural revision of lydiamycin Aydiamycin A wasoafirmed to inhibit PDn vitro. The
LydA PDF is encoded within the lydiamycin BGC and has been experimentally determinec
to be resistant against lydiamycin A. Thesult implicatesLydA as an important self
immunity determinant for R. fascians Finally, in planta competition assays frame
lydiamycin as an important ecological factbat may enhance the fithess &. fascians
during niche colonisation.

This study highlights the power oftargeted genome mining for the identification of BGCs
that may produce structurally related natural products. Ténsibledstructural revision and
bioactivity characterisation of lydiamycha
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1.1 Natural Products

Natural products (NPs) are specialised metabolites produoetside of primary
metabolism. As such, NPs are not essential for growth under laboratory conditions but
instead confefitness advantages in the native environment of an orgarjisrd]. The most
prolific microbial NP producers include fungi and bacteria, in particular the actinomycetes
[3]. NPsare incredibly chemically diverse and seawide range of biological roles, ranging
from siderophores for thescavenging of trace iron, to biosurfactants for enhancement of
motility and quorum sensing molecules for the orchestration of growth php&é$

Over 22,00Mioactive natural products have been described to date, W6 of microbial
NPs produced by thactinomycetes[3]. Due to the massive chemical and bioactivity
diversity, NPsand their derivativeshave been cepted as pharmaceuticadompounds
since the discovery gfenicillinover 80 years agfy, 8]. Over the last forty yeargne-third

of small molecule drugs approved the US Food and Drug Administration (Fid&)e NPs
or derived/synthesised from NHS].

The clinical use of NR&d their derivatives has contributed to the extension of the human
lifespanby 30 yearsiuring the 2@ century[10]. In particular, NP antimicrobials, such as
oxytetracyclineanderythromycin have curbed infectious disease mortality. Antimicrobials
alongside NP immursuppressants, such ayclosporineand tacrolimus have heralded
huge developments in surgical techniques and organ transplantafidtis Over 30% of
approved anticancer agents are fdBrived[9], includingdoxorubicinand dactinomycin
This small selection of molecules exemplifies the chemical diversity-dehNNed drugsas
illustrated inFigurel.

Natural products continue tplay an important role in the pharmaceuticgaldustry. The
market for antibioticfrom Streptomycespecies alone had a value of $25 billion in 2001
[12]. Howeverthe emergence of antibiotic resistance is inevitable and is predicted to cause
10 million deaths per year by 20%03]. As such, it is more important than everisolate
novel NPs and characterise their bioactivities in search for antimicrobial compounds
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Figurel. Structures of kinically important natural product drugs. Procer strain, drug type and year of
approval by regulatory authorities are denoted.

1.2 A Brief History of AntibiotidDiscovery

Infectiousdiseass havebeen a major cause of mortality throughout human history. As
recently as the late 9 century, infectious diseasasere responsible for 72% of deaths

[14]. NPs have been indirectly leveraged by humankind for millennia for their therapeutic
properties. AntibiotieLIN2 RdzOAYy 3 YAONRO6S&a 6SNB LINBaSyl
mouldy bread used to treat open wounds, descRbe Ay G KS 906 SND& LI LJ
[15]. As the field of bacteriology was developing throughout 182 and 19" centuries, so

was our understanding obacterial antagonism The concept of one microorganism
antagonising the growth of another microorganism was described in 1877 by Louis Pasteur
[16].

The very first clinical antibiotics were discoverkdingthe synthess and derivatisation of
dyes. Paul Ehrlicinvestigated a group of arsem@ontaining dyes for the ability to
selectively kill the causative agent of syphillseponema pallidumEhrlichidentified

I NBLIKSY I YAYSIT G6KAOK ¢ 3alvahY SANEIA Wathd fasE R A
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major antibiotic was discovered by Gerhard Domagsk in 1932 by the derivatisation and
screening of over one thousand azobenzene d¢&k The sulphonamideontaining lead
compound was found to be effective agair&reptococcus pyogenasfection and was
marketed in 1935 as Prontosil.

The first marketednicrobial NPantimicrobial was penicillin. In 1928, Alexander Fleming
demonstrated thatPenicilliummedium filtrate selectively killed Staphylococcus aureus
[18]. In 1939 the bioactive NP penicillin, was extracted from the growth medium by
Howard Florey Ernst Chain and Norman Heatleypd shown to protect mice from
Streptococcus pyogenesd Staphylococcus aureusfection [19]. Optimisation of the
growth of thePenicilliummould and extraction of penicillin was prioritised throughainid
after World War lIDorothy Hodgkin determined the structure of penicillin in 1920] and
ascertained that it contained @etalactam group, which has sincellaved the
development of later generations of betactam based antibiotics which can overcome
resistance mechanismsghe use of penicillin has saved tens of millions of lives djokiate

its discoveny21].

The development of gnicillin paved the way for the isolation of effective antibiotics from
microorgansms and brought about a surge in researSklman Waksman developed the
platform for screening scilerived Streptomycesstrains for antimicrobial activity, by
RSGSOGAY3T GKS T2ySa 2F AyKWORAXIRY LI & FAD
atwenty-yearperiod KA OK Aada y2g NBEFSNNBR ds2ovdryd (i F
wherealmost all major antibiotics used today were discoverBus included the discovery

of streptomycin in 1944, which was purified from the soil bacteribireptomygesgriseus

and proved to be the first antibiotic effective at treating tuberculd&g, 23] In the late
1940s, Streptomyces venezuelagas found to produce an antimicrobial, which was
chemically characterised and termed chlorampheni@d+26]. In 1953, vancomycin was
isolated from the actinobacteriumimycolatopsis orientaliand was asserted to be an
effective treatment against penicilliresistant Staphylococcus aureusfection [27, 28]

(Figure2).

This method of screening soil bacteria led to the discovery of about half of the drugs used
today [29] and also demonstrated the great potential that actinomycetes possess for the
production of secondary metabolites. It is estimated that actinomycetes produce over two
third of the antibiotics in use today and members of thgeptomycegenus account for
~75% of this amourB80].
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Figure2. Structures of antibiotics discovered during the 'Golden age of disco®oducer strain, drug
type and year of approval by regulatory authorities are denoted.

However, he pace of antibiotic discovery slowed from the 1960s onwaiidse re
discovery of known antibiotigdagued the Waksman platform ameade finding novel NPs
near impossible.This is exemplified by the reporthat approximately 1% of soll
actinomycetes produce streptomycin lvereas the discovery of daptomycin required the
screening of 10actinomyceteg31]. At this point, the pharmaceutical compani@énimally
inveded in antimicrobial development as it was considered that the existing drugs were
effective. Instead, synthetic compound librariesvere screenedor bioactive molecules
which could be derivatised and optimisedowever, the rate ofintimicrobialdiscovery
was very low(GSK reported the screening of 500,39Mthetic compounds that did not
lead to further developmeni32]) andthis approacthad the disadvantage of being unable
to identify antimcrobials from novel chemical classgS8]. Thislack of drug discovery
caused alag in approved new drugs whichncroached into the early 2000sThe
developmentof antibiotic resistance andmergence of newnfectiousdiseases (e.g. HIV
and COVIEL9) has highlighted the importance of discovering bioactive NPs with novel
chemistry.



1.3 Antibiotic Resistance

Interest in antimicrobial discoverilas steadily increased as the threat of antimicrobial
resistance (AMR) has become apparefilRis recognised as one of the most serious
global threats to human health, with over 35,000 deaths caused by AMR infections per yea
in the UY34] and the global burden estimated aver 1 million deaths annual[$85]. With

an increasing rate of clinicaltglevant bacterial strains developing antimicrobial resistance
and thus the reduction of efficacy of available antimicraofiétlis predicted that AMRay
cause 10 million deaths annually by 2Q%8], although this magnitude is disput¢86].

The development of AMR is in&able as within several years of an antibi@icliscovery,
resistant bacteria strains are report¢87]. For example$S aureusinfections were initially
effectively treated bypenicillin but within three years, penicilkresistance was observed
to readily occur in the laboratory and also in clinical isol§8&s 39] In 1960, methicillin
was synthesised and found to be effective at treating penigiégistant S. aureus
infections[40, 41] However, just a year later, methiciliesistantS. aureug§MRSA) was
detected[42] and to this dayemains a serious global infectious ag§#8]. Vancomycin
was one of the most effective treatments of MRSAeation [44], however vancomycin
resiseint S. aureugVRSA) has recentlyeen reported[45]. One of the last effective
treatments of VRSA infection is daptomydcitthough reports of daptomycinesistantsS.
aureusare emerging46, 47] This timeline of continual antimicrobial discovery and the
emergence of resistant strains exemplifies thgortance of finding new antimicrobials,
particularly those with novel structures, modexd action and with high barriers to
resistance.

1.4 Antibiotic Discovery in thePostgenomicka

Whilst overcoming the problem of AMR requires concertedreform of healthcare
practices and polic{48], one undeniably important aspect is the identification of novel
antimicrobial compoundsln order to overcome the problem of @iscovering bioactive
natural products bythe classical Waksman approach, several newhows have been
employed in the literature.

Manyresearcherdiave reasoned that the screening of microbes that are unlikely to have
been subjected to the classic@Waksman approach may produce novel bioactive NPs.
Therefore, many studies have isolated microbes from diverse and extreme environments



The fasamycinsral formicamycins were isolated fromnt-associatedStreptomycesand

show activity against MRSA andncomyciAresistant Enterococcus faeciurfVRE)49].

Novel antimicrobial NPs have also been isolated from deep sea sp@sgeciated
actinomycetes[50], hyper-arid desert environmentg51, 52] polar regions[53] and

pristine cave$54].

Another method ofdeNB LI A O G Ay 3 Aaz2ftl S aONBSyAy3a A
predicted that less than 1% of microbes have been cultured in the laboratang disnited

growth medium conditions do not support the growth 6fK S Wdzy Q dzfY'lh @&RING
aSiK2Ra KI @S RS@St2LISR (2 adzZJl}2 NI Wdzy Odz
mimicking the natural environment. This includdse growth of monocultures with
exchange of native nutrients via sepgrmeablemembranes, the use of eculture, the
addition of native growth factors anthe use of anoxic or nutrient limited conditiofis5-

58]. The growth of the previously unculturabpeoteobacteriakleftheria terragesulted in

the identificationof the antimicrobiateixobactin whichis an effective treatment of MRSA

in vivo[59].

Aside from thescreening of novel and exotic microbial isolates, a great proportion of
modern drug discovery is genorded. Natural product bisynthesis genes areften
clustered together and transcriptionally linked in biosynthetic gene clusters (BA@s).
first two Streptomycegienomes were published in the early 2000s and genomic analysis
indicated that theyboth featured 30BGCs, far exceedy the number of NPs detect¢@0-

63]. This notion of talented producer strains has been expanded to actinomycetes in
general with many generancludingSaccharopolysporand Rhodococcugeaturing large
guantities ofcryptic BGC§4]. It is now predicted that only 10% of BGCs are expressed
under routine laboratory conditiong65]. Therefore, many researchers afieding novel

NPs bybioinformatically identifying cryptic BGEs Ay | LINRP OS&aa OF tf SF
working to activate BGC expression for NP isolation and characteri$a@p67]

The development of sequencing technolodgiesdrastically reduced the price of bacterial
genome sequencing and the number of bacterial genordeposited into publicly
accessible databases has been exponentially increasing. The NCBI database currentl
contains over 460,000 prokaryotic genomeds which38,000 are actinomycete©ne of

the most widely used genome mining tea$ theWl y (i A 0 AsRdorid&@yimetalybliRe

'yl feaAra ak Svhichanddenfifyy X1{ddfergntl types of BG&sm genomic
data[68]. AntiSMASHbredicts the function of query sequence gene products by sequence
alignmentand the identification of conserved domaijrend also predicts accessory genes
and cluster boundarie69].



Once a cryptic BGC has been bioinformatically identiffexte are many different reported
methods for the induction oBGC expressioerhaps the simplest & (1 KS Why S
alye [/ 2YLRdzyRaQ 6 h{ehy dsinglestiain)RytonKuEder gv&(i€NJ
conditions (includingmedia composition, pH, temperature, oxygenatitevels vessel
typesand cacculture) [70]. This is considered t@sult in varied transcription, proteome
and therefore metabolome states in a single strain dras been widely reported to
activate theexpression of cryptitungal and bacteriadBGC¢$71].

Further, precise genetic manipulation can induce cryptic BGC expreds@ninstance,
negative regulators may be knocked out or positive regulators overexpressed, &itaer
global or pathwayspecific leve[72]. Engineering of ribosome genes has also resulted in
enhanced secondary nabolite production[73]. In the case of anative producer with
limited genetic tractability, heterologous expressiasing | W3 dzLISNK2aGQ a
favourable.Several cloning methods have been developedtier capture of BGCs up to
60-100 Kb in sizeand their conjugation into heterologous hosts[74]. Superhost
Streptomycesstrains have been engineeredfor enhanced secondary metabial
production by the removal of known BGCs and +essential genef/5-77]. Heterologous
expression also has the benefit of being able to introduce a stoongtitutive promotor

to drive NP biosynthesignd enhane compound titre [78, 79] This heterologous
expressiorapproachhas led to the expression of cryptic B&@sdthe characterisation of
novel NP$72, 80]

1.5 Non-Ribosomal Peptides

NonRbosomalPeptides (NRPs) ar@ major class of NRRat are biosynthesised biarge
multimodular enzyme complexes callddon-Rbosomal Peptide Synthetases (NRPSS).
NRPSsre organised into mdules, which areeach made up of three cordomains:an
adenylation (A) domain, a condensation (C) domain and a peptidy! carrier protein (PCP). In
linear NRPS systemsich module incorporates a single amino acid residue into the NRP.
NRP biosynthesis proceeds with an A domain specifically adenylating awatiag an

amino acid residue. This is then loaded onto thphbsphopantetheine arm of the PCP
domain and shuttled to the C domain. The C domain catalyses the condensation of the
tethered amino acid residue to the nascent peptide chairthe preceding madule via

amide bond formation[81]. Each module may ascontain tailoring domains which



catalyse specific modifications, such as epimerisation or oxidation. The final module
features a terminal thioesterase Bl domain which catalysethe offloading and/or
macrocyclizationof the NRP Final modification and aturation of the NRPmay be
facilitated by other tailoring enzymes encoded in the BGC.

Canonical protein synthesis is limited to ttveenty regularproteinogenic amino acidsf
which corresponding transfer RNA molecules (tRNAs).d&x@tiever, NRP biosyresis is
not limited in this way and the adenylation domains may be specific teproteinogenic
amino acids, of which there are over 58Ramples.It is common foran NRPS BGC to
encode enzymes for the biosynthesis of mmoteinogenic building blocksrdm
proteinogenic amino acids ather primary metabolite$81]. Further, there is variability in
the NRPS$nediated and postNRPS modifications of these residues anddpeisation of
off-loaded peptide backbones. These factasult in the huge structural diversity of NRPs

The actinomycetes are some ofetimost prolific producers of NRP NPs, where the large
structural diversity of NRPs supports a wide range of bioactivities which enhance the
competitiveness of the bacteriunfror exampleS.coelicolorproduces coelichelin, BRP
which is produced under iron deplete conditions and functions as a siderogbp&2]
Further, Streptomyces scabieand Sreptomycesacidiscabiegproducethaxtomin Aas a
virulence factor for the phytopathogenesisaimmon potato scaf83, 84] Actinomycete
NRPs are nobnly impotant specialised metabolites for the enhancement of ecological
fitness of the producingtrain, but many havealso been approved as drugs. For example,
severalStreptomycestrains producehe NRP antibiotics vancomycin and dactinomycin,
and Actinomyces antibioticuproduces theNRP anticancer agent dactinomy¢8b, 86]
(Figure3). Of the currently marketed drugs, nearly 30 are NRPs, which translates to a value
of hundreds of millions of dollars to the pharmaceutical indusaj.

NRP BGCs are also attractive targets for genome mining as the well characterised anc
repetitive nature of the multi-modular NRPS complex is effectively identified
bioinformatically. Further, the identity of incorporated amino acid residues can be
predicted by consideration of the adenylation domain sequerj8&s 88] The functional

and chemical diversity, along with the relative ease of bioinformatic identification, make
NRPs an attractive target for genontéxl drug discovery and the identification of ndve
classes of bioactive NPl this project, the biosynthesis of two actinomycete NRPs
(actinonin and the matlystatins) are investigated.
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Figure3. Structures of clinically relevant naibosomal peptides. Producer strainfug) type and year of
approval by regulatory authorities are denoted.

1.6 Actinonin

Actinonin was isolated fronstreptomycessp. NCIMB 8845 in 1962, by Gordon and
colleagued89]. Actinonin was characterised as an antibiotictive against both Gram
positive bacteria and Gramegative bacteria, at a minimum inhibitory concentration (MIC)
ranging from 20100 >g/ml. Moreover, thein vivotoxicity of actinonin proved to be very
low, with no toxic effects occurring in mice up400 mg per kg of body maf&9]. In 1968,
Attwood determined that actinonin exerts its antimicrobial effects in a bacteriostatic
manner[90]. The structure of actinonin was determineq tR and UV spectroscopyd
mass spectrometry (MSfrigured) [91].
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Figured. Structure of Actinonin.

The same group went on to develop a ser@ actinonin derivatives of various structural
permutations, including various stereoisomers, the removal of the pentyl side chain and
the addition of branched and unbranched hydrocarbon side chains at various fOgites
95]. Structure activity relationship (SAR) analysis of these actinonin derivatigggested

that the antimicrobial activitywas conferredy the hydroxamic acichoiety [96, 97]

A speific molecular target of actinonin was identified in 198%Bkeuchi and colleagues
isolatedactinoninfrom bacterial culture fractions during the screenfiogaminopeptidase
M (APM)inhibitors. This interaction was characterised and actinonin was detesio be

a potent APMinhibitor (K = 170 nM)[98]. APMis a membranebound zinedependent
metalloproteinase expressed on the surface of human kidney larain cells which
preferentiallycleaves Nerminal amino acids from oligopeptid§s9].

Having determined that actinonin weable to inhibit the metalloproteinase APNhe
activity of actinonin againsbther metalloproteinases were also characteriséd®PM is a
member of the enkeph@ase family of metalloproteinases which are important for
regulating the pain response ihumans The enkephalins are pentapeptide ligands
localised to the central nervous systaemmich bind to opioid receptors and activate pain
inhibition pathway4100-106]. Enkephalis have been considered as analgesic (pain killing)
drugs however the analgesia rapidly dissipates in 10 minutes in rat m¢t@r, which
was attributedto the degradation of enkephalins by enkephalinase proteéhasinonin was
found to inhibitthree enkephalinase metalloproteinases at <M G values[108-111]
and the ceadministration ofenkephalin and actinonin to mice extended the analgesi
effect by approximatey 50% [111]. Therefore, these are further reports of actinonin
inhibiting metalloproteinasesand having an effegh vivoat nontoxic concentrations.

10



Actinonin has also been reported btave an antproliferative effect upon tumour cell$n
vitro human breast cancer cdihes grown within collagen gels, werghallenged with
actinonin (20 >g/mL) and somehad completelyabolished tumour cell proliferatiofi12].
This observation was further rationalised thg actinonirsensitive cancer cell lines were
overexpressing gelatinasegereas actinonirresistantcancer cell lines lacked gelatinase
activity [112]. The antiproliferative effect of actinonin was also testéd vivowhere the
treatment of actinonin doubled the survival of mitansplanted withleukaemiacellsby
reducing the tumour growth ratgl13]. Therefore, hese data were the first to suggest that
actinoninhas an antproliferative effect on some types of human tumour cells.

Also,the observationthat cells overexpressing gelatinasesre more sensitivesuggests
that actinonin may inhibigelatinases. This is the first indication that actinonin may inhibit
matrix metalloproteinases (MMPs), whicheaa group of proteins that work in concert to
remodel the extracellular matrix (ECJ)L4]. There is a huge body of work researcHimg
role of MMPs intissue remodelling durindiuman development[115, 116]and the
development of disease including cancer development and metastas[¢17-121]
inflammatory diseasg[122, 123]Jand vascular diseasssich astrokeand atherosclerosis
[124-127]. Therefore,this frames actinonin as a potential awgtincer drug andlludesto
actinonin having more diverse therapeutic valumweverfurther work was required to
determine whether actinonin was able to inftilany other MMPs

It was not until 1999, nearly four decades after the initial discovery of actinonin as an
antibiotic, that the antimicrobial mechanism was elucidated. Duriing screening of
compounds which may be able to inhibit the peptide deforragléPDF) enzyme, actinonin
was highlighted128].

PDF is involved in bacterial protein synthe$iggure5), where only the initiator tRNA
(tRNA), harbouring a formyhethionine residue (fMet)can initiate translation. The process

of formylation/deformylation is well understood. Firstlyhe formyltransferase (FMT)
enzyme uses the ZXdrmyltetrahydrofolate (16fth) formyl donor to formylate the
methionine bound to the initiatotRNA (MeitRNAYeY) to generate fMettRNAVet [129,

130] The fMettRNAVet initiates translation, forming a growing polypeptide with an N
terminal formylmethionine residueThe PDF enzyme localises to the exit of the ribosome
and catalyses the pogtanslational deformylation of theolypeptide by cleaving the
formylmethionine amide bond131]. The structures of various PDF protelmsve been
determined and each feature a catalytic metal ion which is essential for hydrolysis of the
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formylmethionine amide bond, with examples wbn, zinc and nickedlependent PDFs
[132-134].

10-fth

FMT

Met-tRNAMet fMet-tRNAMet r\;\.rv\
Initiation of
translation ‘L"L’b LL“

Figure 5. Schematic of formylation/déormylation during bacterial proteinsynthesis. Blue denotes
methionine, whereas red denotes formylated methionine. tRI¥A= initiator tRNA (antcodon specificity to
methionine); 16fth = 10-formyltetrahydrofolate FMT = formyltransferase; PDF = peptide deformylase.
Adapted from[135].

The screening of a chemical library usidgldF assay led to the identification of actingnin
which transpired to be the most potemtatural PDF inhibitorever described with a sub
nanomolarlGo against thekE. coliFePDF enzymim vitro[128]. To further characterise the
antimicrobialeffect of actinonin, theE. coliPDF gene was put under the control of the
arabinose inducil@ promotor Bap There was a positive correlation between arabinose
concentration in the media and the actinonin MK28], demonstrating that actinonin was
exertingits antimicrobial effects by inhibiting PDFhe crystal structure of actinonin bound
to E. coliPDF was published shortly aftend clearly indicatebidentate coordination of
the catalyticzinc ion by the two oxygen atoms of the actinonin hydroxamateigf@36]
(PDB:1G2AFigure6). Therefore, actinonin inhibits PDF activity by occupying the active
site and preventing the entry of formylmethionindhe development of actinonin and
actinonin derivatives as antimicrobial drugs is explored in the following settéh
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Figure6. Crystal structure of actinonin bound E coliPDF. Surface of PDF shown in green. The active site
catalyticnickel ion is show in red. PDB:1G2A.

Other varied bioactivities have also been described for actinoAgtinonin has anti
malarial function, as it can inhibit a membrane metalloproteinasesent on the apicoplast
(organelle involved in lipid synthesis) of the causative agent of malBtesmodium
falciparum[137, 138] As such, actinonin can immediately halt apicoplast biogenesis and
cause the death of the parasif&39].

Actinonin has also been implicatedrieducingacute renal failurd ARF), which is the loss

of kidney failure which occurs in 20% of critically ill patients and has a mortality rate of 70%
[140]. ARF can be caused by the ischemia/reperfusion (the loss and then recovery of blood
suppl to kidney tissue) or sepqi$41, 142] Meprins are metalloproteinases present on
surface of kidney tubules which have been implicated in the pathology of[B3f
Actinonin is able to tightly inhibit the meprins; &20nM[144]) - thus decreasing kidney
damage resulting from ischemia/reperfusi¢h45, 146]and seis [147, 148]in mice
models Therefore, actinonin offers a novel method of treating both ischemia/reperfusion
inducedand sepsisnduced ARF.

This same meprin protein has also been implicated in the pathology of atherosclerosis, as
it can metabolise vasoactive peptides. In a mouse model of atherosclerosis, treatment with
actinonin decreased the plaque volume and supressed lipid depositionaticcarteries,

thus exerting a protective rold.49]. Further, the meprin inhibitory activity of actinonin has
been correlated to a decrease of pulmonary edema in a murine model of acute lung injury
but a mechanism has nogelen investigated150].
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Theefore, actinonin is of scientific interest due to its hydroxamic acid grauuch
mediates the inhibition of a wide range of metalloproteinases and thus confetsrdoer
of bioactivities which may serve a therapeutic function.

1.6.1 Development off herapeutic Peptide Deformylase Inhibitors

Peptide deformylase inhibitors (PDFggre considered to be very interesting leads for
antimicrobial drug developmerhroughout the2000s This was supported by reports that
PDF activity was essential for baal survivalpresent in all bacteriand thatnon-toxicity
was guaranteed as no mammalian PDF counterparts had been des¢fibéd53].
Actinonin may have been the most potent PFVitro, however ithad limitedactivityin
vivodue to poorbioavailabilityj154] and being rapidly exported by efflux pumfks5].

There was therefore considerable interest in derivatising actinonin to enhance
bioavailability for use as a therapeutic antimicrobial compouruttherstructuralreports

of PDF proteins in complex with actinonb56] along with existing understanding of
metalloprotease inhibition allowe the development of ayeneric PDFI skeleton which
featured a terminalpharmacophore for the metal ion chelation and a peptide backbone
mimicking the formylmethionine PDF substrdkégure7) [151].

OH 0]
HO\ N\)LN - H/2
= 0 Ry

N
H :
o /_\
Actinonin Generic PDFI backbone
Cl)H H @]
0]
N N 0
O|r ! \_)kT/ HOL N—_/U\O/l<
N -
TS ¥ 1IN
BB-3497 VRC3375

Figure7. Structures of actinonin and firgieneration PDF inhibitors
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Two PDFIs within vivo activity were developedy applying this logic to the synthetic
development of chelatobased chemidalibraries BB3497features a seD f f SR WNXE
hydroE | Y'I (i S (FiguteN)Rrdistdongly inhibitedE. colNi-PDF with an kgof 7 nmand

had sufficient bioactivity for the complete treatment of mice infected witiaphylococcus
aureug[136]. Extensive derivatisatioof BB3497 and SAR analysis indicated th&trminal
hydroxamic acid (alike actinorjinncreased the potency to anstfCof 1 nM whereas
modification of the peptide backbone portion of the compound did not enhance potency
[157-159].

Using similar methodology, VRC3375 was identifwtti strongin vitro Ni-PDF inhibition
with an 1Gp of 4 nM [160] (Figure7). VRC3375 offered sufficient bioavailability the

curing ofS.aureusinfection in mice angbroved to have low toxicity with tolerationp to

400 mdkg with no adverse effectgl60]. These studies all indicate th#te pentyl chain
andthe hydroxamate metathelating group are important moieties for a PQIFE1].

There was interest in the pharmaceutical industry in developing these types of PDFlIs for
clinicaluse.A considerable quantity alerivatised variant®f the generic PDFI backbone
were synthesised and tesd. Novartiswere developing/IG104959(Figure8), whichwas
effective against multidrug resistant clinical isolafg82] andenteredphase klinicaltrials

as an oral antibacterial ageni63]. However some adverse effects have since been
reported [164]. Oscient Pharmaceuticals were developing-8B98 (Figure 8) which
passedphase Iclinical trialswith no significant adverse effectgpon intravenous infusion
[163, 165] However, both of these compounds were discontinued after phadical

trials.

Glaxo Smith KlineGSKdeveloped the GSK1322322 PIHgure8) for intravenous and
oral treatment of acute bacterial skin infections, which proved effective agamidrug
resistant bacterial isolatgsncluding MRSA) vitro[166, 167] GSK1322322 proved to have
good pharmacokinetics and tolerability in the phase | clinical [itié8-170]. GSK1322322
was also subjected to a phase Il clinical tiewever had worse side effects, withdrawal
symptomsand clinical success rates as compared to the standard antibiotic tesdtm
linezolid[171]. There were also ptdems with potentially reactive metabolit¢s72]which
led to the discontinuation of GSK1322322 development.

15



[ll o (.I)H H 0
I( O ~ F N N\)J\N 0]
APSSegN g sqeves
//T\\ 0
VIC-104959 BB-83698

o]

L)
F
OH N
H N
| N\ /(/J\‘/ \/I
N |
j/N

H N
GSK1322322

°=\

Figure8. PDF inhibitor¢hat reached clinical trials.

Compounds featuring the hydroxamate group (e.g. VRC3375) and those featuring the
reverse hydroxamate group (e.g. BB97, VI€EL04959, BEB3698 andGSK1322322) all
show good efficacyin vitro and have good bioavailabilityn viva Therefore, the
development and characterisation of chemically related compounds is of interest.
Although no PDFI has been approved for clinical use, they represent a has®lof
antibiotics withacompletely uniquenode of action Therefore, they would not suffer from
crossresistance against existing classes of antibiotics and thus represent important lead
compounds for tackling multidrug resistant bacteria.

However,the prevailing notion that PDFI drugs represented a perfect antimicraloigg
solution were soon curtailedeukaryotic PDF proteins were identififld’3, 174] firstly in
plants where they wereharacterised as being essential &oroplast protein processing
[175177]). Then, the human PDF homolog (HsPDF) wiastified [178, 179] and
characterisedas beingessentialin mitochondrial protein processing180-182]. This
weakenedhe notion that PDFIs would be entirely specific to bacteria and therefandd
offer little-to-no toxic side effectsHowever, here are reports of structural differences
between bacterial and eukaryotic PDF proteiBscterial PDF proteins kaa wider active
site pocketwhich allowsthe entry of bulky inhibitors whereas the HsPDF protein has a
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narrower active site pocketl80, 183] Therefore, bulkyPDFIs specific against bacterial
PDFs have been rationally designed, includinigydroxamatecontaining bromoindole
compound(termed 8bQ Figure9) which wasas potent as actinonin againsacterial PDF
but was13,000x more potent againsiacterial PDF compared to HsPDBWitro [184].

@]
—OH
Br m
N\
N
H

Compound ‘6b’

Figure9. Compound '6b' developed as PDFI selective against bacteriahB&yted from[184]

Another hurdle with PDFI developmenti® development of antimicrobial resistance. The
development of PDFI resistance was originally considered impossible as tmecli2fed
deformylation of translated polypeptides was considered essential for protein synthesis.
However,PDFI resistance cdre gained bydeveloping inactivating mutations in the FMT
gene, which formylates the Ma&RNAMe! prior to translation. Strains lacking FMT activity
are resistant to PDF inhibition as PDF is no longer essential for proteins synthedassThis
of FMT #@inction leading to PDFI resistance has been observe®aidillus subtfis,
Pseudomonas aeruginosd. aureusnd Salmonella entericfl85-189]. Mutations in the

IF-2 initiation factorcan also allow formylaticindependent translation, as observedin
aeruginosaand Salmonella typhimuriurfi90, 191] FMT bypass mutanis P. aeruginosa
have also been demonstrated ifoacrease expression of efflux pumps for gagort of PDFIs
[192]. Resistance gain via modification of the target has been observ&tr@ptococcus
pneumoniaenvhereby mutations in residues involved with catalytic metal ion coordination
in the PDF proteirresulted in reduced growth rate but enhanced resistance against
actinonin[193]. Thereforethere are several reporteBDFI resistace mechanisme either
formylation-independent translation by bypassing FMT activityodification of the PDF
target or the expression of efflux pumps. Nevertheless, PDFIs represent a novel mode of
antimicrobial activity which suggests that there walibe no crossesistance with current
antibiotics.
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Another of the fundamentabssumptions of PDFIs has also been underminedhby
discovery of eukaryotic PDF proteins. Originally, PDFIs were assumed to be absolutely
selective for bacterial PDHAdoweverthe HsPDF proteiwas identified and determined to

be essential for mitochondrial protein processi#82]. Therefore, PDFIs have some
cytotoxicity[113, 179]and this may contribute to the moderate siekffectsobserved in

the clinical trials of PDFIs as antimicrobial agents.

However, this PDFI cytotoxicitpay also contribute to the anproliferative activity of
actinonin against human cancer cells, which had previously been attributed to MMP
inhibition[112]. It has been reported that the inhibition of HSPDF results in the degradation
of respiratory function and ATP lev¢l®4]and leads to cancer cell death95]. Indeed,a
group of actinonin derivatives were screened against varied huoaacer cell lines and
only the derivatives that showedn vitro activity against HsPDF werpotent
antiproliferative agents[182]. This positiondHsPDF as an interesting novel target for
anticancer drugshsPDHas been identified to be overexpressed in breast, colon and lung
human cancer lines and treatment with actinonin reduced cancer cell proliferft@si.

In a recent study, actinonin derivatives were developed for the optimisation of HsPDF
inhibition in HSPDF overexessing cancersThis led to the identification of compound

W m p (Figure 10) which suppressed several human cancer cell linegitro whilst not
inhibiting the growth of a normal cell liN@97]. This compound was alsolerated well in

vivo, demonstating minimal side effects angupressing tumour growth by 729497].
Therefore, there is renewed iatest in the development cdctinoninlike hydroxamate
containing PDFIs for use as anticancer agents.

Thereis alsoa recentreport of using actinonin directly as an antiproliferative agent by
overcoming its poor bioavailability characteristiégtinonin was bound to polymer via
the hydroxamate group to form an inactive pdougconjugatewhich should slowly release
free acthoninin the body[198]. When injected into mice infected with metastatic cancer
cells, the actinonigpolymer conjugate inkited the metastatic spread of cancer whereas
free actinonin was unable §d.98]. This study attributed the inhibition ahetastasigo the
inhibition of MMPand did not investigate a direct cytotoxic effect of HsRiMibition.
However, this represents an interesting methodesfancing the bioactivity of actinonin
and deserves further investigation in the future.
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Figurel0. Compound15m developed agnti-cancerPDFI selective againds?DFAdapted from[197]

Therefore, there is lots of interest in the literature for the development of actinonin
derivatives and hydroxamateontaining PDFI®evelopments in the rational drug design

of compounds active against bacterial PDF arattive against HsPDF hadlowed the
development of effective PDFI antimicrobial agents. On the other hand, PDFIs designed for
the specific inhibition of HSPDF have proven to be potent and selective antiproliferative
agents when used against cancers overexpressing HsPDRh&disswill investigate the
biosynthesis of actinoniand the characterisation of a natural produeaturing a similar
warhead moiety

1.7 The Matlystatins

The matlystatins are a group of natural products whacé of interest as they also feature
the same Nhydroxy-2-pentyl succinamic acid group as actinoniie matlystatins are
rather underexplored as natural productgth considerably less research compared to
actinonin. Therefore, it is possiltieat the entire range of bioactivities that the matlystatins
possess has yet to be uncovered.

The matlystatins were discovered in 1992 during a screening of bacteria fermentation
extracts, as type IV collagenase inhibit§t99]. The producer strain was identified as
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Actinomadura atramentarigdSANK 61488) by considering its colony morphology, cell wall
composition and physiological propertig99, 200] It was found to produce five structural
congeners of matlystatin (designated A, B, D, E afig)rel1) [199].

The structure and stereochemistry of matlystatin A and matlystatin B were both
unambiguously determined by thesynthesis. The synthesised compounds had identical
mass spectra, NMR spectra and specific rotation to the natural matlysfaiis 202] The
remaining structural congeners; matlystatins D, E and F were structurally characterised by
tandem MS and 2D NMRigurel11) [203].

Matlystatin A was determined to be able to inhibit collagenase (MNP vitro with an

IGo of 0.56>M [204] and was also able to inhibit APN with approximately equal potency
to actinonin[205]. Alike actinonin, the metalloproteinase inhibitory activity of matlystatin

A was attributed to the hydroxamic acid group chelating the catalytic metal ion. There is
some limited evidence that matlystatin A may have anticancer activity, as it was able to
inhibit the invasion of human fibrosarcoma cancer cells into a basement membrane
analoguen vitro[204].
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Figurell. Structure of matlystatin congeners.

-

There have been several SAR studies conducted upon the matlystatins and their derivatives
in order to improve their efficacy. For example, Sugimura and colleagues demonstrated
that by altering the pentyl side chain there could be more favourable stergrantions

with the target metalloproteinase, leading to greater inhibiti@®6]. One such chemically
synthesised derivativéeatured a nonyl side chain and boasted ag &€ 1.2 nM against
MMP-9 ¢ a potency 475x greater than matlystatinZB)6]. Another group generated ten
different stereoisomers of matlystatin B and tested their inhibition against collagenase,
whichdetermined that the most effective configuration was that of matlystatif2@&2].
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1.8 The BioactiveNarhead Group

It is known thatthe bioactivities of actinonin and the matlystatins are conferred by their
hydroxamic acid. In particulathe potent PDFI activity of actinonin [sing actively
researched for the development of antimicrobial and anticamagents.

However, up until recently very little was known about the biosynthesiactinonin and

the matlystatins.Considering the structussof actinonin and the matlystating-igure12),
they both feature the Nydroxy-2-pentyl succinamic acid group (which will hereinafter be
NEFSNNBR G2 Fa duk® itsidd iNBrSlingRiee adiveBitzimetal of
metalloprotease$. The warhead group contains the terminal hydroxamic acid moiety
which is known to confer the bioactivity of these two molecules.

Taking a closer look at thEseuddripeptidic structues of actinonin and the matlystatins
(Figurel?) gives an indication as to their biosynthesis. The structure of actinonin consists
of the warhead grougondensed to a valine and proline residwehich undergoes further
modification) The structure of the matlystatins consists of the warhead group condensed
to a piperazic acidanisoleucine and a variable portion ¢RFigurel?2).

Actinonin Matlystatin

OH
0 \ H
H HO\ N N /4 RZ
N
HOL N \)t H
M TN 0 0
0o /_\
N-hydroxy-2-pentyl Valine Proline N-hydroxy-2-pentyl Piperazic Isoleucine
Succinamic Acid Succinamic Acid Acid

Figurel2. Comparison opseudotripeptidicstructures of actinonin and matlystatif.he monomeric units
incorporated during théiosynthesis of these natural products are denoted.

Non-proteinogenic features such as the warhead and the piperazic acid residue are
indicative that the compourslare produced byNRPS systesnhowever thebiosynthesis

of these moleculediad not been rported. Further, it was unknown how the warhead
group was biosynthesised. Therefore, a collaborative project between the Truman and
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Kaysser(University of Tubingenyroups aimed to understand the biosynthesis bafth
natural products in addition to the bsynthesis of thevarhead functional grouf207].

The warhead group has also eeeported in some other bacterial compounds, including
propioxatin aad BE16627@/hich also both have metalloproteinase inhibitory actiyR98-
213]. However, he actinonin and matlystatins were selected tdraracterisation of their
biosynthesis athe producer strains were readily available.

1.9 Actinonin and Matlystatin Biosynthetic Gene Clusters

A candidate matlystatiBGCGwvas identifiedin Actinomadura atramentariddSM 43919, a
native matlystatin producemy searching for a suitable NRPS BGC within its ge[Riiig

This BGC features a NRR#3yketide synthaseRK$system and ethylmalomy@oenzyme A
(EMC) pathwajike genes(Figure 13, Table 1). The native producer of actinonin,
Streptomycesp. NCIMB 8845 wagquencegand the genomeanalysed using antiSMASH.
Thisidentified a putative actinonin BGC which again featured a NRPS system and an EMC
like pathway(Figurel3, Table2).

With the putative BGCs ofwo warheadcontainng natural producd having been
identified, the genes could be comparéedorder to suggest which genes ara/olved in
warhead biosynthesi@~igure13). Note thathomologs ofmatQ and matRare not present

in the putative actinonin BGC but highly similar homologs (>70% similarity) are present
elsewhere in theStreptomycesp. NCIMB 8845 genomactM andactN, respectively).

Matlystatin | A )| B C D EF»HI J K L M N -PQR

<> l

Actinonin A B C D E F G H I ] K oL :M N
1

Warhead Acyl-CoA Regulation +
Biosynthesis NRPS » PKS » dehydrogenase Transport

Figurel3. Schematic overview of the migistatin and actinonin biosynthetic gene clusters (B&enes are
classified into functional groups, based on their predicted functamiM and actN are not present in the
actinonin BGC and are instead found elsewhere in the genome.
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Tablel. Details of proposed matlystatin biosynthesis gerdse size of each gene product is denoted. For

each gene, the most homologous characterised protein was identified by BLAST analysis. The accessior

number, percentage identity and function thfe homolog is annotated.

Gene | Size Protein homolog Accession Identity Predicted function
(aa) number (%)

matA 392 | TUE45_03041, Streptomyces Cuwz28310.1 45 AurF-like N-oxygenase
reticuli

matB 482 | GA0115244 12547, SCE40150.1 77 Methylmalonyl-CoA mutase, N
Streptomyces sp. DvalAA-19 terminal domain

matC 618 | BEO4_36800, Sorangium KYF49978.1 52 Asparagine synthetase B
cellulosum

matD 429 | SAMNO5444320_112113, SHG70271.1 61 L-ornithine N5-oxygenase
Streptoalloteichus hindustanus

matE 139 | DFR75_10426, Nocardia ignorata | TDP37676.1 72 Methylmalonyl-CoA epimerase

matF 233 | DVA86_13415, Streptomyces AXK33500.1 51 FMN-binding negative
armeniacus transcriptional regulator

matG 547 | EO071_02185, Myxococcaceae RYZ43788.1 44 Acyl-CoA dehydrogenase
bacterium

matH 421 | 0QI_27585, Streptomyces 0S757397.1 35 Non ribosomal peptide synthetase
pharetrae CZA14

mat/ 97 | A3L23_04981, Rhodococcus AMY56279.1 44 Non-ribomsomal peptide
fascians D188 synthetase. Ppant attachment site

matJ 522 | ABE83_07175, Streptomyces sp. ALC31766.1 65 Amino acid adenylation protein
CFMR 7

matK 605 | GAO070563_12811, SCF50255.1 32 Non ribosomal peptide synthetase
Micromonospora carbonacea adenylation

matlL 448 | SAMN06272789_5495, SOB85221.1 71 Crotonyl-CoA
Streptomyces sp. 1331.2 carboxylase/reductase

matM 204 | BCF44_114157, Kutzneria REH38132.1 53 ArsR family transcriptional
buriramensis regulator

matN 521 | ABS94_17420, Variovorax sp. 0ODU15778.1 34 MFS transporter
SCN 67-85

matO 1549 | mscl, Sorangium cellulosum AHB82059.1 45 Non ribosomal peptide

synthetae/polyketide synthase

matP 313 | Snas_4057, Stackebrandtia ADD43709.1 46 Thioesterase
nassauensis DSM 44728

matQ 136 | CO540_15495, Micromonospora AT015060.1 87 Methylmalonyl-CoA mutase
sp. WMMA2032

matR 417 | DVA86_20870, Streptomyces AXK34738.1 61 Methylmalonyl-CoA mutase-
armeniacus associated GTPase MeaB
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Table2. Details of the proposed actinonin biosynthesis gefié® size of each gene product is denoted. For
each gene, the most homologous characterised protein was identified by BLAST analysiethmrac
number, percentage identity and function of the homolog is annotated.

Gene | Size Protein homolog Accession Identity Predicted function
(aa) number (%)

actA 678 | B1H18_00560, Streptomyces OON82982.1 63 CocE/NonD family hydrolase
tsukubensis

actB 554 | ADK88_20190, Streptomyces sp. KOU05014.1 69 C4-dicarboxylate ABC transporter
NRRL F-2295

actC 152 | ACZ90_58010, Streptomyces KUJ64477.1 72 Methylmalonyl-CoA epimerase
albus subsp. albus

actD 481 | GA0115244_12547, SCE40150.1 70 Methylmalonyl-CoA mutase, N
Streptomyces sp. DvalAA-19 terminal domain

actE 1589 | DMF65_11600, Acidobacteria PYS97535.1 39 Non-ribosomal peptide synthetase
bacterium

actF 442 | SNL152K_6626, Streptomyces sp. GCB49292.1 68 Crotonyl-CoA reductase
NL15-2K

actG 1027 | C4J99_2447, Pseudomonas AZE78232.1 32 Non-ribosomal peptide synthetase
synxantha

actH 505 | ASL14_11480, Paenibacillus sp. ALP36685.1 42 Non-ribosomal peptide synthetase
IHB B 3084

actl 340 | TUE45_03041, Streptomyces CUW28310.1 49 AurF-like N-oxygenase
reticuli

act) 619 | BE18_19210, Sorangium KYF89188.1 53 Asparagine synthetase B
cellulosum

actk 463 | WSS_A32995, Rhodococcus EKT78339.1 41 Amidase
opacus M213

actL 203 | H181DRAFT_05163, SCK55771.1 37 TetR family transcriptional
Streptomyces sp. WMMB 714 regulator

actM 137 | DVA86_10075, Streptomyces AXK32946.1 90 Methylmalonyl-CoA mutase, small

(pred.) armeniacus subunit

actN 327 | DVA86_20870, Streptomyces AXK34738.1 88 Methylmalonyl-CoA mutase-

(pred.) armeniacus associated GTPase MeaB

Both the putative actinonin and matlystatin BGCs contained genes which were homologous

to genes previously shown to constitute tle¢hylmalonylCoA(EMQ pathway. The EMC

pathway is utilised by proteobacteria and actinobacteria for acetate assimilation when they

do not have the capability to perform the glyoxylate pathwag4, 215] Preceding the
EMC pathway, two Ceéctivated acetate molecules are enzymatically transformed to the
CoAactivated C4 acid, crotongoA.

The EMC pathway preeds by the carboxylation of crotor@ZloA by the crotonyCoA

carboxylase/reductase

(CCR)

enzyme,

to produce -gdgdmalonylCoA. The

stereochemistry isinverted by the ethylmalonylCoA epimerase to produce (2R)
ethylmalonylCoA. The ethylmalom@oA muase alters the carbon backbone by shifting
the carboxylic acid group from the alpha to beta carbon position, to produce
methylsuccinyCoA Figurel4) [216]. Following the EMC pathway, the methylsucci@glA
is ultimately converted to glyoxylatend enters central metabolism.
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Figurel4. The ethylmalonyCoA (EMC) pathwaybbreviations; crotonyloA reductase/carboxylase (CCR),
ethylmalonylCoAepimerase (epimerase), ethylmalor@bAmutase (mutase). Adapted frof@16]

The EM@ike genes were candidate warhead biosynthesisegeas they are present in both
the actinonin and matlystatin BGCsvhere they maycatalyse the carboxylation,
epimerisation and carbon backbone rearrangement of -@otivated short chain

unsaturated carboxylic acid$he asparagine synthetase anebklygerase genes are also
present in both BGGadwere therefore alsocandidate warhead biosynthesis genes.

Leipoldt and Sante8berturaset al. proposedthat the warhead biosynthesis pathway
(Figurel5) starts with the CoAactivatedtrans-octenoylacid, which is carboxylated at the
alpha position by the CCR to producetzgylmalonyCoA. The acyCoA epimerase alters

the stereochemistry toyield 2RhexylmalonylCoA. This enables the a€bA mutase to

shift the CoAbound carboxlgroup from the alpha to beta position, producing-2fgentyl
succinydCoA. This is then amidated by the asparagine synthetase and then oxygenated by
the N-oxygenas to yielda N-hydroxy2-pentylsuccinamic acyCoA (warhead) moiethat

could be incorporated into the molecule via the NREY].

In order to go about ratifying this putative warhead biosynthesis pathway, a stable isotope
labelling experiment was conducteoly Leipoldt and SanteAberturaset al. [1,2,3,4
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13Cj]octanoic acid was fito the actinonin native producer straiStreptomycesp. NCIMB
8845. This labelled substrate was predicted to be convertadvoto 2EoctenoytCoA. By
considering the chemical transformations and carbon backbone rearrangements proposed
in the putative pathway, the eventual position of the labelled carbons in the actinonin
product was predicted. This feeding experiment was conducted and the labelled actinonin
was isolated and structural characterised BYC NMR. The labelled carbons were
incorporated & predicted[207], thus supporting the proposed warhead biosynthesis
pathway(Figurelb). It is possible that some of these transformations occur at a later stage,
althoughdeletion of the Noxygenase gene iBtreptomycesp. NQVIB 8845 completely
abolished actinonin productiof217], which is consistent with an earfyage biosynthetic
step.
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Figurelb. Proposed biosynthesis pathway ofiydroxy-2-pentylsuccinamic acitarhead' groupCCR =
crotonyFCoA carboxylase. Adapted frd207].
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Leipoldt and SanteAberturaset al. also investigated matlystatin biosthesis in general
(Figure 16). They proposed that the first module of the NRPS/PKS system adenylates
piperazic acid and condenses it to the warheat.nfdule 2, isoleucine is specifically
adenylated loaded and condensed to the pseudodipeptide. The final module is a PKS
module and is responsible for the condensation of methylmal@gA to the upstream
polypeptide. The thioesterase domain releases tpseudotripeptide intermediate
compound.

To yield matlystatin B, the intermediate compound is spontaneously decarboxylated. In
order to vyield all other matlystatin congeners, the intermediate compound is
decarboxylated by the MatG enzyme to produaereadive vinyl ketone moiety. A
nucleophile attacks the electron rich vinyl ketone moiety to produce the final matlystatin
compound (Figure 16). This hypothesisvould explain the diversity of matlystatin
congenersKigurell) andwas supported by the supplementation of tihe atramentaria
growth media with unnatural nucleophiles, which resulted in the identification of novel
matlystatin derivatives with altered ©€rmini [207].
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Figurel6. Proposed matlystatin biosynthesiBhe NRPS/PKS system produces a pseudopeptide consisting of
the warhead group, piperazic acid, isoleucine and methylmalooid. &Abbreviations; C= condensation

domain, A =

adenylation domain, PCP = peptidyl carrier protein, KS =

ketosynthase domain, AT =

acyltransferase domain, ACP = acyl carrier protdt thioesterase domain. Adapted frof207]

The work of Leipoldt and Santéderturaset al. on actinonin and matlystatin makes up

the background work for this thesis. The warhead biosynthesis pathway has been proposed
(Figurelb) and was supported by a stable isotope labelling experinfi2d]. However, a
number of important questions remain unanswered.
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1.10Thesis objectives

Objective 1 Ratification of Proposed Warhead Biosynthesis Pathway

Work is presented towards the ratification of the proposed warhead biosynthesis pathway
via its reconstitutionn vitro. This is presented in chapter 2 aihe specific objectives were
to:

i.  Synthesis and purify the proposed starting substrate, octen@dA
ii.  Purify the proposed warhead biosynthesis proteins
iii.  Developin vitroassays and KIS analysis methodology

Objective 2Identification and Characterisation of Warhe@dntaining Natural Products

The work of Trumanet al. represents the first report of putative warhead biosynthesis
genes.An analysis of the phylogenetic abundance of these putative warhead biosynthesis
genededto the identification ofputative novel warheaecontaining NFBBGCs at thend of
chapter 2 A single putative novel warheazbntaining NP BGC was selected and the strain,
Rhodococcus fascians D]18&trieved. In chapter 3, theroduct of the clusterwas
investigated, and the specific objectives wéoe

I.  Ildentifythe NP by compative metabolomic analysis
ii.  Purifythe compound
iii.  Elucidate the structurby LEMS and NMR analysis

In chapter 4, the bioactivity of this natural product is examin&€te specific objectives
wereto:

i. Determinewhether the compound exestantimicrobial activity
ii.  Determinethe mechanism of resistana& the producing strain
iii.  Determinewhether the compoundxertsin plantabioactivity
Objective 3 Structural Characterisation of a Pseudomonas Cyclic Lipopeptide
In chapter 5] contributed to a related project by isolating and structurally characterising a

cyclic lipopeptidenatural product In practical terms, this work gave me experience of NP
isdation and structural elucidation prior to the work performed for chapters 3 and 4.
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Chapter2: Ly wX ORI &G A G dzb A
t NELI2&A&SR 2FNKSIR . A2

2.1 Introduction

The actinomycete NPs actinonin and matlystatiath feature a Nhydroxy2-pentyt
succinanic acyi{CoA group Thegroup contains a hydroxamic acishoiety which confers

the metalloproteinase inhibitory activity of the compounds by chelating the catalytic metal
ion of target proteins.The optimisation of actinonin derivatives has received much
attention for the development of peptide deformylase inhibitors with antimicrobial or
antiproliferative activity.Due to this bioactivitythe Nhydroxy2-pentylsuccinamic acyl
CoAgroupsNBEFSNNBR (2 a (GKS Wgl NKSI RQ 3INERdzZLIP

However, the biosynthesis ttie warhead groupandactinonin and matlystatim general,
remained unknownln 2017, the work of.eipoldt and SanteAberturaset al. identified
candidate actinonin and matlystatin BGCs and proposed a putative warhead thiesign
pathway Figurel5) based on comparative genomifZ07]. This proposed pathway kla
been supported by an isotopic labelling experimej@07], however the specific
biochemical steps had not been experimentally ratified order toprove, or otherwise
determine, the proposed warhead biosynthesis pathway, work is presented in this chapter
towards thein vitroreconstitution of the pathwayThe first thregproposedreactions, that
of the crotonylCoA carboxylase/reductase (CCRgxylmalonytCoA epimerase and
hexylmalonylCoA mutase proteins, are considered@ihese three putative warhead
biosynthesis proteins are homologous to the knoproteins of the ethylmalonyCoA
mutase (EMC) pathwayrigurel4). However, the putative warhead biosynthesis proteins
are proposed to have unique substrate specifi@atyd process a longer fattgicylCoA
thioester with an eightcarbonacyl chairrather than the known fourcarbonacyl chairof
the EMC pathway substrate

In order to reconstitute the proposed warhead biosynthesis pathway félewing aims
were defined:
I.  Synthesis of the predicted startirsyibstrate 2-octenoytCoA
ii.  Production andurification of the proposed warhead biosynthesis proteins
iii.  Invitroreactions between the substrate and protein
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In order to develop methodology for these aims, the literature was reviewed for protei
purification and assay conditions, as detailed below.

2.1.1 CrotonytlCoA Carboxylase/Reductase (CQR}ivity in Secondary
Metabolism

The CCR enzyme was first characterised in 1995, at which time only the reductase activity
gla 1y2e6yz (Kdza Al 4124 NSRI2ND R SOQp I1a / W/w
from Streptomyces collinuand was shown to reduce crotor@bA to butyrylCoA (Figure

17), in the presence of NADPH and absence of bicarbd@a®®. This specific enzyme had

tight substrate specificity as it was unable to reduce any o#tug#CoA thioester$218].

The reductive carboxylation activity of the C&Rymewas first identified in 2007, during

a study of the metabolism é&thodobacter sphaeroidelslost bateria are able to assimilate
acetate using the glyoxylate cycle. Howewver, sphaeroidetacks vital enzymes of the
glyoxylate cycle and is still able to grow on media with acetate as the sole carbon source.
Thisled to the discovery of an independent mdtalism pathway for the assimilation of
acetate, named the ethylmalom@oA(EMC) pathwaj219] (Figurel4). TheR. sphaeroides
CCR enzyme involved in the EMC pathway was heterosbgexpressed ig. coland was
found to carboxylate crotonyCoA to ethylmalonyCoA, in the presence of bicarbonate
(Figurel?7). The CCR was shown to retain the ability to reduce crotGoklto butyryl-CoA

in the absence of bicarbonate, albeit at a tenth the rate of the carboxylation reaction,
suggesting that the choxylation reaction is the physiologically relevant funct[@d9].
Further, in the case of the carboxylation reaction the reactive carbon species was shown to
be CQ, rather than the bicarbonate itse]219, 220]

The proposed CCg&arboxylationmechanism Eigurel7) proceeds with the transfer of a
hydride ionfrom NADPH to the betearbon of theh/i unsaturatedenoyl-CoA substrate,
in this case crotonyCoA[221]. Carboxylation proceeds via the electrophilitaak of CQ
at the alpha carbon to produce ethylmalorgA. Whereas, theCCReduction reaction
proceeds by the incorporation of a solveshrived proton at the alpha carbon, to produce
butyryl-CoA[220].
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Figurel7. Mechanism of CrotonyCoA carboxylase/reductase (CORyrboxylatiorreaction shown on top
and reduction reaction showan bottom. Adapted from[221]

Although the CCR neyme wasoriginally characterisedas functioning in primary
metabolism, there are also many reports of CCR proteins involvedsecondary
metabolism CCRjenesareoften colocalised with polyketide synthases, as they have been
shown to produce derivatised extender units for the production of polyketidiésre is a

wide range ofeported CCR substrates and several examples of CCR proteins with substrate
promiscuity.

For exampleSalG is a CCR protein with substrate promiscuity whiahwveadved in the
biosynthesis of the antitumour compounds, the salinosporam[@282]. SalG catalyses the
carboxylation of2-pentenoyl-CoA and <4hloro-crotonytCoA for incorporation by the
hybrid NRPS/PKS system into salinasppaide E and A respective[223, 224]. This study
also identified that the SalG CCR could carboxylateatural halocrotonic acids, including
4-bromo-crotonate and 4fluoro-crotonate, for the production of halogenated
salinosporamide derivativeR24]. There is also a C@hkediated caboxylationreaction
involved in thebiosynthesis of the immunosuppressant tacrolimus Bieptomyces
tsukubaensis[225]. The TcsC CCR protein carboxyla@pentenoytCoAto produce
propylmalonylCoA, which is further modified to give rise to the allylmalebghA extender
unit for incorporation by a PKS module of the hybrid NRPS/PKS sjy&26ihiFigurel8).
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The CCR proteins encoded in the proposed warhead biosynthesis pathway for the
biosynthesis of actinonin and matlystatin are proposedcarboxylate 2ctenoytCoA.
There is precedence in the literature for CCR proteins with this substrate speciftugy
includesthe PteBCCR of the filipin Ill PKS clusteBtreptomyces avermilit[227], the TgaD
CCR of the sodhiuggacin A hybrid NRPS/PKS systei®arangium cellulosurf228] and
the CinFCCR of the cinfiaramide A PKS systenStreptomycesp. JS36{229, 230] Each

of thesenatural products Figurel8) has interesting bioactivitiegsfilipin Ill is a reported
antifungal[231], socethuggacin A is a reported antibiotjz32] and cinnabaramide A has
weak antitumour activity[233]. This reinforces the importance of identifying and
characterising novel natural products which are biosynthesised with-camonical
polyketide extender units.

Salinosporamide A
Salinispora tropica
Antitumour
Chlorocrotonyl-CoA

Tacrolimus
) Streptomyces tsukubaensis

. o < Immunosuppressant
—= )k[/ Pentenoyl-CoA
N
| 8w
V— rj
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e
MO,
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1 oM om oH on
SSSR% °
N N N =°
| O

,\\/‘ P NG
o K‘//A\,/*\/’ NN\ ,,,( ?

Soce-thuggacin A

Filipin 1l e . " Sorangium cellulosum
Streptomyces avermilitis Cinnabaramide A ARy
Antibiotic
Antifungal Streptomyces sp. JS360

: Octenoyl-CoA
Octenoyl-CoA Antitumour \

Octenoyl-CoA

Figure 18. Structues of NPs that are biosynthesised using crot@bgA carboxylase/reductase (CCR)
proteins.Producer strain, bioactivity and substrate specificity of CCR is denoted.

Therefore, there are several examples of octerOgA specific CCR enzymes being edilis
for the synthesis of nowanonical extender units in PKR84]. However, the proposed
function of the actinonin and matlystatin octene@bA specific CCRs is noveltlzesy
representthe direct involvement of CCR, and by extension an fiké&pathway, in natural
product biosynthesis.
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2.1.2 CCR Protein Purification anBunctional Characterisation Iin the
Literature

For this project, the actinonin and matlystat@CRproteins needed to be expressed,
purified and theiractivitiesassessedTherefore, the reported methodology of octeneyl
CoA specific CCR protein purification and characterisation was consitiergdide
experimentation.

Reports of the purification dhe octenoylCoA specifieteB and CinECR proteinexist in

the literature, and both appear to be readily expressed and soluble using standard
conditions E. coli BL21(DE3) Nterminal histidine affinity &gs and nickel affinity
chromatography[227, 230] Therefore, these reports indicate that the actinonin and
matlystatn CCR genes should be cloned with atemhinal hexahistidine tag, which is
unlikely to impede protein function.

As forliterature reports ofin vitro CCR activity assays, both of the above papers u$¢9.C
to detect the production of the carboxylated produdfonsideration of the reported
reaction conditions ingtate that 22 mM of the acyCoA substrate,-2 mM NADPH33-80
mM bicarbonate and 5200 mMTrisHCI at pH 7.5227, 230]shouldbe a good starting
point for the optimisation of reaction condition3o expandthe NADPH and bicarbonate
are cofactors required for CCR functidfigurel7). Reported CCR reactions proceeded at
30 °C overnightSeparation wasc&hieved usin@ reverse phasanalytical column with a
shallow gradient of acetonitrile or methanol against waterd detection was achieved in
both negative and positive modR27, 230] Therefore, these reportsidicate a good
starting point for the optimisation of CCR protein purificatiomyitroassay conditions and
productdetection by LEMS.

2.1.3 AcylCoA Epimerase and\cylCoA Mutase Activity in Secondary
Metabolism

AcytCoA epimerase and aegbA mutase proteins are categorised based on their substrate
specificity. For instance, the EMC pathwsiynade up of an ethylmalghCoA epimerase
(ECEand an ethylmalonyCoA mutase (ECNFrigurel4) and is used by some bactefa

the assimilation of acetate in primamgetabolism The ECM mutase was determined to be
homodimeric[235].
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The methylmalonytCoA specific epimerase and mutageoteins have been more
extensively studied as they are widely distributed in all organisms, except plants.
humans, thee proteins are involved in the breakdownaafd chain fatty acids, cholesterol
and the aminoacids valine, isoleucine, threonine and methionifg36, 237] These
metabolites are broken down t@ropionytCoA which enters the methylmalonylCoA
pathway Figure 19). PropionyiCoA is carboxylated by propior@bA carboxylase to
produce 28methylmalonylCoA[238]. The stereocentre is inverted hyethylmalonyiCoA
epimerase (MCE) to generate -BiethylmalonylCoA. Then the methylmalonyiCoA
mutase (MCM) mtein rearranges the carbon backbone to generate suceGuA\[239]
which feeds into the tricdoxylic acid cycle of central metabolis®eficiency of MCEr
MCMin humans can lead to megtmalonic aciduria, where the body cannot break down
these amino acids and as such, methylmalonic acid builds up in the blood and leads to
kidney or liver damagi37, 240]

The methylmalonyCoA pathwayRigurel19) is used by some bacteria for the conversion
of propionytCoA to succinyCoA, including the following gener&hodospirillum
PropionibacteriumMicrococcusRhizobiumand Mycobacteriun{241]. However, there are
also sporadic occurrences MICMbeing utilised for the generation of methylmalorgbA
extender unitsfor polyketide biosynthesis. Depending on the strain and fermentation
conditions the methylmalonyCoA can be derived via carboxylation of propie@gi or by
backbone rearrangement of succidyl2 ! 6 A ®Sd NHzyyAy 3 (KR2la/ a
For instance,Streptomyces hygroscopiculives methylmalonyCoA biosynthesis via
carboxylation of propionyCoA for incorporation into the immunosuppressant rapamycin
[243]. However,Saccharopolyspora erythraetives methylmalonyCoA biosynthesis via

0 KS WNB JS NBE SChAMutasecORvErsion 6f BugcToA for incorporation into
the antibiotic erythromycirf244, 243.
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Figurel9. MethylmalonylCoA pathway. Occurs in humans and some bacteria.

The Propionibaterium shermaniiMCM protein is one of the best structurally and
functionally characterised mutasd246]. Alike many bacterial MCM prteins, the P.
shermaniimutase is ah i K S (i SWiRkeddi®skde coenzyme B12 cofactor for
function[242]. Coenzyme B18 a structurally complex molecubgth a coordinated cobalt
ion./ 2SyT &@YS . mH 0AYRandisKl&ved fo generate & dadickyinitiie
active site[247]. Thisradicalfaciltates the exchange othe CoA thioester gngp and a
proton between two adjacendubstratecarbon atomsn order to achieve carbon backbone
rearrangement [242, 248] (Figure 20). In this way, MCM catalyses the backbone
rearrangement between methylmalon@oA and succimy@oA Figure20).

There are also reports of a chaperolilee protein which is involved in MCM i
heterodimer activity. The first characterised protein was MeaB fidethylobacterium
extorquens which was essential for MCM activ[B49]. MeaB was determined to form a
complex with the MCM heterodimdR50, 251]and is proposed to prevent the cleaved
coenzyme B12 remaining in the active site which would otherwise inactivate the mutase
[252].

36



O /CoA O CoA

\\ \\/
H C General Acyl-CoA C H
| | Mutase | |
—C=C—  —= —C=C,—
|| |
O O CoA
\ /CoA \/
O H C Methylmalonyl-CoA O C H
A\ | | Mutase A\ | |
/C_C‘I—CZ—H . /C—C1_C2-H
| | | |
HO H H HO H H
Succinyl-CoA Methylmalonyl-CoA

Figure20. Schematic ofeneral acylCoA mutase and methylmalor@oA mutasenechanism

2.1.4 AcytCoA Epimerase and Mutase Protein Purification and Functional
Characterisation in the Literature

Consideration of the matlystatin B&A&durel3 Tablel) suggests that there are three acyl
CoA mutasegenes the mutase? subunit (natB), the mutasei subunit (matQ) and the
MeaBlike protein (matR. As for the actinonin BGEifurel3, Table2), there is anutase

h subunit(actD) present, however thé subunit and the Mea#ike protein are not present
in the BGC. By querying ttstreptomycesp. NCIMB 8845 genome with the matlystat
counterparts, highly similar homologs of timeutasei subunit and the Meatike genes
were identified outside of the actinonin BGC and their genes were naaotM and actN,
respectivelyBoth the matlystatin and actinonin BGCs contain putadieyd CoAepimerase
genes.

The actinonin and matlystatin acloA epimerase and aegbA mutase gendsoth share
~30% and ~70% sequence similarity to their ethylmal@oA and methylmalom@oA
specific counterparts in bacteria, respectivélerefore, the sequence similarity and likely
quaternary structure is more supportive @he candidate actinonin and matlystatin
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proteins being more similar to their methylmaloA@bA counterparts than the
ethylmalonyl)CoA proteins. This may guide the pwt purification andin vitro assay
methodological development. However, tteetinonin and matlystatin acyToA epimerase
and acytCoAmutase genes are predicted to be specific to hexylmal@oA(Figurelb),
of which no proteins have yet been reported.

As such, a literature review was conducted to understand how the ethylmat@o¥land
methylmalonylCoA epimerase and mutase proteins have been ipusly expressed,
purified and characterised. This should serve as a basis for the purification and
characterisation of the actinonin and matlystatin hexylmale@glA epimerase and mutase
proteins.

The ethylmalonylCoA specific epimerase and mutase pins have been studied during
investigation of the EMC pathway i sphaeroidedrotein purification proceeded using
very standard methodologiproduced irE. colBL21(DE3) with®&rminal histidine affinity

tags and purified using nickel affinity chratography)[235]. Reported purification of the
MCM proteinis more complex, as the MCM is a heterodimer whereas the ECM is a
homodimer. MCM potein solubility has been enhanced by-egpressing both the MCM

andi subunits in the same expression construeach with a\-terminal histidine tag249].
Purification of the MeaB MCM chaperone protein has also been reported wighn@nal
histidine taggng [249].

Therefore, these reports indicate that-tdrminal histidine tagging of the actinonin and
matlystatin proposed hexylnmanylCoA epimerase and mutase genasd Gterminal
tagging of the Mea#like protein should not impedeprotein function Further, the ce
expression of thé andi subunits of the proposed hexylmalor@bA mutase proteins may
enhance solubility.

LCMS is one of the majorde facto analytical technique for in vitro enzymatic
characterisation However, LGS analysis of ac@loA epimerase and mutase vitro
activityis limited & allproposedsubstratesand productg2S and 2R hexylmalorgbA and
pentylsuccinylCoA) have identicam/z values Further, it is unlikely that the two
stereoisomersof hexylmalonylCoA will be separated using standard reverse phase
chromabgraphy conditionsOne method of overcoming the analytical limitations are to
use radiolabelled substrates to distinguish the substrate and proj@3&].

However, the use of radioactive material can be avoided by performing a coupleGa&yl
epimerase/mutase assalethylmalonytCoA epimerase activityas beerdetermined by
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using excess methylmalon@ZloA mutase in order to drive the conversion of-2R
methylmalonylCoA to succinyCoA .SuccinyfCoA and methylmalom@oA wereseparated
using reverse phase chromatography and detected using UV abso[pE&8h

These reportsalso provide a basis for the conditions required for a coupled -&xyA
epimerase/mutase assayn brief, the substrate was biosynthesised by ansitu CCR
reaction and the coupled assay was performed in the presenceearizyme B1ih 80 mM
TrisHCI (pH 7.8). The reaction proceeded #3and aliquots were removed at time pant
and quenched with formic aci@35, 253]

To summarise, the first three steps of the proposedrhead biosynthesis pathway are
planned on being ratifiedThisrepresens some novel biochemistry apecificity towards
hexylmabnylCoA has not been reported for the a€ybA epimerase and mutase proteins.
Further, this is the first proposal of the CGRRyFCoAepimerase andacylCoAmutase
(EMClike) proteinsbeing directly involved in natural product biosynthesither than just
the biosynthesis of polyketide extender units
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2.1.5 ChapterAims

Objective 11n vitroReconstitution oProposedVarheadBiosynthesidPathway

| aimed toreconstitute theproposed warhead biosynthesis pathwayvitro. To achieve
this, the specific objectives were:

i.  Clone each warhead biosynthesis gene into a suitable expression vector

ii.  Heterologously express the genes and optimise protein purification
lii.  Synthesise and purify the proposed initial substrate of thenpaty, octenoyiCoA
iv. Perform and analysm vitroreactions between purified proteins and substrate(s)

Objective 2Phylogenetic Analysis of thcylCoAMutase Protein

TheacytCoA mutase genes of the proposed warhead biosynthesis pathway are interesting
as they are theorised to encode proteins with specificity towards hexylmaloos, which

has not been described previousty K SNE T2 NB X G KS&aS 3 SyLINE oYF &C
for the identification of the warhead biosynthesis pathway in other stradnisioinformatic
analysis of actinomycete aeloA mutase genegascarried outwith the aim of identifying

novel warheaeNP BGCs. To achieve this, the specific objecivees:

i.  Build a phylogenetic tree of all actinomycete aCglA mutase gene homologs
ii. Perform a ceassociation analysis to determine whether the proposed warhead
biosynthesis genes and other biosynthetic machinery genes are prasehbse
proximity to the &ytCoA mutase gene
iii.  Assess whethdhis analysisighlights any candidate novel warhe&llP BGCs
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2.2 Results

2.2.1 Purification of Putative Warhead Biosynthesis Proteins

Theputative warhead biosynthesis genekboth the actinonin and matlystatin BGCs were
cloned intopET28aThe pET28a expression plasmid was selected as it supports histidine
tagging at either the Nor G termini of proteins Previous reports of theurification of
proteins related to the warbad biosynthesis proteinsiere considered to determine
whether Nterminal or Gterminal wasmore likely toresult in soluble protein The
matlystatin and actinonin warhead biosynthesis genes were amplified frof
atramentariaDSM 43919 genomic DNA (gDNA) &tetptomycesp. ATCC 14903 gDNA,
respectively and purified. These inserts were digested and ligated into digested pET28a
backbone to generate the expressioanstructs outlined inrable3 (pJF0114). Note that

the matQ and matR genes were unable to be amplified from gDNA and therefore these
inserts were cdon optimised forE. coliexpression and synthesised for construct
generation. The sequences of all construetere confirmed by colony PCR aray
sequencing the insert.

Table3. Plasmid details of actinonin and matlystatin putative warhbex$ynthesis gene&ach were cloned

into pET28a. His tag terminality and plasmid names are reported. An asterisk denotes genes which are not
present in the biosynthetic gene cluster, howeveNBE LINBaSy (i St aS6KSNB Ay {(KS
denotes that the gene insert was codon optimised and synthesised. Abbreviations: CCR («Zotdnyl
carboxylase/reductase), Asp Syn (asparagine synthetas®)y \Noxygenase).

Gene | Accession Number | Size (Kb) | Size (kDa) | His Tag | Name

CCR matL WP_019634553.1 1.34 47.7 N- pJFO1
Epimerase matE WP_026341874.1 0.42 15.2 N- pJFO2

'% Mutase (o) matB WP_019634562.1 1.44 52.1 N- pJFO3
2 | Mutase (B) | COmatQ | WP_019634548.1 | 0.41 14.2 N- pJFO4
§ MeaB COmatR | WP_084693477.1 | 1.21 42.6 C- pJFO5
Asp Syn matC WP_019634561.1 1.85 68.7 C- pJFO6
N-oxy matD WP_157408083.1 1.27 47.6 C- pJFO7
CCR actF WP_086815437.1 1.32 47.8 N- pJFO8
Epimerase actC WP_030890453.1 0.45 16.6 N- pJFO9

g Mutase (a) actD WP_086815435.1 1.44 52.1 N- pJF10
.g Mutase (B) | actM* | WP_030874632.1 0.41 14.3 N- pJF11
g MeaB actN* WP_030885530.1 0.98 334 C- pJF12
Asp Syn act) WP_030878155.1 1.85 68.8 C- pJF13
N-oxy actl WP_078872911.1 1.03 38.1 C- pJF14

41



Plasmids f@1-14 were transformed intoE. coliexpression strains andubject to a
standard protein purification protocol to gauge the titre, solubility and purityesiultant
protein preparations. FoUE. coliexpression strains were tested, including BL21(DE3) and
its dervatives; SoluBL21, Rosetta and NiCo21. These strains are reported to offer enhanced
protein solubility and purity in a number of ways; SoluBL21 has uncharacterised mutations
which aid protein folding, Rosetta encodes tRNAs for rare codons and NiCo2 E $fatur
modified proteins which bind to a chitin pteeatment column, which would otherwise
bind the nickel columnin brief, E. coliexpression straircultures wereinduced with IPTG

and grown at 30°C for four hours The cells were pelleted, lysed anentrifuged. The
clarifiedsupernatant was subject to nickel affinity chromatography and fractions analysed
by SDFAGESee materials and methods for details.

Table4. Purification of warhead biosynthesis proteins using diffefentoliexpression strains. A cross mark
indicates that there was no expression of a correctly sized protein. A tick mark indicates that there was
expression of a correctly sized protein. éktmark in the mass spectrometry (MS) column indicates that the
protein was confirmed to be expressed by tryptic digest and MS.

Gene Plasmid BL21 SoluBL21 | Rosetta | NiCo21 MS?
CCR matlL pJFO1 X X
Epimerase matE plFO2 N
-% Mutase (o) matB pJFO3 X X
= | Mutase (B) | COmatQ pJFO4 X
g MeaB COmatR pJFO5 X
Asp Syn matC plJFO6
N-oxy matD pJFO7
CCR actF pJFO8 v v v
Epimerase actC pJFO9 v v
£ Mutase (o) actD pJF10 v X X N N
_E Mutase (B) | actM* pJF11 v v Vv
E MeaB actN* pJF12 v X X X v
Asp Syn actl pJF13
N-oxy actl pJF14

Table4 summaries lhe results obver twenty preliminary protein purification attempts of

the warhead biosynthesis proteins using differ&ntcolexpression strain® tick indicates

that a protein of the expected sizevas observedy SDSPAGE analysissing a specific
expression strainThe actinonin warhead biosynthesis proteins proved to be more readily
soluble and more effectively purified using standard methodology than their matlystatin
counterparts Table4). Asthe warhead biosynthesis genes of the actinonin and matlystatin
clusters are highly similar,ordyy S waSiQ 2F LINRPGSAyYy a3 invihdS f A
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reconstitution of the @thway. Therefore purification of the actinonin proteins was
prioritised

There were considerable differences in the resultsolubility, titre and purity of proteins
between differentE. coliexpression strains, as exemplifibg the purification of ActD
(AppendixFigure95). Overall, use of th&. coliNiCo21 expression straand a chitin pre
treatment of the clarified lysate resulted in the mastective andconsistentnickel affinity
chromatography purification result3.herefore, this methodologgerved as the baseline
for further optimisation.

Figure21 demonstrates the purity of actinonin warhead biosynthesis proteins affotded

this methodologyEach of the bands indicated by a red arrow were excised, analysed by
MS and their identity confirmed as the target proteifihe ActF (CCR), Act@cytCoA
epimerase) and ActMatytCoA mutasei subunit) proteins were expressed in large
guantities andverereadily solubleAlthough the protein preparationsere not pure, they
contaired soluble protein and thus should be suitable fiovitroassaysHowever the ActD
(acykFCoAmutaseh subunit) protein wasvery poorly expressed and/or solubleurther,

the ActN (MeaBike) protein was notexpressed using thE. coliNiCo21 strainExpression

of ActN usinge. coliBL21(DE3) resulted the purification of a small amount of ActN (as
confirmed by MS) but there was a huge amount of contaminating pr¢fgpendixFigure

96) that rendered the samplansuitable forin vitroassaysTherefore, @irther optimisation

of ActDand ActNpurificationwasrequiredin order to generatethé i Y dzi | &S KS{
for in vitro characterisation.

43



KDa

72 S

55 G

_—_— -
43

34

26

-
17 -

10 —
ActF ActC ActD ActM*

Figure21l. SDSPAGE analysis of purification of actinonin warhead biosynthesis prokeiosINiCo21 strains,
containing pJF08, pJF09, pJF10, pJF11 plasmids were purified by chitin and nickel affiméyogtaphy to
purify ActF(CCR)ActC(epimerase)ActD (mutaseh ) and ActM* (mutasel ), respectively. Masses of ladder
proteins are shown in kD&xpected potein masses (kDa) are as followstF (47.8)ActC (16.6)ActD (52.1),
ActM* (14.3).Arrows denote that the band was analysed by mass spectrometry. All were confirmed to be
the expected protein.

2.2.2 Optimisation of ActDPurification

Thereare reports in the literature thato-expression of theacytfCoAmutaseh andi
subunitsenhanced preein solubilityand that the MeaB chaperone is essential for activity
(see sectiorR.1.4). Therefore, constructs werproduced for the dual expression attD

and actM, along with compatibility for the triexpression of the Meabke mutase
chaperoneactN. pACYCDuel was selecté as a suitable cexpression plasmids it
features a different origin of replication and antibiotic resistance cassette, as compared to
pET28a, and thereforgoth of these plasmidshould be stable ia single expression strain.
ThepJF15 plasmid was gerated by cloning theactDand actM genes into pACYCDugt

to produce both proteins witiN-terminal histidinetags

The ceexpressiork. colNiCo21 strains were ppared as follows. The-@ixpressiondcyt
CoAmutaseh ki 0 wa$ thihsfoyhed with the pJFi8asmid,and the triexpression
(acykCoAmutaseh K | |y 4ke)av&sliransformed with the pJF15 and pJF12 plasmids.
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Figure22. SDSPAGE analysis of protgurification of acytfCoA mutase heteimer, by di and tri

expression system&. colNiCo21 strains were purified by chitin and nickel affinity chromatography. Fhe di
expression system consists of pJF15, which encadtésmutaseh) andactM* (mutasel ). The tri

expression system consigi§ pJF15 and pJF12, which encodetN (MeaB).An empty vector (EV) control
purification is shown. Masses of ladder proteins are shown, in kDa. Protein masses (kDa) are as follows;
ActD (52.1)ActM (14.3) ActN (33.4) Arrows denote that the band was apakd by mass spectrometry.

The middle band was confirmed to BetN.

The chitin and nickel affinity chromatography purification proceeded as above, and the
resultant protein preparations were analysed S SPAGERigure22). The ceexpression

of actDandactM did not result in any enhanced solubility of the aG®gdA mutase subunits,

as compared to theprotein preparation of an empty vector (EV) negative control strain.
Whereas the trexpression ofctD, actM and actNresulted in three novel protein bands

in the protein preparation, of approximately the expected sizes. This was suggestive that
the coexpression of the Mealike chaperone protein (ActN) enhanced the solubility
and/or stability of the ActD/ActM acyCoA mutase heterodimer. The indicated bands were
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excised and analysed by MS and the middle band was confirmed as ActN, although the
identity of the remaining bands was inconclusive.

In summary,the optimisation of putative warhead biosynthesis protein purification
resulted insolubleCCR andcytCoAepimerase proteins from the actinonin pathwajctF
and ActC, respectively), whickvere confimed by MS(Figure 21), along with some
promising acylCoA mutase protein preparation&lthough these protein preparations
were impure, the proteis weresoluble and therefore likely to be folded correctly and
functionally active.Therefore,the synthesis of the proposed starting substrate of the
warhead biosynthesis pathway, octengybA, was focussed upon.

2.2.3 OctenoytCoA Synthesis

The proposed starting substrate of the warhead biosynthesis pathway-ast2BoytCoA
Figure 15, [207]. 2EoctenoytCoA is a >unsaturated acylCoA thioester(Figure 23),
effectively consisting of the C8 unsaturated fatty acidcZenoic acid linked to CoA via a
thioester bond. 2EbctenoytCoA was not commercially available and therefore required
synthesisig.
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Figure23. Structure of 2EctenoytCoA.
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There are two major synthetic routes to engybA compounds reported in the literature.
The first of which is the mixed anhydride method which was developed in the 1260s
255]and has remained an effective method for the synthesis of eG@A thioesterf256].

In this method, the ctenoic acid is converted into a carboxylic anhydritid-{gure24)

by ethyl chloroformate. In the second reaction step, free coenzyme A is reacted with the

46



carboxylic anhydride. This second reaction limits the overall yield as it may yield the desired
2EoctenoytCoA or thepropoxycarbonylCoA side product2( Figure 24). One report
indicated that the yield of octenoyToA via the mixed anhydride method is 5257].
Purification of a related enoyCoA from the crude reaction mixture has been reported
usingreverse phase C18 chromatografR2%6].

AN > A1
OH TEA 2.7 eq. 0 0
2-octenoic acid 1 eq. CH,ClL, 1 mL

CoASH 0.15 eq.
NaHCO, in H,0 pH 8.0
THF
RT, 3 hr

0°C, 2hr

(0] (0] @]
)J\ SCoA
/\/\/\)J\SCOA /\/\/\)j\o -
2-octenoyl-CoA 2
Exact Mass: 891.20 Exact Mass: 951.19

Figure 24. Schematic of 2BctenoytCoA synthesis by mixed anhydride method. AbbreviatiGrsA =
triethylamine THF = tetrahydrofurgrCoASH = CoenzymeRT = room temperature.

OctenoyiCoAwasinitially synthesised using the mixed anhydride meth&iy(re24). 2-
octenoic acid waslissolved indichloromethane and reacted with ethyl chloroforteain
the presence of triethylaminéor 2 hours at (°C. The solvent was removed by rotary
evaporation and the mixed anhydride dissolved in tetrahydrofufidris was then reacted
with free coenzyme A in agueous solution for 3 hours at room temperaflinevolume
was reducedby rotary evaporationand the crude reaction mixture was separated by
reverse phase flash chromatographlyractions were analysed by -MS and those
containingoctenoytCoA were combined and dried@his was furthempurified by semi
preparativescale reverse phaddéPLC.

This yielded a 13.7 mg sample of an orangewdiich was analysed by IMS Figure25).
Themajor purified product proved to bectenoytCoA, as shown by the purple extracted
ion chromatogram irFigure25. However, the samplealsocontained thepropoxycarbonyl
CoA side productobserved [MH} = 950.15.2, Figure24) as denoted by the asterisk in
Figure 25. The estimated purity othe 13.7 mgoctenoytlCoAsampleis 70%, which
represents a yield of 9%. This is considerably lower tharb#9é yield previously reports
for this method[257].
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Figure25. LGMS analysis of octenoloA sample ysthesised using mixed anhydride method. Asterisk

denotes the major contaminanBurple spectrum is the extracted ion chromatogram of octer@ogA [MH]
= 890.20).

OctenoytlCoAproved to be relatively unstable @swas prone to degradation over several
months. This necessitated several separate syntheses and purifications of the starting
substrate. The PyBOP method was uged the second octenoyCoA synthesis as it
provides a reduced reaction duration and lessdih solvents and reagents, as compared to
the mixed anhydride method, and therefore may provide a greater yield due to a reduced
rate of octenoyCoA degradation.

PyBOP (benzotriazoll-yloxytripyrrolidinophosphonium hexafluorophosphateis a
coupling reagent developed in the 1990s for peptide synthE8, 259] The PyBOP
coupling reaction is proposed to proceed via the mechanism illustrat&igimre26 [260,
261]. The PyBOP method has been used for #iyathesis of enoyCoA compounds,
including 2EhexenoyiCoA (C6)262] and decadienoyCoA (C10[263], which have been
purified form the crude reaction mixture by reverse phase chromatogrgp6g, 263]
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Figure26. Schematic of 2BctenoytCoA synthesis by PyBOP methbe:2-octenoic acid; 2 = PyBOP
(benzotriazoll-yl-oxytripyrrolidinophosphonium)3 =tris(pyrrolidino)phosphine oxidet = octenoylCoA.

In brief, 2octenoic acid, free CoA, PyBOP an@® were reacted inTHF/HO at room
temperature for 2.5 hours(see materials and methods for deta). The crude reaction
mixture was concentrate@dnd analysed by LKIS @ppendixFigure97), which indicated
that all CoA had been converted to octgm@ oA, however there was a large quantity of
the PyBOP breakdown product contaminaris(pyrrolidino)phosphine oxid€3, Figure
26).

Strong anion exchange (SAX) chromatography was tested for the separatitmnRfBOP

octenoylCoA crude reactiormixture but provided no benefit over reverse phase
chromatographyAppendx Figure98).
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This methodological optimisation led to the final octene@bA synthesis, whereby the
PyBOP reaction was performed and yielded & of crude reaction mixture. This was
separated by reverse phase flash chromatographyyield39 mg of material(Appendix
Figure99). This materiawas further separated by preparativgeale reverse phase HPLC
(Figure 27), which yieldedan 8.9 mg sample of fluffy white material. & analysis
(Appendix Figure 100) indicated that this sample wagpredominantly octenoyl CoA
(observed [MH] = 890.19680.1 ppm) Dr. Martin Rgek (John Innes Centrpgrformed
'H NMR analysis on this samghppendix Figure101), which indicated the presence of
octenoylCoAat a purity of approximatel\82%. This represents yield ofonly 6.3%
however is a sufficient amount of octene@bA to perform severghousandin vitro assay
reactions.

UV absorbance (mAU)

r T T T T T T T T T T T T T T T T T T T T T T T n
00 13 25 38 50 63 78 88 10.0 13 125 138 180 18.3 17.5 18.8 200 213 2258 28 250 203 278 288 30.1

Time (mins)

Figure27. Preparative scale reverse phase Hpuficationof flash chromatography octeno@oA sample.
Detection at 260nm. Black line is blank injection and blue line is sample injecliba.red arrow denotes
which peak is octenoyToA, as determined by H®&S analysis.
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2.2.4 CCRn vitroassay

The first reaction of the proposed warhead biosynthesis pathway is#neoxylation of
octenoylCoA by the CCR protgiActF)to produce 2&hexylmalonylCoA Figure28).

@]
Q ActF CCR /
C /\/\/ ’,
/\WL ” ' CoA
CoA
OH

@)
Octenoyl-CoA 2S-hexylmalonyl-CoA

Figure28. First reaction of the proposed warhead biosynthesis pathway.

ActFwas reacted witl2 mM octenoyCoA in the presence of 4 mM NADPH and 33 mM
NaHC®at pH 8.0 at 38C for 30 minutesNegative control samples were prepared using
denatured protein.The reactions were quenched and analysed byISTFigure29). The
detection of masses equal to hexylmalor@bA were only present in the sample with
native Actk Therefore, his was the first indication that ActFwas able to carboxylate
octenoytCoA to hexylmalonyCoA.

o]
9 ActF CCR ’
c NN
/\/\/\)I\ - ' CoA
CoA
(0] OH

Octenoyl-CoA 2S-hexylmalonyl-CoA

Denatured Native

lon count (x10°)
lon count (x10%)

00

250 3.00 3.50
Time (mins)

250 3.00 3.50

Time (mins)

Figure29. LGMS analysis of Octene@oA /ActFCCRn vitro assay.In vitro reactionsbetween ActFand
OctenoylCoA Left panel is negative control, using denatussctF, and right panel is using nativaetF. The
extracted ion chromatogram of octene@oA (n/z 892.21; [M+HY) is plotted in blue. Thextracted ion
chromatogram of hexylmalory@oA (n/z 938.22; [M+HY), the product of theeaction, is plotted in brown
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The substrate specificity of ActF was also tested. In the literature, there are reports of
octenoylCoA specific CCR proteins which are also able to carboxylate the C4 ef@ényl

to ethylmalonylCoA[230] (the first step of the EMC pathwalgigure14). CrotonyiCoA is
commercially available and was used as the substrate in anathtro ActFassay using

the same reaction conditions and analysis methodology as above. The detection of masses
equal to ethylmalonylCoA were only present in the sample with natheFprotein (Figure

30). Therefore, this experiment indicated that ActF also has the ability to carboxylate
crotonytCoA.

@]
(0]
/\)L ActF CCR CoA
X CoA
0] OH
Crotonyl-CoA Ethylmalonyl-CoA
5.0 Denatured 5.0 Native
) g
= =
*§ €
g g
f= [ =
=] o
0.0 0.0
1.00 2.25 1.00 2.25
Time (mins) Time (mins)

Figure30. LGMS analysis o€rotonytCoA /ActFCCR in vitro assain vitro reaction between ActFand
crotonytCoA. Left panel is negative control, using denatuketF; and right panel is using nativectk The
extracted ion chromatogram of croton@oA (/z 836.14; [M+HY) is plotted in blue. Thextracted ion
chromatogram of ethylmalonyCoA (n/z 882.15; [M+HY), the product of theeaction, is plotted in brown

Throughoutthe purification of octenoylCoA and the analysis of vitro assay reactions,
attempts were made to optimise LC conditions to reduce the broadness of the-€aayl
peaks Different concentrations diormic acid andrifluoracetic acid were added to mobile
phases in an attempt tensure that all analytes were equatiyotonated. Further, different
LC gradients, columns (including C18 polar and HIis#@)ple concentrationand MS
instruments were tested. However, there was little improvement in ef©yA peak shape
and the long tail was always observed.
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| attemptedto optimise the CCR turnover efficienaging carbonic anhydrase, which is a
commercially available enzyme that catalysesititerconversion of bicarbonate and free
carbon dioxide[264]. Asthe carboxylation species of CCR has been determined to be
carbon dioxide rather than bicarbonafg20], the addition ofLOug/mL carbonic anhydrase

is reported to enhancehe CCR turnover ratR20]. In the case of ActFhe addition of
carbonic anhydrase to therotonylCoA / CCI vitro assay enhanced turnover [260%,

as determined bycomparison of extracted ion chromatogram peak areBmgure 31).
Therefore, carbonic anhydrase was added to all further @@Rr0 assays.
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Figure31l. LGMS analysis of effect of carbonic anhydrasA)¢c ActFCCRn vitro assay substrate turnover

In vitro reactionbetweenActFand crotonyl-CoA, with and without CA. Left panels are negative control, using
denaturedActF, and right panels are using natidetk The base peak chromatogram is plotted in piftke
extracted ion chromatogram odrotonyl-CoA n/z 836.14; [M+HY) is plottedin blue. Theextracted ion
chromatogram of ethylmalonyCoA (n/z 882.15; [M+HY), the product of thereaction, is plotted in brown

The turnover of substrate (in negative control) to product (with native enzyme) was calculated from the peak
areas.

2.2.5 Development ok More Robust CCR vitroassay

The aboveActF assays indicate that a compound of equal mass to the expected
carboxylated product waproduced. A more advanced CCR assay was developed in order
to more accurately characterise the CCR agtiurther assays were performed in the
presence oftable isotopically labelled sodium bicarbonate (&H3) whichdissociated

into labelled carbon dioxidédYCQ) in the aqueoun vitroassay conditiond.GMS analysis

of the CCR carboxylation of comtyFCoA in the presence ofCQ indicated that a
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compound of the expected mass tf>labelled ethylmalonylCoA was produceFigure
32). The incorporation offC was confirmed by LS analysis of the isotopic patterning of
the carboxylated product enrichment of the [M+1] isotope was only present when the
reaction was performed in the presence of N&EQ (Figure33). These data confired

that ActFwascarboxylatingcrotonyCoA This method may serve as a more robinstitro
assay for characterisinctFactivity.
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/\[/U\COA Ethylmalonyl-CoA
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Figure32. LGMS analysis ofctFassay using stable isotope labelled carblorvitro reactionbetweenActF
and crotonyl-CoA, in presence of labelletfCQ. Overall schematic (top) demonstrates predicted
incorporation of**C by tle CCR enzyme. Bottom panels areME results oin vitro assays; left panel is
negative control, using denaturectF, and right panel is using nativetF Theextracted ion chromatogram
(EIC) ofcrotonyl-CoA (n/z 836.14; [M+HY) is plotted in blue. Th&IC of ethylmalonyCoA (h/z 882.15;
[M+HT) is plotted in brownThe EIC dfGethylmalonytCoA (n/z 883.15; [M+HY) is plotted in green.
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Figure33. LCMS analysis oActFassay- isotopic patterning of carboxylated productk vitro reactions
betweenActFand crotonyl-CoA. Reactions took place in N&EQ aqueous buffer (left panel) or Nalf€CQ
aqueous buffer (right panel). IES analysis dh vitroassays (top) show base pedk@matogram plotted in
purple. The extracted ion chromatogram (EIC¥rotonyl-CoA (/z 836.14; [M+H) is plotted in blue. The
EIC of ethylmalonyCoA n/z 882.15; [M+HY) is plotted in brown The EIC of*GethylmalonytCoA (n/z
883.15; [M+HY) is plotted in green. For eacim vitro assay condition, the range of detected/z ratios
associated with the carboxylated product is shown (bottom), demonstrating the isotopic patterning.

2.2.6 Scaleup ofin vitroassays

The abovein vitro assays hadlemonstrated thatActFwas able to carboxylate both
crotonyFCoA and the proposed starting substrate of the warhead biosynthesis pathway,
octenoylCoA However, in order to progress with thm vitro reconstitution of the
following proposed warhead biosynthesis reactioihe availability of substrate had to be
addressed. As each subsequent warhead biosynthesis reacsies the prior product as

the substrate, there are two options for substrate generation.

Firstly, aW2 438 (0 Q N&B Id Oei perfosmedOnhelzby the initial substrate, octenoyl
CoA, and a number of preceding enzymes are providethfsitusubstrate generationin
vitro reactions were performed with octencyloA in the presence of ActF, Aei@ the
purified preparation from the ActD, actM and ActN-éxxpressiorstrain. However, LSS
analsis indicated that the -pentylsuccinyfCoA product was not produced, tere were
no peaks with new retention times.
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Alternatively,each substrate could bbiosynthesised or synthesised and purified. This
latter approach has the benefit of more precisely controlling the amount of substrate
provided andusing more controlledn vitro reaction conditions. Howevetthe losses
involved with multiple rounds of chromagpaphic purification would likely necessitate the
scalingup of reactions.

The utility of using the proposed natural starting substrate, octef@nA, is limited.
OctenoylCoA readilydegradeal in aqueous solution andias not stable when lyophilised
and gored at-20 °C. Further, free CoAs expensive and thereforiemited the synthesis
scale.Therefore, experiments were conducted to test the feasibility of enhanicirgtu
substrate generationand also whether enoyCoAanaloguescould be synthesised and
used.

2.2.6.1 Optimisation ofenzymatic substrate generation
2.2.6.1.1 In situoctenoytCoA generation bfatty acytCoA ligase protein

The fatty acylCoA ligase (FACIproteins are a class of enzymes whicitalysethe
formation of acyCoA thi@sters from the fatty acid and CoAhe FACL mechanism occurs
in two stepsfirstly, the fatty acid is adenylatedy ATRand then theacyFAMP intermediate

is reacted with CoA to generate the a€oA thioestef265, 266] The FACL proteins are
categorised based on their substrate specificity. The medium chain BARICFACLS)
catalyse the formation of G&€12 acylCoA thioestersTherefore MGFACLSs presented as a
potential solution for than situbiosynthesis of octenoyCoA.

The reveromycin BGC 8freptomycesp. SN693 has been reported to encode a MiBCL
protein, Rev$267]. Res has been purified and determined to be abletfectivelyligate
2-octenoic acid to generate octenegloA[267]. The RevS protein was piied in line with

this existing methodology. In brief, the RevS gene was codon optimised, synthesised and
cloned into pET28arhis expression construct was transformed into thecoliNiCo21
strain,and the protein purified by chitin column pteeatment followed by nickel affinity
chromatography However,the RevS protein was inconsistently soluble between different
protein purifications. Furthel,CMS analysis ah vitrooctenoic acid / CoA ligase reactions
with purified soluble RevS protein never ioglied that octenoylCoA was produced.
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2.2.6.1.2 Optimisation ofCCR turnover efficiency

Optimisation of the CCR turnover efficiency was explored as a method of enhancing
substrate availability for later warhead biosynthesis reactioftse addition of carbonic
anhydrase had produced the greatest turnover, of 22%, in a crotGop /ActFreacton.
However the literature was searched for octegl-CoA specific CCR protethat may offer
enhanced turnover efficiencyihe CinFCCRprotein was identified in theStreptomycesp.
JS360cinnabaramide BG(229] and characterised as having specificity towartie t
carboxylation of 2ctenoylCoA[230]. AlthoughCinF appears to have a similar turnover
efficiencyto the actinonin CCR protein, th@inFin vitro assays were nosupplemented

with carbonic anhydrasg30], which had resulted in the tripling ofitnover efficiency for

the ActFin vitro assay Therefore, thecinFgene was codon optimised, synthesised and
cloned into pET28a. This expression construct was transformed int& tlewliNiCo21
strain, and the protein purifiedby chitin column prareatment and nickel affinity
chromatography. SBBAGE analysis indicated that the CinF protein was highly soluble and
purified in considerable amounts-{gure34).
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Figure34. SDSPAGE analysis of purification of CinF proteincoliNiCo21(pET28acinF lysate supernatant
was purified by chitin and nickel affinity chromatographiie purified proteirwasanalysed at 10x and

100x dilution. An empty vector (EV) control purification is shown. Masses of ladder proteins are shown, in
kDa. The mass of Cin&1 kDa. The arrow denotes that the band was analysed by mass spectrometry.
The protein was confirmed to be CinF.

EV CinF CinF
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However,no CinF activity was detged inin vitro assays using either octene§bA or
crotonylCoA substrateasing identical conditions tthe literature. This is contradictory to
the literature reports of CinF activity and further troubleshooting is requiredttempt to
get the CinF protein working in our hamdnd to determine whether it is more efficient
than the actinonin CCR protein.

2.2.6.2 Synthesis oEnoylCoAAnalogue

The expense of octene@oA synthesis and its inherent instability limit thealgup of
warhead biosynthesim vitroreactions The Nacetylcysteamine (SNAC) thioesters present
as suitablecompoundsas they featurethe terminal section of CoAFigure35), can be
synthesisedfrom inexpensive reagents anidave been widelyused in the literature as

enoytCoA analoges[268].
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Figure35. Structuralcomparison of 2ctenoytCoA and ctenoylSNAC.

The peptide coupling reagent diphenyl phosphoryl azide (DPPA) was used to generate the
octenoytSNAC thioesteaccording to existing methodologh269] (see materials and
methods for details)As the retention factor obctenoytlsNAGwvas reported (0.5 in ethyl
acetate) [270], purification proceededby multiple rounds of normal phase flash
chromatography and the fractions were analysed byM&and thin layer chromatography.

This yielded 17 mg of octene$NAC, whickvaspure by!H NMR and also proved stable
over a period bseveral months, as tested by-MS. This purification represents a yield of
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only 2%, which could be improved in the future by minimising the number of flash
chromatography stepby the incorporation o HPLC separation step.

Anin vitro assay was performed using the octen@®@NACGompound andActk However,
LCMS analysis of the reactioimdicated that the carboxylated product (hexylmalonyl
SNAC) wasot produced.Further, CinFwas unable to carboxylate octeneSNAC in our
hands, in contast to literature reports[230]. Attempts to troubleshoot this reaction
include the testing of a range of temperatures, pH and reaction durations, however the
carboxylated product was never detected byMG.

The octenoylSNAC compound presents as a higldglatbe octenoylCoA analoge and

may allow the complete validation of the proposed warhead biosynthesis pathway if the
biosynthetic proteins exhibit sufficient substrate promiscuity for the SNAC thioester
compounds.However, further troubleshooting is requileto promote octenoy ySNAC
carboxylation as observed in the literature.

Overall, although the first warhead biosynthesis reaction had been reconstitateiro,
there were clear bottlenecks with the scal@ of reactions for subsequent proposed
warhead biosynthesis reactions particular, the ongoot in vitro reaction represents an
elegant method for the generation of intermediate substrates. However, further
methodologicatroubleshootingwas required to optimise the in vitro assay conditions and
protein activity. Combined witheduced access to the laboratory due to COVID lockdowns,
focuswas switched to a bioinformatic analysis.

2.2.7 Phylogenetic Analysis of Actinomycete ACpIA Mutase Genes

The actinonin and matlystatin BGCs both feature NRPS genes and the putative warhead
biosynthesis genedrigure 13). Therefore, it was proposed that these newly identified
genes may be conservéxettween warheaeNP BGCs and may serve as a genetic probe for
the identification of novel warheatllP BGCsespecially as there are a limited number of
characterised examples of NPs with similar warheadd nanother characterised BGCs.

MatB (WP_019634562)1is the acytCoA mutase "( subunit) from the matlystatin
biosynthesis pathwaylheh subunit of ac\y{CoA mutase heterodimers has been reported
to confer substrate specificitj242, 246] The proposed warhead biosynthesis pathway
(Figure 15) necessitates that the substrate specificity of thex I -Go® #itase is for
hexylmalonylCoA This is in contrast to the previously reported ethylmale@glA and
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methylmalonylCoA specific acffoA mutases(see Section 2.1.3). Therefore, this
implicates MatB as an effective'grobeQfor hexylmalonylCoA specific mutasesBy
extension, the presence of the remaining proposed warhead biosynthesis genes and the
NRPS ibsynthetic machinery in proximity taWK A (i Q K SUoA rhutakef géng enay
indicate the presence of warheadNP BGCThis approach may lead to the identification

of novel warheaeNPs.

Firstly, a phylogenetic analysis of ac§bA mutase genes was pamed. This analysis was
limited to actinobacterialgenomes agshey are the most prolifispecialisedmetabolite
producers, and this approach reduced the necessary computing powar.brief, all
actinobacterialprotein sequencesvhich contain themethylmalonyfiCoA mutase pfam
domain PF01642 were downloaded. ThesE3,000sequences werelusteredbased on
sequence similarityusing theEFHEST t00]271], to gererate a list of 1615representative
sequencegsimilarity <e°, ID>40%) These sequences were alignaadd used to generate
a phylogenetic tree (see materials and methods for details).

Secondlya coassociation analysis was performed to determine Wwiggtgenes of interest

were presentnearby the identified actinomycete aefloA mutase genes. The genes of
interest include the proposedarhead biosynthesis genes (CCR,-@oA epimerase, acyl

CoA mutase subunit, MeaBlike, asparagine synthetase anddxtygenase) in addition to
known biosynthetic machinery (including NFR®CP, C, TE domains andke&synthase
genes)ln brief, the EFGNT[272]tool was used toetrieve thefifteen upstream andifteen
R2gYAaAUNBIFY LIFIFY R2 YQoA fulasegenblie freserise aikginés | (
of interest was determined for eadicytCoAmutase gene. This data was converted to a
binary matrix for visualisation on the phylogenetic tree using [2@B] (see materials and
methods for details).

The actinomycete methylmalonloA mutase phylogenetic treelecorated with the
warhead biosynthesis gene-@ssociation analysis, is presentedrigure36. The presence

of a filledblue circle represents theresence of a cassociated warhead biosynthesis gene

and the presence of a filled red circle represents the presence of-associated
biosynthetic machinery gene. Overall, the actinomycatgtCoA(") genes areoften co-
associated with themethylmalony-CoA mutasei() subunit gene and Mealke gene
(especially inthélf 2 6 SNJ £ ST G Q | TaksR Ndy yepreséntrcopiesimaty NS S
metabolism MCMyeneswhich may be cdranscribed.

In contrast, theco-association of proposed warhead biosynthesis genes (e.g. asparagine
synthetase and Mbxygenase) is rare in the tre€he actinonin and matlystatin aegZioA
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mutase(") genes are located in close proximity to one another, in a single clade which is
coloured red inFigure36. The members of this clade are of interest as they share high
sequence similarity to the proposezhcodedhexylmalonyiCoA specifiacytCoA mutase
proteins of the actinonin and matlystatin BGCs. Further, this clade is enriched in the
presence of both proposed warhead biosynthesis genes HRIPS/PKS biosynthetic
machinery genegFigure36). Therefore, it is possible that th&trains are represented in

this clade of interest are producers of novel warhédBs. ThisP g | NK S| Wwill bOf | R
further analysed inthe following chapter.
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Warhead Bmsynthesns Blosynthetlc Machinery

Figure36. Phylogenetic tree of actinomycete methylmaloi§bA mutasé€h) homologs.Decorated with ce
association analysis proposedwarheadNPbiosynthesis gened filled blue circle indicates the presence
of a proposed warhead biosynthesis gene. A fitiedicircle indicates the presence ofi &RPS or PKS gene.
¢KS Wgl NKSI R Of | Abbréviatiords CCR2 o ry#CBAR arBoyyladeddRtdse, Asparagine
Synthetise, NRPS NonRibosomal Peptide Synthetase (Adenylation, CondensatKy =Polyketide
Synthase (KetosynthaséyCAD AcytCoA dehydrogenas@&E=Thioesterase
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2.3 Discussion and conclusions

2.3.1 Summary / Discussion of Results

In summary, then vitroreconstitutionof the warhead biosynthesis pathwagquired the
purification of the proposed warhead biosynthesis geaed the synthesis of the proposed
starting substrate, octenoyCoA.

Following the optimisation of protein purificatiomethodology the proposed warhead
biosynthesis proteins encoded by the actinonin pathway proveketof greater solubility
than theircounterparts encoded by the matlystatin B&Cparticular, the ActF (CCR), ActC
(acytCoA epimerase) and ActM (a€yA mutaseé subunit) proteins weresufficiently
soluble and were purified to an extent required fam vitro assays. A preliminary
purification experiment indicated that the texpression ofActM, ActD (acyCoA mutase

h subunit) and ActN (Meabke) greatly enhanced the solubility of ActD.

Two synthetic routes and several purification options were tested forpttegparation of
octenoylCoA. Overall, the PyBOP synthesis method, followed by reverse phase
chromatography purificationproved to offer the greatest yield and purity. The octeroyl
SNAC thioester analag was also synthesised and purified as an alternasubstrate
option.

Thefirst proposed warhead biosynthesis reaction (the carboxylation of octeGoy by
CCR) was testad vitrousing the ActF proteir.GMS analysis indicated that ActF was able
to carboxylate both octenoyCoA and crotonyCoA and the addition of carboraohydrase
greatly enhanced turnover efficiency. The use stdible isotope labelled bicarbonate
confirmed that ActF wasarboxylating the substrate.

However,the progression of warhead biosynthesis vitro reconstitution slowed ast
became clear thasubsequent reactions would require either situsubstrate generation
or up-scaledin vitroreactions followed by theurification of intermediate substrate3he
previously characterised CinF CCR protein was effectively purified, ho@eNelisplayed
no activity towardsoctenoytCoA in our hand#ttempts to use the inexpensive and stable
octenoytSNAC thioester analagfor higher scale reactions were hamperedtbg lack of
CinF or Adt activity. Attempts to generate octenoyCoAin situ using the previously
described RevS MEACIprotein were alsocurtailed by a lack of solubility and activity.
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Althoughthe fullin vitroreconstitution of the proposed warhead biosynthesis pathwiag

unable to be completed due to the reasons outlined ebothere are several possible
options for carrying out this work in the futur&@he ActC (acyCoA epimeraseprotein

proved to be extremely soluble and effectively purified. The preliminargxpression
experiment indicated thatActD and ActM (acsCoAmutaseh | Yy R i & dzo dzy A
effectively purified in the presence aictN (MeaBike) protein. Therefore, if the problems

with the CCRn vitroreaction scaleup and/or in situgeneration of hexylmalonyCoAcould

be rectified, then the proposed hexylmalonyl epimerase and muiasétro assays could

be performed.

A novel acylCoA epimerasi vitroassay has beeheorised althoughit has not beerable

to be empirically tested nor optimisedThe substrateand product of the acyCoA
epimerasehave equal masses and only differ by tttarality ofa single stereocentre
therefore they cannot be distinguished by -MS analysislt is reported that the
methylmalonylCoA epimerase flips the stereochemisthy rearrangement of the
hydrogen atom about the alpha carb§?39]. Further,the incorporated hydrogen atom is
known to be solvent derivef274]. Thus, an advanced epimerase assay has been proposed,
whereby conducting the reaction inZD should result in incorporation of a deuterium atom
atthe alphacarbon by the epimerase enzyniéqure37). This has practical considerations,
as the reaction must be quenched, lyophilised and thelissolved in kD to replace all
exchangeable deuterium atoms with hydrogen. In a reaction whegeepimerase enzyme
has flipped the stereochemistry, theroduct will be detectableby LEMS as it would
feature am/z ratio of [M+1], where M is then/z ratio of the substrate.

Hexylmalonyl-CoA 0
Eplmerase
NN CoA
DZO b
O OH
2S-hexylmalonyl-CoA 2R-D-hexylmalonyl-CoA
Mass: 901.21 Mass: 902.21

Figure37. Schematic oproposedadvancedacytCoAepimerase assayompletion of the reaction inZD will
result in the incorporation of a deuterium atom tite alpha carbon, which is detectable by-MS
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Alongside this work a bioinformatic analysis was performeaasing actinobacterial
methylmalonyiCoA mutas€') genesas probes to identify putative warheddP BGCJhis
highlighted that a singlenutase Of RS> GKS Wgl NKSIFR Of I RS
associated genes of itest. Therefore, thee sequences may represent novel warhéde
BGCsThis analysis will be expanded upon in the next chapter and the product of one of
these novel warheadNP BGCs isolated and characterised.

There are amumberof notable limitations othis coassociation analysigirstly,the pfam
domains of interest are selected manually. Therefore, if a particular reaction can be
catalysed byifferent proteins featuring differenpfam domainsthese would have to be
researched and added to the analy. Further, poor quality genome sequenckamper

this approach as the presence of short contigs increases the reskyogbotential BGCs to

be split over multiplesequences. In these cases, thege full complement of ceassociated
genes of interestvould not be detected However, these downsides ar&ther generalised

and could affect any large scale bioinformatic analysis. This phylogenetic-asdaciation
analysis approach has the benefitpafinting the user towards a particular clade or number

of sequences which may represent novel BGCs. Therefore, it greatly reduces the number
of genomic rgions that need to be manually analysed.
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3.1 Introduction
311¢ KS W2 | NKSIR /fIRSQ

Following the phylogenetic and @ssociation analysis of actinomycete methylmalenyl
CoAmutase genegigure36), there was a single clade which vessiched in ceassociated
genes of interestAs such,K A & Wg | NXKd®iais mGibsk FoBi@ogs belonging to
putative warheadcontaining natural product (warheadP) BGCs.The sequences
contained within the representative nodes were collatetd manudly curated to account
for instances where the exact same strain had been sequenced multiple tifimes.
dereplicated sequences were used to generate a new phylogeny arabsomiation
FyFfeara 27T (usiBgaBegteNd BomR nearby cRde fkia sp. EI5c) as
an outgroup Figure38).

) o~ o é
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w } r Micromonospora sp. C31 .. ...‘..... ‘.
L Actinomadura iabsm43e1? QOO0 00000000000
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Figure 38. Phylogenetic and cassociation analysis of the actinomycete ‘warhead' claGéade of
actinobacterial hexylmalonylCoA mutase sequences that are Hlig coassociated with the proposed
warhead biosynthesis genes (red), biosynthetic machinery (blue) and potential resistance gene (green). A
filled circle indicates the presence of a homologous gene in close proximity to the mutase gene. The
producers of baracterised warheadontaining natural products are indicated in bold. Sequences present at
the end of a contig are indicated with a star. Phylogenetic tree built using RAXML (bootstrap n=300) and tree
manually dereplicated and trimmed. Abbreviatio®®CR= Gotonyl-CoA carboxylageeductase, Asparagine
Synthetase, PbbxygenaseNRPS #NonRibosomal Peptide Synthetase (Adenylation, CondensatiRiKy =
Polyketide Synthase (Ketosynthas@CAD =AcytCoA dehydrogenaseE=Thioesterase PDF =Peptide
Deformyase.
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¢KS WgI NKSI R OdrddiRe3sbf i@ XnborimvathgadNPsaétiSonin and the
matlystatins Streptomycesp. ATCC 14903 aAdtinomadura atramentari®SM 43919,
respectively).Also present are representatives @fctinoplanes Micromonosporaand
Rhodococcyswhich would represnt the first of their genera to produce warhedPs
(Figure38).

Interestingly there seems to be some discrepandieshe putative warhead biosynthesis
genes present in the analysis. kastance the lower subcladeof particularly homologous
mutase genegdenoted byan asterisk inFigure 38) lack the presence of asparagine
synthetase and Mbxygenase genes. This suggests that the putative warhi#adlustersf

this subclade maybiosynthesis products featuring a carboxylated warheaather than

the fully mature hydroxamate groupWhereas, thegenomic regionsutside of this sub
cladefeature the asparagine synthetase anebXygenase but most lack some key putative
warhead biosyrtesis genes (e.g. the small mutase suband MeaBlike chaperone)lt is
possible thain these cases the small mutase subunit is located elsewhere in the genome,
as is the case for actinonin biosynthesis3tseptomyces s;ATCC 1490R207].

Considering the presence of -essociated biosynthetic machinery (blaegclesin Figure

38), there is a great abundance MNMRPS geneg including ademlation domains,
condensation domainand thioesterase domains. The presence of the piperazic acid
biosynthesis pair Ktdike and KtzAike domainsappears to be phylogenetically conserved,
as they areobservedwithin the lowersub-clade lenoted with anasterisk. The presence

of these two domains is indicative of thgotential biosynthetic pathway incorporating
piperazic acid residue(sjto the peptide backbone. Finally, the peptide deformyladeR)P
domain(PF0132Yis also presenin some of the putate clusters and may present a self
immunity determinant ashe warhead has been shown to confae PDF inhibitory activity

of actinonin[128]. This is investigated in the following chapter.

| selected theRhodococcus fasciaisl88 potentiawarheadNP (hereafter referred to as
P188nr2 0 . D/ therfchdrEcteFisiibh as the mutase homolog is phylogenetically
distinct from the known actinonin and matlystatin mutasgarther,the size and specificity

of the NRPS is very different to the actinonin and matlystatin pathwayaddition, the
D188nrpcluster also features a PDF gene would also allow the determination of whether
this represents a selfnmunity determinant against the product of the D188nrp cluster
(Figure39). Finally,R. fascian®188 is an economically relevant plant pathogem the
D188nrp cluster idocated on a pathogenicitgssociated megaplasmids such, it is
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possible that the D188nrp product may play a role in pfathogenicity which is explored
further in Section4.2.3

Actinonin BGC
Streptomyces sp. ATCC 14903

Matlystatin BGC

Actinomadura atramentaria DSM 43919

D188nrp BGC

Rhodococcus fascians D188

|:> CCR » Acyl-CoA Mutase (B) » MeaB-like

[ T
» Epimerase |:> Asparagine Synthetase . Pip biosynthesis

0 Identity (%) 100

» Acyl-CoA Mutase (o) |:> N-oxygenase » NRPS

Figure39. Comparison of the actinonin and matlystatin BG€the putative warhead BGC frdrihodococcus
fasciandD188.Gene similarity percentage is represented by the grayscale link between genes.

3.1.2 Rhodococcus fasciabd 88

Rhodococciare ubiquitous in the environment, having been isolated frone soil,
seawater plants,the arctic and desert environmen{275-278]. Rhodococcusp. are best
known for their bioremediation activities and habeen used to decontaminatsoils and
waters of complex hydrocarbon mixtures, including crude oil and {@&B). Rhodococcus
have recently come to light asmder-exploredtalented specialisednetabolite producers
as their genomes tend to encode a large number of orphan B@@suncharacterised
products [280, 281] There is considerablehemical diversityin the characterised
Rhodococcusiatural products(Figure 40), including the antimicrobialsaurachin and
rhodostreptomycin[282, 283]and the siderophoreshodobactin andrhodochelin[284,
285]. There aretwo pathogenicRhodococcuspeciesg R. equiinfects foals and causes
pneumonia[286]andR. fascianss the causative agent of leafy gall diseasplants[287].
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Figure40. Structures of natural products produced BhodococciProducing organism is denoted.

R. fasciansauses leafy gall disease by infiltrating the plant and biosynthesigtoginins

¢ plant hormones that disruphormal developmentThe symptoms of leafy gall disease
range from deformed leaveand excessive flowerintp the excessive growth afeformed
shoots that forma densely packed leafy g@l88, 289] These symptoms culminate in a
severely stuntd and bushy plantoften with deformed or aborted flowers, whiatauses
considerable economic lossés the ornamental plants industrj290]. R. fasciandas a

very wide host range and leafy gall disease has been reported in over 40 plant families and
160 speies ranging across monocotyledons and dicotyled28s].

Leafy gall disease was first described on diseased sweet pea plants if2292293]and

the causative agent was later isolated as an orange gram positivenotite, rod-shaped
bacterium termed Phytomoras fascians [287], to reflect its fasciatioanducing
phytopathogenicity. Advances in taxonomy led to the eventual reclassification of this
bacterium toRhodococcus fasciaf94].

R. fascianss a welladaptedepiphyte that can survive on the surface of a plant for months
prior to initiating infection[291]. The production oforange carotenoid pigments[295]
protects R. fasciangrom UV irradiation and the productioof a slime layef276] may
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enhance biofilm formatin and providedesiccation resistanc&.he switch toendophytic
colonisation is coordinated Itpe attenuation (att) operonwhich biosynthesis. quorum
sensinglike att molecule, of unknown structur293, 296] High att concentrationsre
proposed to trigger theinfiltration of the bacteria establishment of an endophytic
populationand the expression of thiasciation(fas) operon[291, 296]

The fas operon biosynthesises a mix of cytokisif297] which function in concert to
modulate plant gene expression. Thiant hormone imbalance result;y excessive
differentiated tissue growtlthat originates from existing shoot meristems and alsaovo
formed shoot meristems[298] and blocks tissue maturatiof299]. Further, cytokinin
imbalancepromotes plant biosynthesis of other plant hormonesxin and putrescine
[300, 301] which function to exacerbate infection symptom$aken together, this
abrogatedplant hormone balance results in uncontrolled shoot growth which develops
into a gallSymptomatic tissuesecome sink regiongnriched in carbon sources and amino
acidg[302], whichthe metabolism ofR. fascianshifts totake advantagef and to detoxify
plant-derived primary metabolitef303]in order to support niche establishment

R. fasciansD188 is the wild type strain anéeatures a conjugative lineat99 Kb
megaplasmid, termed pFiD188, that has been determined towibs for pathogenicity
[304]. TheR. fascian$1885 strainlackspFiD188 ands avirulentin planta[305, 306]
Conversely, the conjugation of pFiD188 iRRbodococcussolates lacking virulence genes
conferred the ability to cause leafy gall dise43@7]. pFiD188features regions required
for plasmid maintenance which are shared with other Rhmndous linear plasmid&igure
41). There are also regions unique R fasciangshown in blue irFigure4l) whichare
involved in host interactions and disease progresqi@80]. This includes botlknown
genetic determinants of leafy gall disease, #teandfasoperons[296, 308] Interestingly,
the D188nrpclusteris alsopresentin the R.fasciansunique regiorof pFiD18§Figure4l),
which implicates the produds a potential pathogenicity factor
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pFiD188 Linear Plasmid 199 kb

att fas D188nrp
Unknown Cytokinins Unknown
regulatory NRP
compound

Figure41l. Schematic of pFiD188 megaplasmid. Featuegsons involved in plasmid maintenance (red) and
regions unique tdr. fasciangblue). Adapted fronj289].

The D188nrp cluster has been investigated in the literature previgusFrancis and
colleagueswere interested in elucidating whether this cluster is involved in plant
pathogenicity[304]. The D188nnrp deletion mutant was generated bgxcision ofthe
adenylation domain of the third modul&igure43) in order to prevent biosynthesis of the
D188nrpproduct. However,the D188nrpproduct was not determined to bénvolved in
virulence ashe D188 wnrpand D188 WT strains were indistinguishable imrgplantaleafy
gall disease ass4$04]. Therefore the function of theD188nrpproduct remained elusive
andthere had not been an attempt to isolate the compound nor elucidate the structure.

We therefore established a collaboration with the Francis laboratory (California State
University Bakersfield, USA), who provided Biefascian$VT, D18& (plasmid free) and
D188nnrp strains in orderfor usto determine theproduct of the D188nrpcluster and
isolate theputative warheadNP.
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3.1.3 Chapter Aims

Bioinformatic analysis has highlighted a number of potentially novel warhdad
producers TheR. fascian®188nrpcluster was selected for further investigation as it is
phylogenetcally andenzymatically distinct from the characterised warhddBs actinonin
and matlystatin As such, thé&®188nrpproduct mayfeature interesting chemistry and may
be involved in the plant pathogenicity &. fasciansThe overall aim of this chapter is to
identify the metabolite(s) produced by tH2188nrpclusterand determine their structure.
To achieve this, the specific aims of this chapter are:

I.  Use comparative metabolomics to identify the product(s) offhéagsiansD188nrp
cluster.
ii. Isolatethe product(s) of théd188nrpcluster.
iii.  Elucidate the structure of thB188nrpcluster product(s).
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3.2 Results
3.2.1 Analysis ofhe R. fascian®188nrpBiosynthetic Gene Cluster

TheR. fasciangFiD188megaplasmid sequenag&enBankIN093097.1yvas analysed by
antiSMASHG68], whichidentified a candidate NRPS BGC spanning 55 Kb. However, there
were many genes with predicted functisnunrelated to secondary metabolite
biosynthesis.Comparison with the candidate actinonin and matlystatin BGCs, this region
was trimmed to the 29.7 KIp188nrpcluster shown inFigure 42. Eachof the gene
sequences were analysed by BLAZP]and CDAR[B10]to predict gene functiorased

on sequence homology arbmain contentrespectively which is summarised ifiableb.

2Kb
—

o0 ) e ) jampmm)—H)r)> |

lydA B C D E F G H 1 K L M NO P
D Peptide deformylase . MbtH-like . NRPS . Monooxygenase
D Regulator D Piperazic acid biosynthesis D Warhead biosynthesis . Prenyltransferase

Figure42. Schematic 0b188np cluster fromRhodococcus fasciabx 88.

Table5. Details of predicted protein functions of the genes present in@B@8nrpcluster. Abbreviations:
CCR (crotomyCoA carboxylase/reductase)

Gene Protein accessior  Pfam Predicted function Size Size
name number domain (AA) (KDa)
lydA | WP_015586162.] PF01327 | Peptide deformylase 188 20.71
lydB AET25245.1 PF00196 | LuxRtype regulator 226 | 24.86
lydC | WP_015586164.1 PF01040 | UbiA family prenyltransferase| 282 | 29.44
lydD | WP_015586165.] PF03621 | MbtH-like 103 | 11.50
lydE | WP_015586166.1 PF13434 | Ktztike 424 | 46.95
lydF | WP_202902192.1 PF04299 | KtzFlike 218 | 2451
lydG | WP_015586168.] PF01494 | Monooxygenase 394 | 42.68
lydH | WP_015586169.] Multiple | NRPS 4925 | 537.17
lydl AET25252.1 PF01642 | HexylmalonylCoA mutaseh( 0| 461 49.76
lydJ AET25253.1 PFO00550 | NRPS 99 11.06
lydK | WP_015586172.] PF00501 | NRPS 527 | 56.99
lydL | WP_015586173.] PF00668 | NRPS 614 | 67.49
lydM | WP_015586174.] PF08240 CCR 440 | 47.68
lydN | WP_015586175.1] PF02310 | Hexylmalony}CoA mutasel (0| 151 | 16.37
lydO | WP_015586176.] PF03308 MeaBlike 251 | 26.66
lydP | WP_015586177.] PF13669 | HexylmalonylCoA epimerase | 144 15.89
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The D188nrp cluster features genes predictedto encode a crotonytCoA
carboxylase/reductase(CCR) a hexylmalonylCoA epimerase, the hexylmalosybA
mutase (small and large subunit&nd the MeaBike mutase chaperone, which haed
been previouslyproposed to collectivelycatalyse the first three steps of thputative
warhead biosynthesis pathwaffigure 15) [207, 217] The lack of latstage warhead
maturation genesencoding arasparagine synthetase ah N-oxygenaseauggest that the
D188nrp product may feature an intermediate, carboxylated, warhead moiety.

The D188nrpcluster features four predicted nenbosomal peptide synthetase (NRPS)
genes and a MbtHke gene MbtH-like proteinshave been shown previously fanction

as chaperong in NRPS systemi811]. Therefore, theseproteins are predicted to
biosynthesis the peptide backbone of the ¢krsproduct. Consideration of the predicted
domain architecture of th&NRPSKigure43) suggest thathe largestNRPS proteirLydH

is made up of foumodules whilst thelyd] lydKandlydLgenes are predicted to encode
standalonecarrier protein, adenylation domain and adensation domain, respectivels

such, as there are five total NRPS modules it is possible to predict that the D188nrp product
will feature a pentapeptide backboneith a terminal warhead group.

In order to predict the identity of the peptide backbonef the D188nrp product, the
sequencsof the NRP8omainswere analysed In particularkey residues in the substrate
binding pocket of adenylatiodomainsequencs(known as the Stachelhaus sequenca)

be analysedo predictthe substratespecificity and therefore which amino acid residue is
incorporated at each modul@7]. Several tools were used to predict adenylation substrate
specificity;NRPSpredictorf88], NRPS/PK&nalyss [312] and NRPSs[813] (Figure43).
However there was no consensus result reached by all tools.

As the geneticallyelated actinonin and matlystatin NRPS genes have been desaitzkd
their adenylation domain specificity proposeteir Sachelhaus sequensaveremanually
compared to those of théd188nrpadenylation domainsHigure 44). The Stachelhaus
sequences of the standalorig/dKadenylation domain and th®atJadenylation domains
were found to be identicaldenoted by asterisk ikigure44). AsMatJhas been proposed
to specifically activate piperazic acjd07], this analysis suggests thaydK may also
activate piperazic acid for ingooration into the peptide backbon&urther supporting this
prediction is the presence d&fzHike andkizT-like genes in thé&©188nrpcluster(lydEand
lydF¢ 48% and 47% sequence similarity, respectivé{gland KtzT have been described
in the literaure to work in concert to convert ornithine to piperazic a¢gi4].
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Module 1 Module 2 Module 3 Module 4
NRPSpredictor2 X Thr X X X
NRPS/PKS X Leu Leu Glu X
NRPSsp  Thr Thr Thr Thr Pro

Figure 43. Schematic of NRPS genes of Rhodococcus fasbia®3nrp cluster and predicted domain
architecture. The predicted adenylation specificity using three different tools is dendtedposition that is
disrupted in thennrp mutant is denoted with an asterisibbreviations: adenylation (A), condensation (C),
peptide carrier protein (PCP), thioesterase (TE).

SEEQ‘:;L Ad;;lr\::it;on Stachelhaus sequence
LydH M1 VI iW|S |V Vv
LydH M2 F|lW G Vv
LydH M3 vV |W Flgls!|v
LydH M4 V| W FlcglaGg|F
LydK \Y} F H "
Leu MatO W | F G
Pip MatJ \Yj F H %
Val ActH FlW G Vv
Pro ActE V vV H v

Figure44. Stachelhaus sequence comparison of D188nrp adenylation modidesylation domains from
the related warheaetontaning natural product clusters, actinonin and the matlystatin, are included as
referencesSequences were aligned to ti@&rsAreference sequencand the residue numbers are 235, 236,
239, 278, 299, 301, 322, 380m left to right. Identical sequences arembted by an asterisidbbreviations:
Piperazic acid (PipModule x (Mx)

In the proposed matlystatin biosynthie pathway, the piperazic acid is proposed to be
activated by the standalone adenylation domain Mdbhded onto thestandalone Matl
carrier protein, and then condensed to the warhead via the standalone condensation
domain MatH[207]. In the genetic context, these three genes are located in the same
direction in the ordematH, matl, matJ There is a direct correlation in ti&l88nrpNRPS
system as thdydJ lydKand lydLgenes are located next to enanother and in the same
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direction. LydJ is a predicted standalone carrier protein, LydK is a predicted standalone
adenylation domain with specificity to piperazic acid and LydL is a predicted standalone
condensation domainAs such, it is possibldat LydK activates theiperazic acidthen

LydJ shuttles piperazic acid tydLfor condensation between the piperazic acid and the
warhead moleculeBiosynthesis is then likely to proceed with four additional monomers
being condensed to the piperazic asiwdrhead dipeptide by théour modules of theLydH
NRPS assembly lin®lodule four of LydH is predicted to feature a terminal thioesterase
domain whichmay catalyseproduct releaseas either a linearor macrocylisediberated
product[81]. Therefore, taken together these data indicate that the D188nrp product may
feature a pentapeptide backbone (with at least one piperazic acid residue) and a terminal
carboxylated warhead group.

3.2.2 ldentification of candidate D188nrp products by comparative
metabolomics

In order to identifycandidate products of th®188nrpcluster, theR. fascian®188 WT and

R. fascian®188nnrp strainswere analysed by comparative metabolomics. Both strains
were cultured in a range gfroduction media and their metabolites extracted at both five
and twele days of incubationExtracts of sterile production media were also prepared.
These samples were then analysed lmytargeted LGMS in order to determine the
metabolomic profils. The WT and pnrp base peak chromatogramwere manually
compared and any compmds present in the WT and absent in gerp and media only
chromatogramsvere candidateD188nrpcluster products.

A range ofproduction media (PM)were used in an attempt to induce the production of
secondary metabolites. This included media previously used to pro&lmEoccocus
natural products, such airachinPM,rhodostreptomycirPMand MinA minimal medium
[283, 315, 316]A range of media whichave been used to induce actinomycete natural
product productionwere also tested, includingyeastextract broth (YEB)actinonin PM,
matlystatin PM bottromycin PM SM7 andSM12[207]. SeeSection6.1.4for details.
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Figure45. Comparative metabolomics experiment of R. fascians WTagdisidins at 5 days growth
Abbreviations: PM = Production Medium, YEB = Yeast Extract Broth, BPC = Base Peak Chromatogram.

77



(x1,000,000) (x1,000,000)

75| Aurachin PM .| YEB
&
@,
0.0} : ‘ . 0.0 ‘ : -
0.0 1.0 2.0 3.0 4. 00 1.0 20 3.0 4.0
(x1,000,000) (x1,000,000)
75| Rhodostreptomycin PM @ .5 | Actinonin PM @

(x1,000,000) (x1,000,000)

.| MinA 75| Matlystatin PM

5.0 C:: @ 5.0 @

25 2-5:

00 ‘“‘-k - 0.0 . ‘
0.0 1?0 2{0 3:[] 4_‘( 0.0 1.0 20 3.0 4.0
(x1,000,000) (x1,000.000)

751 SM12 Bottromycin PM

7.5*_
5.0 50
2.5i 2.5
0.0 : 0.0 ‘ - .
0.0 10 20 30 4 0.0 1.0 20 30 40
(x10,000,000)
30| SM7
3 25 .
g (@) . R. fascians WT extract
£ @
E 1.5
g 10 @@% @ . R. fascians Anrp extract
@
0.0
0.0 1.0 - 2:0 o 3.‘0 I 4.0
Time (mins)

Figure46. Comparative metabolomics experiment of R. fascians WTpaygdis&dins at12 days growth.
Abbreviations: PM = Production Medium, YEB = Yeast Extract Broth, BPC = Base Peak Chromatogram.



This comparative metabolomics analysis indicated that thereewserarge number of
candidateD188nrpcluster products produced at both 5 dayBigure45) and 12 days
(Figure 46) of culture. These different compounds of interest can bemagrily
differentiated by their retention times and precursor parent ioriz values. As the same
compounds were identified in different production media and sampling time points, they
were each denoted with an arbitrary number. In total, twenty candidai88nrpproducts
were identified, and their retention times and precursor parent iomz values are
indicated inTable6. Compounds were only considereandidates when they were present
in both of the duplicatdR. fascian8VT extracts and absent in the duplic®efasciangnrp
extracts and media only extracts. The chromatograms displajpedehave been cropped
at four minutes retention time as there were no compounds of interest later in the runs.

Table6. Overview of candidate D188nrp products identified by comparative metabolomics.

Compound # Retention | Major lon Compound # Retention | Major lon
Time (mins) m/z Time (mins) m/z
1 3.55 664.37 11 2.37 580.31
2 3.31 650.35 12 2.00 577.27
3 2.84 682.38 13 1.88 605.26
4 2.67 570.30 14 3.94 700.36
5 1.81 530.30 15 3.25 664.37
6 2.74 689.35 16 2.44 654.35
7 1.66 659.34 17 1.48 553.34
8 1.04 603.31 18 1.16 594.33
9 2.90 703.36 19 1.70 659.34
10 2.64 668.36 20 3.10 655.28

There was a large variance in retention times and predicted major paremhipmatio in

the above twenty candidat®188nrpproducts. Further analysis was required to determine
whether these compounds are structurally related. However, those compounds that
shared similar retention times and similar masses (including similarities in post decimal
place masses) may be structuraliglated. Common structural modifications can be
predicted by comparison of then/z differences between some of the compounds. For
example, them/z of compound #1 is 18.0 Daltons less than compound #3 which may be
indicative that compound #1 is a dehydrdtéorm of compound #3 via the loss of water.
Further, compound #2 may be a demethylated version of compound #1 due to the
comparative loss of 14.0 Daltons. A complication of the above data is that it was unknown
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whether all of observed major iom/z valueswere the protonated parent ion or whether
other adducts had been detected, e.g. sodiated.

The overall relationship between observed candidate D188nrp product production in the
various culture media and sampling timepoints is presentédgare47. From this analysis,

it is clearer that the growth duration dR. fasciandNT plays a large role in observed
metabolite production. For instance, compoundE3#through #20 were only observed at
the 12day timepoint. It was also clear that some production media induce a large amount
of varied metabolite production, for instand®. fasciand®VT is producing eight different
compounds after 12 days of growth in SM¥hereas matlystatin production media only
supports the production of compound #1 after either 5 or 12 dayR.dascian8VT growth.
There is also variation in the abundance of the compounds and the amount of background
complexity (from the bacterial metbolome and the media itself) in the different
production media and sampling timepoints.

Compound Number and m/z value
w1 |42 | #3 | #a | #s | w6 | #7 | #8 | #9 |#10 |#11|#12 |#13 | #14 | 415 | #16 | #17 | K18 | #19 | #20

664 | 650 | 682 | 570 | 530 | 689 | 659 | 603 | 703 | 668 | 580 | 577 | 605 | 700 | 664 | 654 | 553 | 594 | 659 | 655

Aurachin PM

Rhodostreptomycin PM H:- .
MinA
SM7

SM12
Yeast Extract Broth

Actinonin PM
Matlystatin PM

Bottromycin PM . . -

Present in day 5 ONLY
Present in day 12 ONLY
Present in day 5 AND day 12

Production Medium

Figure 47. Matrix of candidate D188nrp product production across production media and sampling
timepoints.The colour of the filled bosenotes which sampling timepoint(d)e compound wasbserved at.
Each candidate D188nrp productisnoted with the assigned reference number (#) and the observed major
m/z value

The compound #1nf/z = 664.37)was consistently produced in the most abundant
guantities and so waselected as the candidat®188nrp product for isolation and
characterisation. Thearied production media and sampling time points wassessed to
identify conditions thaprovided a large amount of compound #1 whilst maintaining good
separation from background compoundBased on these criteri&®. fascian®VT grown in
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SM12 medium for 5 days was selectad an appropriate starting point for testing
compound #1 isolation.

3.2.3 Purification of compoundl metabolite

3.2.3.1 Preliminary scale up experiments for thergication of compound#1.

Several smakcale experiments were conducted to understand how best to sBale
fascianggrowth and compoundtl purification.Firstly, theR. fasciansWT strain was grown

in increasing volumes @M12 mediunto determine whethemproduction was maintained

at largergrowth volumes(25 mL, 50 mL, 200 mL, 400 mAfter five days of growthan
equal amount ofculture from each conditiorwas extractedn methanoland analysed by
LCMS. The extraetd ion chromatogram peak area fotompound #lwas directly
comparable between the conditions. The production of compound #1 was maintained
throughout the scalaup processKigure48). This experiment indicated that the. fascians

WT straincouldbe grown in at least 400 mL of SM12 medi(im2000 mL conical flasks)
and scaleup wasunlikely © pose a technical challenge inrflaer experiments.

4
| I I
0

25 mL 50 mL 200 mL 400 mL

Extracted lon Chromatogram Area (XL0

m Compound #1

Figure48. Comparison oR. fascianputative D188 rp compound#1 production in different volumesf SM12
growth medium R. fascian®188 was grown in SM12 production media in a range of volumes; 25, 50, 200
and 400 mL. An equal volume of culture was extracted and analysedMThe area of the extracted ion
chromatogramf compound #1 ([M+HJ 664.37Wwas calculated to assess amnt of compound produced.
N=1.
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Another preliminary experiment was conducted to understand whether the candidate
D188nrp products were more readily isolated from the cell pellet or tokalture
supernatant. Fermentationsof R. fasciansD188 WTgrown in SM12medium were
centrifuged The pellet was extracted in 70% acetonitrile, before being filtered and
analysed by L™MS. The growth medium supernatant wastracted with ethyl acetate
leaving a bulk aqueous fractiolBoth the supernatantlerived organic and cueous
fractionswere concentrated and analysed by-MS. Comparison of the compound #1
extraction ion chromatogram peak are&ddqure49) indicates that compound #1 is present

in all three extracts but the most effective extraction technique overall was the extraction
of the culture supernatant with ethyl acetate. Thereforepr ffuture largerscale
purifications, the organic extraction of the supernatant was used as it extracted a large
quantity of compound #1 and represented a simple method of extraction as the ethyl
acetate was readily removed by rotary evaporation to concaet the fraction and allow
further processing.

=
o

o

Extracted lon Chromatogram Area (XLO

Pellet S/N organic fraction S/N aqueous fraction

® Compound #1

Figure49. Comparison of putative D188nrp compound extraction technigRefascian®188 WT was grown

in SM12 production media and extracted using three methods: (1) fromeHetpand from the liquid/liquid
extraction of the growth medium supernatant into (2) ethyl acetate organic fraction and (3) aqueous fraction.
The extracts were analysed by-MS. The area of the extracted ion chromatograms of compound #1 ([M+H]

= 664.37 was calculated to assess amount of compound produced. N=1.
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3.2.3.2 First largescale purification of compoun#l

A larger scale extraction was performed to isolate compound fél structural
characterisationIn brief,R. fascian®188 WT was cultured in 0.6 L SM12 for five days and
the culture centrifuged. Theulture supernatant was extractedith ethyl acetateand this
organic fraction was washed with watéfhe organic fraction was then concentratby
rotary evaporation.

In order toseparate tle organic fractiornt was fractionated by flash chromatography using

a C18 reverse phase cartridge (Biotaddash chromatography was chosen as an initial
separationtechnique as it offers separation of a large amount of material, albeit with
relatively poor separation characteristics. A gradient ofLl®% acetonitrile across a
reverse phase C18 cartridge was usdtilst measuringJV absorption at 210 nma¢ a
standad wavelength) and at 237 nm (which was the absorbance maxima of compound #1
determined during the above comparative metabolomics experiment).

Separation of the organic fractionsing flash chromatographfAppendix Figure 102
resulted in theseparation of two peaks, termed fractions A and B. Both fractions were
concentrated to dryness to yieRimg of fraction A and 64 mg of fractionLEEMS analysis
indicated that both fractions A and B contained compound Afpendix Figure 103).
FractionsA and Bwere more thoroughlyanalysedby LEMS to determine which of the
twenty putative D188nrpproducts were present in each fraction. This analysis inditate
that fraction A contaiad large amounts of compound #&ith minimal amounts of other
compoundsof interest (AppendixFigure104). LCMS analysis of fraction B indicatéhat

the major compounds of interest present are #1 and #i#z(664.37 and 700.36,
respectivelywhich were well separated\ppendixFigurel05).

Fraction A was further purified blfPLC using a seqmieparative reverse phase C18 column
(Appendix Figure106) whilst detecting absorbance at 237 nm. This process yielded 0.30
mg of material, which proved pure by MS (AppendixFigurel07).

In order to test aother method of separation, fraction(®4 mg)was fractionated by mass
guided HPLC using a preparatsaale reverse phase column. Fraction B contained
relatively large amounts of compounds #1 and #14 with small amounts of compound #2
(Appendix Figure105). As such, the HPLC separation was performed with ‘guaisied
fractionation for the isolation of the above compounds ([M*H]664.37, 700.36 and
650.35, respectively)rhis procesafforded a 3.2 mg fraction of enriched compound #1 and
two fractions of less than 0.5 mg, one enriched with compounds #2 and one enriched with
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compound #14However, all fractions still featured nmajcontaminants that were difficult
to remove(AppendixFigurel08).

At this stage, the most effective purification was achievedhe@ymanual HPLEeparation
of Fraction A, which afforded 0.30 mg of pure compound #1. However, this proved to be
an insufficient quantity for NMR analysis (data not shown).

3.2.3.3 Secondargescale purification of compound #1

The most effective compound #1 isolation methaalyy} of Section3.2.3.2proved to be
the ethyl acetate extraction oR. fasciangrowth medium followed by separation by
reverse phase flash chromatography and HRhiS.methodology wathereforeemployed
again at a larger scalein order to isolate enough compound #1 for structural
characterisation.

In brief, theR. fascian®VT strain was growm 2 L of SM12 medium for five dayBhe
culture was centrifugedand the supernatant extractedith ethyl acetate. This organic
fraction was washed with water before beingettin vacuoto afford 140 mg of material.
This organic fraction was separatey teverse phasélashchromatography again whilst
measuring UV absorption at 210 and 237 mkpgendixFigurel09). Fractions with a high
abundance and purity of compound #AppendixFigure110) werecollected and dried to
yield 27 mg of an ofivhite amorphous powder. This material widgen further purified
using a preparativescale reverse phase C18 column featuring a 45 to 70% gradient in order
to enhance separation of any closely eluting contamtegAppendix Figure111). The
resultant single peak (eluting at 13.25 minutégm multipleinjectionswas collected and
dried down to afford20.1 mg of a white amorphous soliddGMS and NMRanalysis
indicated that this sample was pure compound #% explored below

3.2.4 Structural determination of compound #1

With a large quantity of compound #1 to haritiwas possible to begin determining the
structure of compound #1. A combination of-MSMS and nuclear magnetic resonance
(NMR) analysis was performed to achieve this.
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3.2.4.1 AccurateMassand MS2 Fragmentatioof Compound #1

A sample of compound #1 was analybgdigh ResolutiotMass Spectrometry (HRS)in
order to determineits accuratemass and to obtain a detaileMSMS fragmentation
pattern. The accurate [M+H]m/z value of compound #1 was determined to 684.3679
(Appendix Figure 112). The m/z value of compound #1 was submitted to the Natural
Products Atlag317] in order to indicate whether compound #1 may be a previously
reported naturalproduct. The natural product with the mosimilar mass was found to be
lydiamycin A, with a protonated mass of 664.3663.1 ppm to the isolated compound
#1). Lydiamycin A was identified fro@treptomyces lydicuss a antimycobacterial agent
[318] and features apentapeptide cycliseddepspeptide backbone with aerminal
carboxylatedacyl chain

2, 13 14
”, 12
“ NH
H 6 9
; ~ 11
N
00 10
00
RV NH
4 o o O~_31_-OH
3\ % X 5 N
5 16 : 27 29
NN 2 o5
30
17 H \ 24 26 28
20 /N
21 22

Figure50. Published structure of Lydiamycin @arbon &éoms are numbered according to the most recent
publication reportingydiamycin structurg319].

The reported lydiamycin Atructure Eigure 50) was of interest as it aligns with the
biosynthetic potential of theD188nrpcluster asdescribedin Section3.2.1 In brief, the
D188nrpproduct was predicted to feature a pentapeptide backbone (including at least one
piperazic acid residue) araderminal carboxylated warhead groupherefore, it is pasible

that the isolatedD188nrpproduct, compound #1, is the previouslgscribed lydiamycin A
natural product.
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In order totest this hypothesis, theViSMS fragmentation pattern of compound #1 was
assessedMSMS of alinear peptideresults infragmenttion at peptide bonds and the
ionised fragments are detected. Fragmentation gives rise to two major series of peptide
fragments as there is a resultanttBrminal and @erminal fragment at each broken
peptide bond (known as the andy ions respectively)This fragmentation pattern can be
analysed to inform the identity of peptide residues and the connectivity of adjacent
residues.

Macrocyclic peptides are likely t{mearise under MS conditions prior to fragmentation.
Consideration of the lydiamycin Agcture, the ester linkage of the macrocydldenoted
with an asterisk irFigure51A) is a likely linearisation poinThis may occur through an
elimination reaction Figure51B) to give rise to a linearisdgdiamycin A species as shown
in Figure51C This features a modified serimesidue with a carboitarbon doublébond.

HOo” Yo

Figure51. Scheme ofpredictedlydiamycin A linearisatiol.he backbone residues are colour codegberazic
acid in purple, serine in red, leucine in blue and alanine in green.

TheMSMS fragmentation pattern ofompound #1 Figure52) was analysed to indicate
whetherthe peptide backbone structure i&kely to bethe same as lydiamycin Ahebion
series fragmentation pattern equal to the loss of piperazic acid, alanine, isoleucine/leucine,
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a modified serine and a piperazic acid/pentylsuccinamic acid dipeptide from the parent
mass ion was observe#igure52). Further, all but ondragment from the lydiamycin

ion patternwaspresentc these are indicated by the green mas the Figure52. Where
predicted peptide fragment ion masses are absénk SNBE | NE WLINBOSRA Y
which account for this discrepancy. For examplkee predicted fragment of the
pentylsuccinamic acid alonsas not detectedrf/z = 171.10), but the pseudodipeptide
fragment of pentylsuccinamic acid/piperazic acid was detectedz (= 281.15). It is
common for some fragmentation ions to be absent from the-MS pattern.
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Figure52. MSMSfragmentation pattern of compound #The backbone residues are colour codegherazic

1010 23817

8509 15

20819 [S18.44 sssas

acid in purple, serine in redeucine in blue and alanine in greeMass losses of known amino acidie
annotated.Expectedy-ion andb-ion series masses are annotated at each amide bond. Masses in green are
observed in MS2 data. Asterisk denotes that this residue is predicted titdb@fsmolecule linearisation
under MS conditions.

These HRMS and MSVIS data indicaté that the isolated compound #1 has an identical
peptide backbone connectivity and a near identical maes1( ppm) to lydiamycin A.
However, MS experiments cannot disjuish between isoleucine and leucine residues, nor
do they provide stereochemical information. M& experiments alsbkely necessitate

the linearisation of the molecule at the ester bond and give rise to a modified serine
residue, thus obfuscating nag macrocycle structure. Therefore, these NBasuggestd

that the isolated compound #1 is lydiamycinHowever, further NMR experimentsvere
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required to confirm thisannotation and confirmthe identity of the intramolecular
cyclisation.

3.2.4.2 Compound#1 Structural Elucidation by NMR

In order to determine whether the isolated compound #4 lydiamycin A,NMR
experiments were conducteid the same NMR solveas published spectra and compared
to these datg319]. To ensure that low intensity NMR peaks weetected, compound #1

was prepared at a relatively high concentration3sfmg/mL in CDgand analysedn a 3
mm tubein a 600 MHANMRspectrometer.

Figure53. 1D NMR analysis of compound #Recorded in CDLI
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