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Abstract

Natural products have been used since ancient times to treat illnesses and terrestrial
organisms have beemsstudied extensively from a chemical point of view. Marine
organisms, on the other hand are definitely understudied compared to plants due to
their difficult accessibility. However, technological advancements have made it possible
for scientist to reach andgample from tropical waters to the deepest panif the
g2NI RQa 20SI yad 9 GRoNgouriding and spangdshynidin@adirie @ S NB
natural products have gained interest within the drug discovery commufithe
chemistry they produce has beenh®wn beneficial for human health with many
examples of marineelated compounds that made it into the market as @ot drugs for

severe diseases.

This thesis is demonstratingeghimportance of marine microbes, corals aaldae as a
source of &condary metabolitesind emphasis is also given dmeir biological activity.

In particular Chapter 2s describing in detail thehemical investigation of an endophytic
fungus isolated from a Floridian redangrovetree. As part of a higthroughput
screening project which involved numerous fungal extratiat were screened against
the ESKAPE pathogens, Aternariasp. isolate waghemicallyinvestigated. Bioassay
guided isolation of the fungal extract yielded a suite of new and known secondary
metaboltes which belong to the benzofurgf.16-2.18) and benzopyrong€2.20) families

and exhibited weak arfMRSA activity. Part B of this thesis is focusing on the great

unexploredpotential of Irish Waters as source of new chemistry. Chapter 3 explores

XiX



polyhdogenated monoterpenes produddéy an IrishPlocamium cartilagineursample.
Six new andnown linear and cyclipolyhalogenated monoterpenes were isolated and
their structure elucidation process is thoroughly discussdte cyclic polyhalogenated
monoterpenes3.2 and 3.3 have been previously described but this is the first report of
crystal structure elucidation through-pdy analysisThe linear csmpounds3.4 and 3.6
represent new polyhalogenated monoterpenes whereas compadsuids a previously
reported metabolite but full NMR data were not available until ndive new metabolite
3.4 exhibited significantcytotoxic activity when screened againstrvical (HeLa) and
pancreatic (MiaPaG2) cell lines The next chapteiChapter 4investigates a deepea
coral identified as’rimonasp. which was collected in the Whittard canyfoom various
depths. A miture of at least two ceramidesl.(l) was isolatedFnally, Chapter 5 is
focusing orthe construction of a microbial library fromidh marine bacterial and fungal
endosymbiontsOne thousand seven hundred and fifty 750)endosymbiotic microbial
strains were isolated fronrish algae, invertebrateand sediment sample®riority was
given to the fungal endosymbiotic isolates and eaokony wascultured in a control
treatment as well as in the presence of HDAC and DNMT inhiblittonge thanfungal

1 200extracts were screenedgainst the ESKAPE pathogand10.8% othoseshowed
antibacterial activity. The majority of the activextracts exhibited selective activity
against only one dhe ESKAPE pathogens. Interestingly, only 14 fungal cultures showed
antimicrobial activityandfor the majority of them only one treatment (contrdiDAC or
DNMT) was found activendicating that the each treatment should be treated as an

independent sample/extract.
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ChapterOne Introduction
1.1 Natural products from ancient to modern times

Nature represents the oldest examples of pharmacy and is still considered the
most prolific sarce of new therapeutic agents. The first indication of the use of plant
derived medicine may be theiscoveryof Otzi the iceman, the oldest European
mummified human dating back to 300 BC. Analysis of thgastrointestinal tract
indicated the presence ofrichuris trichiurghuman whipworm)eggs,responsible for
causing abdominal pain and cyclic anaemia. One of the objects Otzi was carrying was the
bracket fungusPiptoporus betulinugFigurel.1a), which is rich in agaric acid (Figure
1.1b) a strong laxave. Therefore, it is assumed that he was aware of the purgative
effects of the woody part of the fungusThe use of natural products prominent even
in the most ancient civilisations. Below offers some examples of how natural products

were discovered independently in déffent parts of the world.

HO.__O
O

HaC(H;C)14H,C OH
HO L oH

@) (b) 0

Fgure 11. (a) woody part ofPiptoporus betulinufound among the objects of Otzi the

iceman? (b) chemical struire of agaric acid.



The first recorded use of medicinal plants is@00 years old Mesopotamian clay tablet
documenting the use of oils frodifferent plants such a€edrusp, Glycyrrhizap., and
Papaversp.,which are still used today for treatingagh, colds and inflammatiohThe

best representation of Egyptian medicine is the Ebers Papyrus (Hid)rélthough it

was written in 1500 BC it is believed to habeen copied from earlier texts, some of
which date back to 300 BC. Approximately 700 formulas and remedies mostly based

on plants are described in this 20 m long ancient document. For example, the remedy
for asthma is to heat a herbal mixture on a braokd the fumes to be inhaled by the
patient>2 On the other side of the ancient world, Traditional Chinese Medicine (TCM)
practitioners have been usirgcombination of medicinal herbs, acupuncture, massage

and exercissincemnn ./ | & HUSWGONGRNS Rt AY¥ & Velbwy | a ¢
9 Y LIS ME NIAaZE A O 2 AyurgeS8aRredicing Hag itdroots in India and dates back

to 1000 BC. It is a system of medicine basedheral compounds, minerals and metal
substancesemphasizing the importance of the mind and body being indistinguishably
connected2 ¢ KS DNBS| LIKE2&aAOAlIY 5A2302NARSa 6w
$Said SNy aSénvlediayi@E2>t dzY S LIKF NY F<O2nLJISA S ©f55°
Materia Medica) on the collection, storage and useapproximately 600 medicinal

plants (Figurd..2).5
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During the Dark and Middle ages the monasteries in England, Ireland, France and
Germany preservedranslated and studied all the above ancient medicinal documents.
The formation of associations specializing in the sale of medicinal plants played a
significant role in the continuation of the ancient medicinal knowledge. For example, the
Worshipful Sociy of Apothecaries was founded in London in 1617 and in 1673 it
created a garden of medicinal plants knowntlas Chelsea Physic Garden representing
the second oldest British botanical gardens, after the University of Oxford Botanical
Garden which was fouted in 1621 Although during the 1% and 18" centuries the
knowledge of medicinal plants increased, it was not until 1815 when the term
QLK NYIFO23y2aeé¢ gla AYUINRRdIdzOSR o6& W2KIlyy
GLIKIF NYIFO23y2aeé¢ RSNAGDSEM FNR@Mfug) GakdS AN"DNBE S |
(knowledge) and is related to the study @rude drugs from plants and animal sources

in the form of tinctures, teas, and powdefs.
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that are usefil for their medicinalecological, gustatory, or other functional properties

according to the American Society of Pharmacogriosy.

A major breakthrough in the field of pharmacognosy was the isolation of
morphine from the opium poppyapaver somniferurby Friedrich Sertirner in 1817,
representing the first active component purified from a plafifThe isolation of quinine
from the bak of Gnchonasp. in 1820 was also a significant discovery as the commonly
used antimalarial drugs chloroquine and mefloquine are synthetically derived from
quinine. Interestingly, the indigenous populations of Peru and Bolivia were aware of the
antifebrile activityof the cinchona bark and this knowledge was brought back to Europe
by Jesuit missioners in the 1 ¢entury!! Perhaps the most weknown example is the
isolation of salicin from the bark of white willow which largely contributed to the
methods of drug development used today. Ancient Greeks were using the willow bark
for its pain relieving properties and in 183dhannes Buchner identified the active
compound, salicitt which was later derivatised by Bayer into the drug known

internationally as aspirin (acetghlicylic acid}?
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Figurel.3. Chemical structures of the first pladerived active compounds
1.2 Natural products chemistry and drug discovery

Primary metabolites areompoundssuch as proteins, nucleic acids, lipids and
carbohydrates that are vital for the growth and development of an organisontrast
secondary metabolitesr natural products are all organic compounds synthesised by a
living organism but are not essential for its survival. They are usually produced to assist
the organism in adapting to the surrounding environment or serve as a chemical defense
against predatrs!* Compared to primary metabolites, natural productsave
sophisticated and widely varying structures requiring similarly sophisticated and
complex biosynthetic pathways. The most important building blocks in the production
of natural products are derived from acetyl coenzyme A (ag€ebA), mevalonic acid,
shikimic acid and methylerythritol phosphate by participating in the respective
biosynthetic pathway$®> Secondary metabolites can be characterised as the fingerprint
of a terrestrial and/or marine organism or group of organisms. Their unique structures

5



and promising biological activities explain why the scientfi;mmunity has chosen to
focus on isolating secondary metabolites. Newman and Cragg have successfully
demonstrated the significance of natural products and their role in the
biopharmaceutical industry in their latest reviegvAs shown in Figuré.4, unaltered
natural products make up only 6% of all samtllecule approved drugs (from 1981
2014); natural product derivatives comprise 306#those approved. Unsurprisingly, the

majority of these drugs are synthetic molecules, some of which act as mimics of natural

products.

N: Unmodified Natural Product

NB: Natural Product “botanical drug”
ND: Natural Product derivative

S: Totally synthetic drug

S*: Totally synthetic drug but the
pharmacophore is from natural product
/NM: Natural Product Mimic

Figurel.4. Smalimolecule approved drugs from 1981 to 20Rapted and edited from

Newman and Crag)

It is worth mentioning that the 2015 Nobel PrizeRhysiology or Medicineas
I 41 NRSR (2 S5NE® ,2dz22dz ¢dzZ 2 Aff Atearch®d /[ | Y
anddiscoverieon the natural prodicts artemisinin and avermectii.The discovery fo
I NGISYAAAYAY 6Fa LINLG 2F Gt N22SO0G pHoexX |y
the North Viethnamese population to combat malaria during the Vietnam Wahis

6



sesquiterpene lactone with an unusual peroxide bridge, was isolated Atemisia
annuawhich has been used in TCM for treating malaria. Avermectin on the other hand,
was isolated as the fermentation product of a soil actinomycete, identified as
Streptomyces avermitill® The Ba componentof avermectins exhibited significant
anthelmintic activity agaist nematode parasites of cattle, sheep, dogs, and chickens.
The discovery of these two natural products revolutionized the treatment of parasitic

diseases anflashelpedsavethousands of lives around the world.

1.3a NAYS yI GdzNF f LINPRdAzOGAY Dbl 0dz2NEQa

The oceans cuprise7g: 2F GKS 9 NIKQA 0A2aLIKSNB Iy
ecosystem with significant variations in temperature, depth, light and pressure leading
to a great species diversity The number of described marine maesoganisms is over
G2 YAftA2Yy GKSNBlIa GKS RAODGSNRBA (GRBMagine (GKS 2
secondary metabolites are produced tmarine invertebrates, algae and microorganisms
and as previously mentioned, they are not vital for the growth and development of the
organism. However, they serve as chemical defense against predators, for chemical

communication within species and to figthmpetitor species for space and nutrierts.

The discovergf spongothymidine and spongouridine from the Caribbean marine
sponge Tectitethya crypta(previously known a<ryptotethya crypta in the early
1950€4%°> was the beginning of the golden era for marine natural products drug
discovery. The development of SCUBA elfSontained Underwater Breathing

Apparatus)diving, the use of manned submersibles, and the more recent introduction



of ROVs Remotely Operated Vehicles) played a vital role in exploring the marine
environment, from seashoreot the most extreme marine habitats. Moreover,
advancements in analytical techniques, spectroscopic instrumentation, and high
through put screening have contributed to the isolation of numerous chemically diverse
marine secondary metabolites. The latest ogjpon marine natural products by Bluat

al.?8, recorded the isolation of 1340 new compounds for 2015, showing a significant

increase from the 332 metabolites that were reported in 1984.

Currently, there are eight marineelated Food and Drug Administration (FDA)
and/or European Medicines Agency (EMEA) approved drugs and several others are in
various phases of clinical trials, as showiafle 1.1 Only three of theapproved drugs
Prialt®) Yondeli®and Carragelos®made it to the market as the original isolated marine
natural product, whereas the rest underwent structural modifications. Theso a
significant number of marineelated compounds that made it to clinical trials, but failed
to progress to the next step due to lack of efficacy and/or toxicity. Interestingly, in 2004
there were only four marine drugs in the market but 13 yearsrlahis number has

doubled even though it has remained stable since 2¢13.

Spongothymidinel(1) and spongouridinel(2) served as scaffolds for the first
marinerelated FDA approved drugs, cytarabine (Cytesi®) and vidarabingViraA®),
respectively?® Cytarabine,CytosarU®(1.3), is a synthetic pyrimidine nucleoside first

synthesizedn 1959 and latelisolated as thefermentation product from the culture

broth of Streptomyces griseu3en years afteits synthesis, it was approved by the FDA



for the treatment of myeloid leukaemia, ndn2 RI{ Ay wa f eYLK2Yl Ly
leukaema ?® Studies on its mechanism of action revealed that the cytosine arabinose is
capable of inhibiting DN polymerases and DNA repair enzymes by incorporating into

the back bone of DNA through phosphorylati&tp until today, cytarabine represent

the best treatment option for these diseaseéBhe arabinoside derivative of adenosine

which was developed frompongouriding1.2), was named vidarabind 4) and made

it into the market in ®76 as an antiviral agent under the trade name \Af@
Interestingly, years after itde novosynthesis, vidarabine was isolated from an organic

extract of the gorgoniariunicella cavolinwhich was collected in the bay of Naples,

Italy 3%31 Moreover, chemical investigation &fibrio harveyisolated from the sponge

Tectitethya cryptahowed that the Granmegative bacterium was producimgicleosides
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hunting cone snailConus magusZiconotide (Pria®) (1.5) was synthesised with no
structural modification of the naturally occurring peptide. It was approved by the FDA
and EMEA in 2004 and 2005, respectively almost 30 years after its discticenotide
exhibited a new mechanism of action by binding antagtically to Ntype voltagegated
calcium channels. Itis used for the treatment of severe chronic pain and is administrated

intrathecally. In 2010 sales of PriRteached$6.1 US M?
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In 1969 the organic extracts of the ascidi&tteinascidigurbinatawere reported
to exhibit antitumor activity. However, it took 21 years for the isolation and structure
elucidation of the active compouneécteinascidir743 (ET743) to be completed 1.6).
The 0.000% yield of EV43 created a supply issue that almost prevented the compound
progressing to clinical trials. Originallgsearchersaimed to solve this problem via
mariculture and aquaculture but the high cost and low yields put an end to this

approach?® Although several synthetic chemistmesearch groups were able to

10



stereoselectively synthesise #%3, all proposed syntheses involved numergug?)
steps, making it economically improbable to produce the compound om@unstrial
scale334Finally a solution was found through the sesgnthetic approach proposed by
Cueva®t al.** They noticed thaEF743was structurally similar toyanosafracin BL.7),

an antibiotic produced byseudomonas fluoresceriBhe semsynthesis was achieved
usingl.7 as a precursor and modifying it through 20 synthetic steps, giving an overall
yield of 1.14% of..6. This approach was economically and experimentally feasible and

yielded acceptable amounts of #%3 to enter pre and clinical trials. The compound
receivedEMEA approval in 2007 under the trade name Yon@#tis the treatment of

advanced soft tissue carcinoma. It is also approved in several countries for the treatment
of recurrent platinumsensitive ovarian cancer whensed in combination with

doxorubicin3©

Halichondrin B1.8), a macrocyclic polyether, was isolated from various sponges
worldwide such a$lalichondria okadaiJapan)Axinellasp. (Western Pacificlphakellia

carteri (Eastern Indian Ocean) and.issodendoryxsp. (New Zealand} Although

11



compound1.8 exhibited great activity against murine leukemia cells, low yieldhef
isolated natural producbbscuredfurther clinical evaluation. The first total synthesis of
halichondrin B was successfully completed by the Kishi grol@9hand required more

than 100 synthetic steps with an overall yield >3%cientists at Eisai Research Institute
(ERI), in collaboration with the Kishi group, were able to identify the pharmacophore as
the macrocyclic lactone and synthesised morarti200 analogues. In agreement with
the National Cancer InstitutdNCI) team, this interdisciplinary effort led to the
identification of the modified truncated macrocyclic ketone, eribulin mesylaté3&

(1.9), as a potential lead for further clinicalsessment. In 2010 this synthetic analogue

was approved by the FDA and one year later by EMEA under the trade name Kalaven

for the treatment of metastatic breast cancég. 30

Dolostatin 10(1.10) is a cytotoxic peptide isolated 972, from the sea hare
Dolabella auricularidut it was not untill987 when the full structure was elucidated by
Pettit et al3” This highly potenantineoplastic marine natural product consists of four
unusual amino acids namely, N-dhNnethylvaline, dolaisoleucine, dolaproine and
dolaphenine As in the case of ziconotide and halichondrin B, supply wsagn#icant

issue; 1 tome of collected aniral sample afforded 28.7 mg @f10.3” Total synthesis of

12



dolostatin 10 was also usewd confirm the alsolute stereochemistry of the natural

product3® Later it was found that this novel peptide is produced by the cyanobacteria
Symploca hydnoidesnd Lyngbya majusculavhich are major constituents of theea

K I NB Q2&AltHougl dotbstatin 10 exhibited great antineoplastic activity with ED50

values ranging in the picomolar range, it failed to progress to Phase Il clinical trials due

to low in vivoactivity 28 *The poorin vivotoxicity was rectified by Katz and-eeorkers

who linked the dolostatin 10 analogyonomethyl auristatin EMMAE), to a monoclonal

antibody that targets CD30F y | Yy i A3Sy LINBaSyid 2y GKS &dzNF
cells?® The antibodydrug conjugate known dsentuximab vendotin (SGB5,1.11) was

approved by the FDA in 2011 and one year later by EMEA under the trade name

AdcetrisRfor the treatment of Hodgkif @nd systemic anaplastic large dgihphomas°

0 OH
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Lovaz&®is the trade name for a combination of ethyl esters and fatty acids

obtained from fish oils that act ashypertriglyceridemia reducing agenthe primary
members of this family aré.12and1.13 It is approved by both the FDA and EMEA and

it has been shown to reduce tHevels of triglyceride and\DLcholesterol?&2°

Carragelos®(1.14) is an antiviral nasal spray consisting of oaarageenan. It is

sold as an Over the Countd©TC) drug for early symptoms of common cold.
Carrageennanare linear sulfated polysaccharides isolated from red algae. Depending
on the number and position of the sulfate units on the hexose moiety, carrageennans
are distinguished into three main copolymer groups namely lota, kappa and latthbda.
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As shown inTable 1.1and the above discussion of approved marietated
drugs, marine invertebrates represent an abundant source of secondary metabolites
with potential applications in the biopharmaceutical indust@urrently there are six
dolostatin 10 derivativesin various phases of clinical trials for their anticancer
properties. Recently, the interest of the scientific community towards marine microbes
hasbeenignited. This is no doubt due to compounds like salinisporamide A which is
currently in Phase Il clinical trials as a potential cancer therapeutic. Linington and co
workers recently published the results of their analyses on the future of marine natura
products discovery, indicating the tremendous capabilities of microbes and marine
organisms in producing novel chemistThe peak of natural product discovery and
characterization occurred between 1970 atte mid-1990s. This was brought about by
the implementation of instrumentation imperative to thedrug discovery pipeline and
the invention of 2D NMR which greatly improved our abilities in structure elucidation.
However, ever since the mitB90s the number of isolated metabolites has remained
almost constant. Therefore, in recent years scientists have focused their interest in
investigating niche environments such as hydrothermal vents, plant endophytes,
marine endosymbionts, Arctic and Antarctic environments, and the degs® Pyeet
al.®® noticed that organisms within the same phylum, such as Porifera have been
producing structurally similar classes of compounds and therefore the possibility of
isolating novel compounds low. In contrast, beteria belonging to the single genus
Streptomycesppear to produce molecules that are more structurally diverse. We are

nowhere near discovering the last novel marine structure and there is plenty of room for

16



improvements in several approaches currentiyrigg used in natural products discovery.
The future of our scientific efforts is bright only if we are willing to be epemded and

I OOSLIIAYy3 (26l NRa GKS AYLI SYSYylGlI®2sy<27F
methods which involve bioassaynd/or NMRguided isolation could be considered by

a2YS a 2dziRFGSR YR y2 f2y3aSNI LR26SNFdzZ Sy
dzLJ¢ | LILINP I OKS&a Ay GKAOK 3ISYSGAO AYTF2NXNIGA2
as genome sequencing, seem to become more popara considered by some the key

to successful isolation of novel structures from the marine environment. The golden

mean is found in a balanced combination of both approaches in natural products

chemistry research.

1.4 Research objectives

Our society is bag threateneddailyby numerous diseases and for sometase
there is still noavailabletreatment. The long history of the use of natural products as
medicines as well as the examples of matiakted compounds that made it to the
market as pharmaceutal agentsgive hope to natural product chemists worldwide to
continue their efforts towards theisolation of new metabolites with potential
applications in the pharmaceutical industry. Consequently, the work presented herein is
part of a continuous effdrto discover new chemistry from niche biologicahrine

sources.

Mangroveassociated fungi have prometo produce important bioactive

O2YLRdzyRad ¢l 1{Ay3 RGFy(GlFI3aS 2F GKS FIFOG GK
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the first chapterfocuseson the isolation and structure elucidation of secondary
metabolites producd by a redmangrove endophyt fungus In the next two chapters

the importance of Irish waters as source of unexplored chemistry is emphasised. Marine
organisms inhabiting the Irish marine territory have been understudied as potential
source of secondary metabolites. Therefodeyying this research work an algal sample
collected off the west coast of Ireland and a desga coral collected from Whittard
canya during a research cruise on RV Celtic Expleasinvestigated for the chemistry

they produceand potential biological activities.
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Part A. (Marine)Microorganisms in drug discovery

In 1928 Alexander Fleming discovered penicillin after leaving a Petri dish
uncovered by the window while he was on holidayEhe microbe responsible for the
production of penicillin was the filamentous fung@enicillium notatuni? Flemingsoon
observed the broad therapeutic spectrum of the fungal@ps as it was effective against
Grampositive pathogens which cause diseases like scarlet fever, pneumonia, gonorrhea,
meningitis and diphtherid.The discovery and isolation of penicillin put microorganisms
in the spotlight as prolific source of bioactive agents andisegan thedGolden Agéof
Antibiotics There are numerous examples of microlmtabolites that not only made
it into the market but also served as scaffolds for the next generation of therapeutic
agents. The avermectins are a family of compounds originally isolated finem
bacterium Streptomyces avermitilisarvested fromsoil samples.lvermectin 2.1) is a
mixture of avermectins B12 (1a) and B1bZ.1b) and was introduced into tamarket in
1981 as anantiparasitic and artelmintic agent: It is widely used against parasitic
worms and ectoparasitic arthropodshat cause conditions such dsead lice, river

blindness, and lymphatiilariasis®*

2.1a R=CH,
2.1b R=H
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Scientists working at Eli Lilly isolated vancomy2i) from a new actinomycete
Amycolatopsis origalis (previously known asStreptomyces orientaliswhich was
derived from soil samples collected in Borrfe6. K S FANB G AYRAOIFGAZ2Y
bioactivity was its bactericidal action agaip&nicillinresistantStaphylococcus aureus
Two years afteits isolation in 956, it was approved by the FDA and is recommended
for the treatment of lifethreatening infectionscausedby Grampositive bacteriahat
are unresponsive to other antibiotick That being saidvancomycin intermediate
resistant S. aureus(VISA) and vancomyeresistant S. aureus(VRSA) havalready

arisen’

With antibiotic resistance becoming an ever worrying trenke scientific
community has focused its attentiontowards the exporation of untapped
environments, such as the deejea, hydrothermal ventsndthe Arctic and Antarctic

ecosystemsfor the isolation of novel metabolitesThis is an incredibly important

24



endeavor as antibiotic resistance is the greatest threat to glbbalth that the world is

currently facing.

Marine microbes account for more than 98% of ocean biomass. There are
approximately 10° microorganisms per milliliter of seawatemd in marine surface
sedimentsthis number is as high a$0®-10° per gram? Despite their staggering
abundance, marine microorganisms are largely understudied as a source of novel
biologically active metabolites. Marine natural product research has mfnlysed on
invertebrates, such as molluscs, spongasd tunicates, that lack physicalefense
against predator$.However, it has been shown that many of these organisms serve as
a hospitable environment for numerous microorganisms besides the-livew

microbes found in the water column and seafloor.

The first marinederived fungus was isolatétbm a sewage sample back in 1948
and was identified a£ephalosporiunsp. which wadater corrected toAcremonium
chrysogenuni® It was found to produce cephalosporins which are widely known for
GKSANI 6 Ol SNA OA Racthm dnitiBtic3hdhg theSsarde mbde $faa&ion
as penicillins by disrupting the synthesistloé peptidoglycandyerresponsible for the
formation of the cell wallin bacterial! The ilation of cephalosporins spal the
interest of the scientific communitin marine microbes for drug discovery. The most
recent example of the importece of marine microorganisms asprolific source of
bioactive metabolites, is probably the discovery of salinosporamid2.3) {hich is

currently in phase Il clinical tridfs(Table 1.). This potent proteasome inhibitor was

25



originally isolated from the marine sedimederived actinomycetesalinispora tropica
which was collected in the Baham&s# In 2014 Gooet al. reported the presence of
the gene cluster responsibfor the production oR.3in a different species @alinispora
namely Sarenicola!® Salinosporamide A exhibited cytotoxic activity against -HT&
human colon carcinomeells(1Go 11 ng/mL). Becausef the similaiity in structure to
omuralide @.4), a knavn proteasomenhibitor, salinosporamide A was screened for the
same activity andound to be 35 times more potent thaB.4 when tested against

purified 20S proteasom#’.

Cl
23 24

It goes without saying thaterrestrial microbes have played an exceptional role
in drug disovery, but in recent timg the scientific community haglso been exploring
marine microorganisms as a source of bioactive secondary metabolitesdhbt make
it into the market.Following the current trend of interest in marine microbesur lab
has been focusing on the isolation and structure elucidation of bioactive compounds
from marine endophytic fungi. The following chapter is a brief description of our

continuous researchkfforts in mangroveassociated fungal metabolites.
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ChapterTwo. Mangrove endophytes: a source of

bioactive metabolites

2.1 Mangrove endophytes

¢KS GSN)XY aSyR2LIKeGS¢ ¢la FTANRG AYyidNRRdz
describe microbial and fungal strains that livehin a host organism, such as plants or
algae, without being harmful to the ho&t.There are several wews reporting and

emphasizing th@mportant role of endophytic microbes in drug discov&’P with
paclitaxel (Tax@) 2.5) being a representative compound exhibiting the potential of

endophytes as source of bioactive compoundBaclitaxel wasriginallyisolated from
the bark of the Pacific yew tre@axus brevifolid! Twenty years lateit was found that
the fermentation product 6the endophytic fungu¥axomyces andreanasolated from
the bark ofT. brevifoliayieldedpaclitaxel?? In the case of Taxg) the endophytic fungus
provided an alternative route for the isolation p&clitaxelwhich significantly reduced

the number of Pacific yew tredmeingcut-down for natural products research.
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Mangroveecosystems, comprising clusters of trees and shrubs, are unigue in
their ability to survive the harsh interface between landdasea.They represent an
ecosystem of high biodiversity and are promising sources for the isolation of endophytic
fungi which constitute a consortium of marine, terrestrial and freshwater fungi. The
symbiotic relationship between the fungi and the hostrgtahas been demonstrated as
beneficial for both sides. Specifically, endophytic fungi found in the roots of mangrove
plants are protected from adverse environmental conditions and in return thangi
compet againstsaprophytic fungi that decompose efbed roots?® Endophytes living
within the tissue ofmangrove trees must be able to adjust in such harsh environmental
conditions as witas being in a constant battle with competing microbes. This is achieved
through the production of secondary metabolites that serve as chendieidnseand
havebeenshown to exhibit a wide range of biological activitibat may becytotoxic,

antimicrolal, anttinfective,or antimalarial?®: 24

A new pyrrolyl 4quinolinone alkaloid, namedemicinoline (2.6) was isolated
from a Penicilliumsp. obtained from the bark of the mangroveanthus ilicifoliug.
(Acanthaceae) The new metabolitewas assessed for biological actviagainst six
human cancer cell linednterestingly, penicinoline was selectively cytotoxic against
highly metastatic lung adenocarcinoma-B5and human liver cancer HepG2 cell lines
with IGoat 2.24 and 25.59M, respectively?® The mangrove endophytaspergillis sp.
16-5cafforded a newsesterterpenoigdasperterpenoid AZ.7), which showed significant
anti-infective activity againd¥lycobacterium tuberculosprotein tyrosine phosphatase
B (MPTPBJIGy 2.2 >M).2¢ Xyloketal K2.8) was isolated from a mangrove associated
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fungus, Xylariasp. and exhibited strong-¢alcium blocking activity which could be of
great importance Ay G KS GNBFGYSYyd 2F 11 KSAYSNRa |

cerebrovascular diseasés.

ZT
IZ

CO,H

2.20ur Florida mangrovassociated fungal library

Almost 469,000 acreslong the Fridian peninsulaare covered by mangrove
forests that arewell-adaptedto survive in the tropical and subtropical (Florida Keys)
cimatesh ¢ KS Y2ald FodzyRIy(d YIYyaNRB@S alLISOASa 7Tz
the red mangroveRhizophora mang)ethe black mangroveAyicennia germinarnsand

the white mangrovel(aguncularia racemo3#® (Figure2.1).
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Figure2.1. Mangrove trees nive to Florida. From left to right; red,ldck and white

mangrove. (PhotaDanielle H. Demers and Ryan M. Young)

Themicrobial communities living within #se plants can be a prolific source of
bioactive metabolitesTakingadvantageof the abundance of mngrove trees in Florida
we have created the first fungal library consisting of Floridian mangasgeciated
endophytes which has been screened against pathogenic and drug resistant bacteria and
fungi, as well as the malaria and leishmania parasites.riiaia ctallenge when culturing
microbesS A LISOA I f f &8 FdzyIA Ay GKS fl6X Ad GKSANI
for the production of secondary metabolites due the lack of predation and
competition they normally encounter in their natural hatiff Consequently, vaous
techniques have been developed to counteract this behaviour, such-asltoe®® and
varying growth conditions®® Our efforts, andthe focus in this thesis, ispigenetic
modification3? Epigeneticss defined as heritable changes in gene expression without
altering the DNA sequencef the organisn¥? DNA methylation is the mostell
characterisedorm of epigenetic modification during which a methyl group is added at
G5 position ofcytosine nucleotides by DNA methyltransferases (DNMTSs) allowing the

cells to upregulate or downregulagene expressiof® Azacytidine and decitabine are
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the most wellknown DNMT inhibitors (DNMTi) whipinohibit the binding of DNMT&
DNA thus activating geneexpressior?* The acetylation of histones is anathway to
regulate gene expressionh@ lysine residues at the-tdrminal of histone tails are
subjected to either acetylation by histone acetyltransferase enzyr{i¢ATs) or
deacetylation by histone deacetylases (HDAEHATSs lead to a less compact and more
transcriptionallyavailablechromatin whereas during deacetylation, DNA binds more

tightly around the histones therefore chromatin is less likely to be transcribed.

A representative examplef the effect of HDAC and DNMT inhibitomn the
expression of genes responsible for the production of secondary metabdbtes
demonstrated by Beaet al.3® The Floridian mangrovassociated fungukeucostoma
persooniiwas found to produce cytosporones (B.9), C(2.10), and E(2.11) which
exhibited antimalarial and antibacterial activity agair&smodium falciparum and
methicillinresistantS. aureu§MRSA)respectively Sodium butyrate and-&azacytidine
were used asiDAC and DNMT inhibitamsspectivelyin doseresponse experimas. The
production of cytosporones B, C and E was increased in the presence of HDAC inhibitor

and a new derivativeytosporone R2.12) was isolated andharacterisec®
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Following the successfuésearchcarried out by Beawt al.36, we havespent
several yearsuilding the first Floridian mangrovassociated fungal librarfeach fungal
colony isolated fromthe mangrove trees- colected along the IBrida coast- was
cultured in threeconditions:a) control treatmert - where no inhibitors were added to
the fungal cultureb) HDAC treatmentwhere sodium butyrat€2.13) was added to the
fungal culture as an HDAC inhibitor and c) DNMT treatmeiere 5-azacytiding2.14)

was added to the fungal culture aDdNMTinhibitor.
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Currently, the library consists of over 9000 fungal extracts and has been screened in
various bioassays, such as against the ESKAPE pathogensaldria and leishmania
parasites, and numerous cancer cell lineslafye percentage of the fungal extracts
exhibited interesting biological activity and have been chemically investigated for the

production of secondary metabolites with promising biowgityi.

2.3 Antibiotic resistance and the ESKAPE pathogens

Penicillin saved thousands if not milliondigés during WorldVar 1137 therefore
an infectionfree em was assumed to be the future and led to the discovery and
development of new antibioticsHowever, shortly after the end of WWII penicilin
resistance arose leading tesearch that producedi KS RA &4 02 @& btdn 2F y ¢
antibiotics, such as methicillinln 1962 the first case of methicillesistant
Staphylococcus aureRSA) was reported in the UK and six years later MRSA had
spread across the Atlantic Oce#WS K| @S y 2 ¢ Sy iySINDOR 200KA0 £G LI2N
almost all anibiotics in the market no longer being effective against pathogenic
organisms.Antibiotic and multidrugresistant has developed over the yeadue to
inappropriate prescribing of antibiotics, inadequate diagnostiog antibiotic use in
farming and agacuture.® Antibiotic resistance isurrently a global concern with
detrimental effects on public health and the economy. According to a 2013 report, each
year in the United States over 2 million people infected by drugresistantbacteria

causinghe death of 23,000 people annuaf.
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The term ESKAPE was first introduced by the Infectious Disease of America (IDSA)
and refers to & pathogenic bacteria that are responsible the majority of all US
nosocomial infections and have been abledscapé treatment by existing drug®4!
Thesebacteria areEnterococcus faeciurBtaphylococcus aureuslebsiella pneumoniae

Acinetobacter baumanniPseudomonas aeruginasand Enterobacterspecies(Figure

¥ : et e
N I )
Staphylococcus  Klebsiella  Acinetobacter Pseudomonas  Enterobacter

2.2).

i

e r

Enterococcus K
faecium aureus pneumoniae  baumannii  aeruginosa cloacae

Figure2.2. The ESKAPE pathogens

A 2011 study revealed that just the United States, there have been 75,000 deaths
related to hospitalacquired infection$? Moreover, panresistant isolées of three of the
Gramnegative ESKAPE pathogeKs,pneumoniagA. baumannii and P. aeruginosa
have been identified over the past decadé# goes without saying thate are in urgent

need for new antimicrobial agents that will be able to combat the ESKAPE pathogens
with novel mechanisms of actiorend will reduce the occurrence rate of antibiotic
resistance. Therefore, taking into consideration the potential of endtphiyingi as
prolific source of antimicrobial compounds in combination with our responsibility as

researchers to take action towards the fight against drug resistance, we have been able
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to compile the previously mentioned mangreassociated fungal librarwhich was

screened against the ESKAPE pathogens.

2.4 Chemical investigation of a mangreassociated fungus as part of a
screening project against the ESKAPE pathogens

As described previously, our fungal library is the first of its kind consisting of
endophytic fungi which were isolated from mangrove trees found in various sites along
the Florida peninsula. All isolated fungal colonies were cultured in small scaletheder
three different conditions mentioned abovie order tocompile the library which was
screened for antibacterial actiyitagainst the ESKAPE pathogéltse fungal extracts
with the most promising activity were prioritised for chemical investigatiorovalhg
large scale culture of the fungus of interest in the appropriate treatment condition. In
this chapter section the workflow as well as the results of bioagséged isolation of
secondary metabolites with aniWIRSA activity from a Floridian mangromedophyte

will be discussed.

2.4.1Fungus HF147CG4b; anAlternariasp. isolate

During a collection trip in the Old Tampa Bay area, several mangeeles
were collected, surface sterilised and inoculated on Petri diglo@saininga universal
fungal melium such assabouraud dextrose agé&fDA). The plates were incubated at
room temperature and each fungal colony wasptated on freshmediato ensure the
isolation ofa pure fungal colony. Eachisolate was given aunique code name which

included the collection site, year, voucher number and isotaienber. kingus HF14
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17CG4b wasisolated from the leaves of a red mangrofRhizophora mang)ecollected
in 2014near Howard-rankland Bridga the Old Tampa Bay arééigure 23, left photo)
The isolated fungus was identified allternaria sp. (Figure 23, right photo) by
comparing the extracted and PCR amplifi&$ YRNAequence to sequences found on

BLAST databasBungi of the genuglternariaare cosmopolitan ang¢an be faind in

seeds, plants andoil samples.

Figure2.3. Collection site (left) andlternariasp. isolate on BA (right)

The fungal isolate was 1grown on SDA and- plugs of agar supporting the mycelium
were placed in a cryotube with 20% glycerol solution and store8C The mangrove
associated fungus was cultured in small s@depart of ahigh-throughput screening
project on rice media under the control, HDAC and DNMT treatnfen21 days and

then extracted three times with ethyl aceta(EtOAc)TheEtOAc extracts from the three
growing conditions were placed in 9ell plates together with organic extracts from
other fungal cultures and were screened for antibacterial activity against the ESKAPE

pathogens which werebtained from Moffit Cancer Center and Tampen@ral Hospital,
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FL, USAThe ethylacetate extracts of the controHDAC and DNMT treatment of fungus
HF1417CG4b were found to be active againsbsocomial MRSA stramt 10 >g/ml.
Therefore, tle Alternaria sp. isolate wasprioritised for chemical investigation as

described below.

2.5 From small to large scale fungal culture

The initial assessment of tlaatibacterial activity of the fungal isolate was carried
out by extracting the sma#icale fungal culture that wagrown in with and without
epigenetic modifiers. To prepare the control treatment, a plug of SDA supporting the
mycelium was suspended in 1.8% of Sabouraud dextroskroth (SDB) and then added
to a scintillation vial which contained 2.5 g of rice. The HDAC and DNMT treatments were
prepared using the same protocol with the difference that SDB was modified with the
appropriate inhibitor. In partular,a fungal plug was suspended in two eppendorf tubes
containing 1.25 mL of 10éM solution of HDAC and DNMT respectively which were then
added onto 2.5 g of rice. The scintillation vials of all three treatments were incubated at
28°C for 21 day#tthe end of this process, new glycerol stoekexe prepared to avoid
contanmination of the fungal isolateOnce the incubation period was completed and no
contamination had occurred, the three cultures were extracted overnight with L0fm
EtOAc. The EtOAwas dried down andhe extractwas prepared in a 10 mghDMSO
solution for screeningln the case of theAlternariasp. isolate (HF347Gb), all three
smaltscale treatments exhibited antibacterial activity against MRSA atgl@L The
HDACtreatment was randomly selected for chemical investigatidifter many trials

and errors it was found that a 160Id increase of the small scale protoeshscapable
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of affording a satisfactory amount of crude extract thabuld provide adequate
amounts of semiand or pure fractions.Figure 24 shows an example of sma#icale

fungal cultures after the 2tlay incubation period (photo on the left) and two largeale

fungal cultures being incubated in mycobags (Unicorn bags) (photo on thg right

Figure2.4. Examples of smaéicale (left) and largscale (right) fungal cultures

2.5.1Largescale culture of the HDACI treatment

The HDAC treatment of the fungal isolate of interest was selected for-gpale
culture and further investigation of its chemiaainstituents that are responsible for the
MRSA activityvas carried outTheAlternariasp. isolatewas inoculated on SDA from a
glycerol plug that was stored a80°C and was incubated at room temperature fe4 3
days.Then, 1Qplugs(2 mm in diameterjvere taken from the freshly grown fungus and
were inoculated into 100 inof SDB modified with sodium butyrate which served as the
HDAC inhibitor. The inoculated modified broth was poured into a mycobag which
contained 300 g of rice with 500 lnof HO (Figure2.4, photo on the righj that was
previously autoclavedThe mycobag inoculated with the fungus was left for 21 days at

ambient laboratory conditionsThe growth of the fungus and signs of contamination
38



were monitored weekly by rotating/massaging the riceAfter a successful (i.e. no

contamination)21-day incubation periothad lapsed the culture/as extracted overnight

with methanol (MeOH) and EtOAc at a 1:3 ratio followed by two overnight extractions

with 100% EtOAc. The organic extracts were combinedcandentrated under reduced

pressure yielding 13.5 g of crudengal extract. In order to remove water soluble

compounds that were either part of the inoculated broth or unwanted primary

metabolites produced by thélternariasp. isolate, the crude extract was partitioned

between d.HO (distilled HO)and EtOAc. The crude and the two partition extracts were

screened against all six ESKAPE pathogens and the EtOAc partition (6 g) retained the

original ant-MRSAactivity at 5 >g/mL Therefore, the EtOAc partition was further

separated and fractionated.

2.6 Bioassayguided isolation and structure elucidation of alMtRSA
compounds

¢CKS |LIINERFOK GKFG gl a T2ttt 206 Soided y
Aaz2ftlFGA2Yyé R dibdktyity of eeéch Gdctiondi& Sonitored after each
separation stepThe aim of thisnethodis to give emphasi® the bioactive fractionsn
order to isolatethe bioactive compoundgdowever, sometimes the crude or seorude

fractions are found to be ore active than the pure compounds. In this casgynergistic

effect between the chemical constituents of crude extracts is responsible for the

bioactivity. There arehoweverexamples where the pure compoundse significantly

more active than the parenfractions. In such exampldéke active compounds are in
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such minor amount within the noactive crude fractions that they need to be partially

or fully isolated in order to exhibit their activity.

The isolation of pure compounds is tedious work that reeg numerous
fractionation steps using analytical techniques such as Medium Pressure Liquid
Chromatography (MPLC), Thin Layer Chromatography (TLC), and High Performance
Liquid Chromatography (HPLC). A summary of all fractionation steps that led to the
isdation of pure compounds from the crude extract of the fungal isqlasewell as their

biological activity are shown i8icheme 2.1

HF14-17C-4b Crude
20 mg/mL (MRSA)

Partition between Ethylacetate and H,O l
HF14-17C-4bH,0 HF14-17C-4b Ethyl acetate
5 pg/mL (MRSA)
l MPLC, NP,40 g cartridge,
0%, Hex to MeOH100%, EtOAc to 20%; MeOH
A B C D E
1pg/mL 5pug/mL(MRSA) 1 ug/mL (MRSA
(MRSA)
HPLC, NP semi-prep, 10% to 100% EtOAcl
1 2 4 6 7 11 RP HPLC, semi-prep, 5% to 100% MeOH
25 pg/mL (MRSA} 100 pg/mL (MRSA) - 1 pg/mL (MRSA) 25 pug/mL (MRSA) - 10 pg/mL (MRSA)
HPLC, NP semi-prep, 10% to 80% EtOAC l 1 l l l
1 SFs3 8
7a SFS2 SFS1 7h
200 pg/mL (MRSA) 200 pg/mL (MRSA)

RP HPLC, analyt., 25% to 100% MeOH

SFS1-a SFS1-b

Scheme 2.1Isolation scheme of antViIRSA natural productsom the red mangrove

associatedAlternariasp. isolate
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The EtOAcpartition that exhibited activityagainst MRSA at Bg/mL was subjected to
normal phase MPLC affording five fractions; Avhich were also screened for activity.
Fractions C and D were found to be active against MRSA>ginL and 5>g/mL
respectiely and therefore theyvere further purified through normal and reverse phase
HPLC using both seimieparative and analytical HPLC columfise MPLCréction C

yielded compounds SFa]1 SFSb and SFS2 whereas SFS3 was isolated from fraction D.

2.6.1 Isdation and structure elucidation obmpoundsSFS1$FS4H, and
SFSD

The EtOAc partitio6 g) of theAlternariasp. isolate culture was active against
MRSA at 5g/mL andinitially analiquot of 3 g wadractionated usinghormal phase
MPLC The MPL@action C §39.2 mg) was active at g/mL and in combination with
the interestingH Nuclear Magnetic Resonance (NMR) spectrum, it was selected for
further purification. Fration C was subjected to normal phase HPLC and as shown in
Scheme 2.l eleven subfractions were generatechnd were all assessed for their
antibacterial activity. Although fraction-€was the most active at 2g/mL, G7 (22.9
mg) which was active against MRSA at a concentratior?oBg/mL was further
investigated due to larger maasd more interesting NMR data. HPLC analysis of fraction
G7 on normal phase senrpreparative column afforded eight fractions out of which a
pure compound recorded as SFS1 was obtailg8#512.9 mg was isolated as pale
yellow powder and was found to havke molecular formula of GHi120s by HRESIMS
m/z 299.0380 [M+Na]" (calculatedfor Gi4H120sNa,299.0532. Structure elucidation was

carried out by means of 1D and 2IMR spectroscopg‘H, 3C, gCOSY, gHSQC, gHMBC).
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The chemical shift of ther SG K&t &aAy 3t S-OCH} whicht hadoady m 0 ¢
correlationin the HSQC spectrum with the carbon peak &6.4is characteristic of a
methoxy group present in the molecule. Indeed, the methoxy protons showed HMBC
O2NNBft A2y ¢AdK 7lwhidindldatd fhat thiSmefhoxy nioiety wam ¢ T ®
attached to G5 on a benzene ring. In turn;%correlated with two aromatic proton as
4 1 (Hc ®&nly R -4) whiclohadiHSQC correlations with aromatic carbon peaks
4 1 wssomdny RO /4) respeatively. Thie toupling constant at 1.6 Hz indicated
that those two protons weraneta-related in the benzene ring. The HMBC spectrum
NEZSHE SR O2NNBflGA2ya ¢gAGK GKS-7d4) Rowth GAO |
protons, whereas H had an additioal HMBC correlation with  OF Nb 2y LISF 1 I
(G7) indicative of an oxygenated aromatic carbon; therefore, taking into consideration
the NMR data and the molecular formula it was established th&twas bearing a
hydroxyl group.Having solved one ptaof the structure, we moved to theemaining
datada G F NIAy 3 FNRY HbQarAgHERAOK KOER: gy pvodl O2 NN
LG 1+ pRPodp 6KSaAaS OKSYAOFt &aKAFGA | NB OKI NI
therefore it was concluded that hydroxyl group was attached to-fC A& shown in
Figure 25H5KI R Iy la./ O2NNBftlFI A2y H#ODHK glA (&I NIK
R2dzof SG kolQUt RANSOGEIR |GGl OKSR G2 AdG AYyRAOI
Although it would be expectethat this doublet would have an HMBC correlation with
a carbon peak with similar ppmvalueas @ A G O2NNBft I GSR gAGK |
(GH Qvhich was not a carbonyl since it had HMBC coriatatvith a methyl singlet at

M ® g HCH)YOwWi€h inturn correlated with @ Q @©
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It was hypothesed that GH Q 6+ a ySIFNJ Iy 2Ee3Syl GSR a&ai
would explain the upfield chemical shift. MoreoverpH) a K2 SR O2 NNBf | (.
HMBC specttd g A 1 K Ol Nb @y B Qb thadkakesidy bednvdetermined as

beingl,Jr NIi 2F (KS oSy -8gSo0NRYEBEOAkYR 42 h@OR 0K
comparison of the acquired NMR data to those reported in the literatled, us to

identify SFS1 as the known fungal metabolite tdlammne (2.15). Table 2.1lcompares

the 'H and'3C NMRdata of SFS1 in CRGInd CROD with those published for

talaroflavone. This spirocyclic metabolite whist reported to beproduced by the

fungusTalaromyces jlavushich was isolated from a soil sateg*

Figure 25. Planar structure of SFS1 indicating key HMBG)(and COSY—{)

correlations
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Table 21 Comparison of SFS1 with talaroflavone

SFS1 Talaroflavone (2.15)

Position 5, 5 8,° 5.4 8,° 5
1 - 1704 - 170.1 - 170.2
1’/3 - 93.8 - 94.2 - 94.2
3a - 147.1 - 150.8 - 150.8
4 6.49 (d) 102.0 6.44 (d) 103.4 6.44/6.05 (d) 103.5
5 - 167.7 - 168.4 - 168.5
6 6.07 (d) 101.4 6.07 (d) 100.9 6.44/6.05 101.0
7 - 158.1 - 159.8 - 159.9
7a - XXX - 106.4 - 106.5
2 - 170.6 - 1714 - 171.4
3 6.34 (d) 130.1 6.34 (d) 131.4 6.34 (d) 131.4
g - 200.0 - 201.9 - 202.0
5’ 4.82 (s) 78.5 4.74(s) 79.7 474 (s) 79.7
2’-CH, 1.92 (d) 14.0 1.87 (d) 13.5 1.86 (d) 13.4
5-OCH,  3.82(s) 56.4 3.81(s) 56.5 3.80 (s) 56.5

aRecorded at 800 MHz in CRl€Recorded a200MHz in CDgJI°Recorded at 500 MHz
in CROD, Recorded at 125 MHz in DD

0
OH
580
OH
0 ]
2.15

The relative or absolute configuratiasf talaroflavonel & L2 aA A2y a mMQk
has yet to be identified. Our efforts to produce crystals feRay analysis or acquire
NOESY data were unsuccessful, therefore we consigmdgdrminga 2 8 KSNR A& Y S UK
to determine the stereochemistry of the secon@ar | t O2 K2t G LIHAAGAZ2Y
NMR of SFS1 indicated the presence of some impuréreadditionaround of HPLC on
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reverse phase analytical column was carried out as shov@clieme 2.1interestingly

this purification step afforded two pure cgmunds that were labelled as SF&{.16)

and SFSb (2.17). Comparison on théH NMR data of SFS1 to SB$Q.5 mg) and SFS1

b (1.2mg) (Table 2.2 showed slight differences in the chemical shifts of protons that
could be affectedby the chiral centrest G LJ2 & A (i A 2A6 shpvi linythR tabl€) k o
below, SFSb which was the major compound had almost identical chemical shifts as
those reported for talaroflavone. However, in the minor metabolite S&Shechemical

shifts of H6 and H4 were shifted upgld when compared t@.15/2.17. It wastherefore

concludedthat 2.16and 2.17were stereoisomers of talaroflavone.

Table 22 Comparison of SFS1 with SEESAnd SFSh

SFS1(2.15) SFS1-a(2.16) SFS1-b(2.17)

Position 647 64° 6y?

1 -

1'/3 -

3a -

4 6.44 (d) 6.33 (dd) 6.42 (d)
5 -

6 6.07 (d) 5.90 (d) 6.02 (d)
7 -

7a =

2’ -

3 6.34 (d) 6.33 (dd) 6.34 (d)
4 -

5’ 4,74 (s) 4.72 (s) 4.74 (s)
2'-CH,4 1.87 (d) 1.86 (d) 1.87 (d)
5-OCH; 3.81(s) 3.78 (s) 3.78(s)

aRecorded at 500 MHz in €D
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Unsuccessful crystallization attempts ahNDESYexperimentsin combination
GAUK AYyadzZFFAOASY(d Yl &aaspeiscapk agprdadiused oy | & 3
establish the absolute configuration of chiral centres. Electronic Circular Dichroism (ECD
or CD)is usedextensively to study chiral compods, especially large biological
molecules, but lately it has been increasing in popularitthexmarine natural product
field. CD spectra analysis in combination with quantum chemical calculations were
carried out to determine the absolutereochemistry of the new metabolitealthough
the acquired CD spectra are shownFigure 2.6the results of the quantum chemical
calculations are still pendingherefore we cannot make any final decisions on the

absolute configuratiorof SFSH and SE1b yet.

SFs1-a SFS1-b

cD

Figure 2.6 Experimental ECD spectra of Sl&%hd SFSh

By looking the 3D structure of théour possible sterecisomergwith the help of a

modelling kit)we an make somepostulationson the stereochemistryThis is based on

the assumptiorthat sterecisomers A and Bavethe same orientatiod 4 L2 AA GA2Yy |
andthey diffeh y G KS 2NARSYy (Gl GA2y 2Hguié KBBysusyng y Rl NB

the models it is obvious that if the alcohol group ap @ & l-S&onfiguration

46



(stereocisome A) it can affect the chemical environment ofdHand consequently 48

whereas in the case of stereoisormgrwhen the hydroxyl group has &rconfiguration

the two aromatic protonswill not be affected The other assumption is that
stereoisomers C and [Figure 2.7 have anR configuration at M Qk o YR RAFTT:
2NASYGLF A2y 2F GKS Keé RNESERbisom8N® HasJasl § OK A
configuration which is capable of affecting the two protond End H6 on the aromatic

NAY 3> ¢ KSNBH RasasRKcBnfiguration it does not affect the chemical
environment of the aromatic protons. Therefore, it can be assumed that-8&8d SF1

b differ in the orientation of only one chiral centre whistthat ofthe secondary alcohol

since itistheone afficAy 3 GKS I NRYIFIGAO LINRG2Ya y2 YL
has anSor R configuration.Although all the above can give an indication of how the

chiral centres are orientated in space, it is essential to have the quantum chemical
calculations in ordeto assign the stereochemistry of each compound by comparing the
experimental to the calculated ECD spectimwever, as shown iRigure 2.6the two

isolated compounds have the same observed CD spectra which will make it impossible

to assign the absoluteonfiguration of both chiral centres through quantum chemical
calculations. This is a perfect example of the challenges encountered when solving the
structure of an isolated natural product. Unless crystals are obtained.idrand2.17,

it will not bepossible to identify thd 6 & 2 € dziS O2y FAIdzNI GA2Yy |G
and 5 If the above assumptianare correctin that the two stereoisomers only differ in

the configuration ofthe secondary alcohoand ECD analysis will not be able to

differentiate the spectra, th& 2 RA FA SR a 2 £ #0r2N&and 2. Y7 gkt 2dR
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be able to resolve the absolute configuration of the two stereoisomeéhsger due to the

absence of protons near the chiral secondary alcohol.

Figure 27. Thefour possible stereisomers of talaroflavone
2.6.2 Isolation and structure elucidation of compouBBES?2

The EtOApartition of the fungal culture afforded an additional pure compound
by following the same fractionation steps t®se described above for the isolation of
2.15. The second isolated compound was recorded as SESt() and was found to
have themolecular formula ©Hi140s by HRESIM&/z 345.0587M+Na]’ (calculated for
GisHi4OsNa, 345.0586. SFS22.18) was isolated as a pale yellow powderdaits
structurewas elucidated through 1D and 2D NMR experimeliisfC, gCOSY, gHSQC,

gHMBC).

TheYSGKef aAy3at S-OCH) showed aaabrglation dnothhe HSQC

aLISOG NHzY g A 0K (KS; the khemicalyshifi dSthe]methylisinglet ias @ ¢
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indicative of a methoxy group in the molecule. The HMBC experimeitibited a

correlation between e methyl protons of the methoxy grougnd the quaternary
OFNDb2Y | (-c @0 dnciOrC OIBIMBL coffelators with two aromatic

R2dzof SGa | ip 0 d Ry -0 SE6o@ theé abowmel apartial structure of

SFS2 was assemblerhich included a benzene ring bearing a methoxy grau@c .Q

Both doublets Hp Q -1y @R aJcoupling constant of 1.7 Hz, indicating that the two

aromatic protons weremetarelated. ¢ KS LINR G2y O LIRaArAdAizy
correlation with two quatey’ I NB O ND&4Y(Golh i 4 1M @1 Q0 d ¢ KS
chemical shifof @ Q Ay O2YO0AYlI GA2Yy G6AGK GKS O2NNBT I
indicated that i was bearing a hydroxyl group. ThetHR I N2 Yl GA O LINRG2Y ¢
tothe cabonl G 1 mnAalHRPNl W YIRa .K/  O2NNBfFGA2Y 6AGK 0
91.06 (€2). This correlation was the key to connect the aromatic ring system with the

rest of the molecule. A protorwith chemical shift 0f2.93 (1H, H}) indicative of

methylene groups, showed HMBG@Grelation with the quaternary carbon at position 2

and had a COSY correlation withtheothemH | & + od®cn 020K 2F gKAC
I O ND 2y H)i The methpehsignadshowed HMBC correlation witthe

carbonylof the esterl i 1 (@6} Moteover,the presence of an additional carbon

LISF1 4 + MTHPH AYRAOIFIGSR GKS LINBaSyoOoS 27
carboxylic acid moiety of the molecule and had an HMBC correlation with the methylene
LINRG2ya 0 1+ BOTHTIFRAOKHDHPSNBE lb2Gl OKSR 2y

GKFGO AYydSaNIGSR F2NJ 0KNBS LINRO2ya Fd + wm

G

T

GKS OFNB2Yy |G + HHPT HKAOK Ay (Gdz2NYy &aK26SR
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of the carboxylic acid. NS @ASNE (GKS la./ O2NNBtlIGAz2y 27
with the G2 carbon determined the position of the-@h group (Figure 28)
Interpretationof 1D and 2D NMR data led us to the conclusion that SFS2 was a spirocyclic

compound with a carboxylic acidoiety as a sidehain

Figure 28. Planar structure of SFS2 indicating key HMBS& )(and COSY-{)

correlations

After solving the planar structerof theisolated compound, thorough literature search
and comparison of proton and carbon chemical shifiable 23) confirmed that SFS2
was related to the known metabolitetehuic acid 1(2.19). The fungal metabolit€.19
with similar structure to talararoflvone, SFSiyas firstreported in 1957 by Rosetet

al.*¢ from Alternaria tenuisvhich was obtainedrom a mauldy tomata’
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Table 23 Comparison of SFS2 with altenuic acid Il

SFS2 (2.18) Altenuic acid 11 (2.19)

Position 5,2 85 8¢ 8

2 - 91.1 - 90.9
2-CH, 1.77 (s) 22.7 1.57 (s) 19.8
2-CH,CO,H  2.87 (d), 2.75 (d) 40.7 2.73(d), 3.03 (d) 41.1
CO;H - 172.2 - 173.8
3/1 - 89.7 - 89.5
4 2.93(d), 3.64 (d) 421 3.08 (d), 3.57(d) 42.4
5 - 173.0 - 172.0
3 - 168.6 - 168.7
3a - 106.4 - 106.5
q - 159.6 - 160.0
5 6.48 (d) 103.3 6.49 (d) 101.8
6 - 168.4 - 168.6
6'-OCH, 3.88(s) 56.6 3.88 (s) 56.7
7 6.76 (d) 102.4 6.74 (d) 106.5
7a - 150.51 - 150.2

aRecorded at 500 MHz in €DD,? Recorded at 125 MHz in €DD,°Recorded at 400
MHz in CBOD, Recorded at 100 MHz in &€DD

The structure of altenuic acid Il was solved in 1973 when William§ hatha4® were
able to obtain crystals and carry ourdy crystallographic analysis.was isoléed as a
racemic mixture havin¢S S and (R R configuration. Sucture elucidation of altenuic
acid Il by means of NMR spectroscopy was first reported by Nemecek amdrkers
less than a decade ag®dHowever, the reported NMR dataustrefer to the racemate
since the sample used for NMR analysis was providethbynas, even though it is not

clearlymentioned in the publication.
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Although SFS2 wasdmost identical tothe reported proton chemical shifts of
altenuic acid 1, there werdifferences in thgoppm valuef protons at positions, ZH,
2-CHCQH and 4 which are close to the chiral centres of the moleant#led us to the
assumptionthat SI52 had different stereochemistry from theported compound.
Firstly, we had to exclude theresence ofa racemic mixture and indeed measuring the
2LIGAOLIET NRGFGAZ2Y 27F { @fBdwhickKislicatedhatlSKES2S R
representedonly onestereoisomer In order to identify whickstereosomer SFS2 was,

NOESY experiment was carried and the key correlations are shownHigure 29

2.18

Figure 29. NOESY correlations obsedand relative configuration d2.18

From the above mentioned BDSY experimentalata and literature NMR data
we were able to conclude that SFS21@) is anew diastereoisomer of altenuic acid and
the relative configuration ifv Q &,@-CHR¥) as shown irFigure 29. Nemecek and co
workers'® have reported the R R configuraton of altenuic acid Il (even though the
samplethey were given was probably a racemic mixturim order to determine the

absolute stereochemistry 02.18 ECD analysis was carried out. However, chemical

52

I



quantum calculations that will provide the predickespectra for all possible

stereoisomersre still pending.

Although altenuic acid Il has been isolated since the early 19504 kemharia
fungi are welknown for the production of toxins, no bioactivity hiagen reported for
this compound. In our bioassay against the nosocomial MRSA strain, SFS2 was found to

have very weak antibacterial activity at 28¢/mL.

2.6.3Isolation and structure elucidation of compousES3

As shown irscheme 2.2nd as describedmve, the EtOAc partition of the fungal
extract yielded five fractions #r MPLC separation. Fraction B6Q mg) exhibited
significant aniMRSA activity at 5g/mL and therefore was subjected to reverse phase
HPLQusinga semipreparative column and affded eight subfractions. ThetH NMR
spectrum second fraction from the HPLC analysis, indicated a pure compound which was
recorded as SFS32.2mg). It was found to have the molecular formulasBisOs by
HRESIM8&/z 293.1023M+H]* (calculated foiGsHi70s, 293.1025. The structure of the
pure compound was elucidated by through 1D and 2D NMR experiméehisE, gCOSY,

gHSQC, gHMBC).
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HF14-17C-4b Crude
20 mg/mL (MRSA)

Partition between Ethyl acetate and H,0 l

! }

HF14-17C-4bH,0 HF14-17C-4b Ethyl acetate
5 ug/mlL (MRSA)

l MPLC, NP,40 g cartridge,
0%, Hex to MeOH100%, EtOAC to 20%; MeOH

! ! } ! }

A B c D E
1pug/mL (MRsA)  Spug/mL(MRSA) 1 pg/mL(MRSA

l RP HPLC, semi-prep, 5% to 100% MeOH

oo

1 SFS3 8

Scheme 2.2Isolation scheme of SFS3

¢KS YSGKef aAy3atsSa 4G + odyn gAGK Ly 1v
(5Q00Hs) was an indication of the presence of a methoxy moiety on the molectie.
alryYyS YSGKeft aAraylt aK2gSR O2NNBfFIA2Y Ay |
(G5) ring which in turn correlatedwith y  F N Y I G A O RibdAhEKBpeak G + ¢
aK26SR | / h{, O2NNBtlI A2y oA Randforaher2y R | N
coupling constant)}2.1 Hz it was concluded that4Hand H6 were metarelated. The
OFNb2Yy LISI 1 & HOwere assignediagEand/CRrespectively aarding
to the HSQC spectrum. The protomtHshowed HMBC correlation with a carbon peak at
1 Mc eo®p oKAOK g a &dzoalAlddzi SR, wiefeaskb Had K& RNEP
la./ O2NNBfIl GA2Yy B6AGK (G bzl RS Nt SHHCcEIDND 2 f «
KFR Fy 1 {v/ O2NNBf I A2y -caOi K orreldidgn witidey LIS ]

doubletatt o ®-p dwiichandicated the presence of a double bond on the ring
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system.¢ KS ljdzZ G SNY I NBE OWND 24+ & (I f14 2v oApkhe (1 KOS R
chemical shigof Hp QI & ¢@B® tF d a+ /1 n ®ap QA YR A0 | 600SS RNRAGYKR: (-
atom.¢ KS alyYS | LI ASR F2MQOIKBARKIz tySd {wid 102ad
69.2 (Gn Qndezd, twoproton peaks that appeared as doublets in fireNMR spectrum

in DMS@d6 but were not recorded when GOD was usedonfirmedthe presence of

two hydroxf 3INRdzLJa 4G + pdmo | YR {-hip oyl 6 KA OK
respectively from the COSY spectriifne pealO 2 NNE a LJ2 y4RHowed anftHBAJ) / Q
O2NNBf A2y 6AGK | YSioQdt SoykS\ OIKINRAGY2 yi deNly <K
O2NNBft A2y 6AGK HROS Ol Reshge Birrdagoysanatteo dn 0 /
quaternary aromatic carbon at Mo gud®t F&7/R | YSG K&t OFNb2y I i
prot2y G + modnp aK2gSR IMQ I &. 6SO2NNBE & KKy (

100.5 which was assigned ast @&igure 210).

Figure 210. Planar structure of SFS3 indicating key HMBS)(and COSY—{)
correlations
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The planar structure of SFS3 was solved by means of NMR spectroscopy followed by
comparison of the proton and carbon chemical shifts \lithse of reportedcompounds
which confirmed that SFS8as identical to the known metabolites altenueli2.20)
(Table 24). Altenuene was first isolated frodlternaria tenuisn 1972°and both carbon
and proton chemical shifts were reported Bradburn and cavorkers in mid90s5!
Analysis of the coupling constants observed for SH®88cated that the isolated
compound adopted the halthair conformation with a pseudoequatorial orientation of
iKS KeéRNRE&f FMBdtzndneéar aniperiplaingr @lgtionsHip between
H3Ql E In YRelobserved data was also in agremnt with the crystallographic
data reported for altenuene by McPhail and Milkér.Therefore the relative
configuration of SF&.20) was assigned as shown belo8FS3 was screened against

MRSAhowever it was found inactive.

2.20
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SFS3 Altenuene (2.20)

Positio
n

1
2
3

N 2 N O B

&2

4
5
6
2’-CH,
5-OCH,
3-OH

4-OH
5'-OH

Table 24 Comparison of SFS3 with altenuene

6Ha’ J

6.49 (d, 2.2)

6.73(d, 2.1)

1.94 (dd, 14.7, 10.8),

2.25 (dd, 14.7,3.8)
3.68(m)
3.94(d, 4.0)
6.29(d, 1.8)
1.45 (s)

3.88(s)
11.28 (s)
5.13 (d)
5.29 (d)

139.7
100.5
163.5
101.8
166.3
102.9
168.7
132.3
81.6

39.0

69.2
70.0
1315
27.9

56.3

6Hc’ J

6.41(d, 2.3)

6.53(d, 2.3)

1.84 (dd, 14.9,11.0),

2.54 (dd, 14.9, 4.2)
3.77 (m)
4.11(d, 4.6)
6.41(d, 1.7)
1.49 (s)

3.86(s)

100.4

102.4
165.7

81.0
40.2

69.6
72.4
1325
27.8

55.5

aRecorded at 400 MHz in DM$IB, ? Recorded at 100 MHz in DMSIB, ¢ Recorded at
270.06 MHz in CDEIDMSQd6 CROD,d Recorded at 67.80 MHz in CBDMSQd6

Chh 5 %

2.7 Summay and conclusions

H {A3ylfa

l.:.l

1

MONn®dPPpZ

MO pdPmZ

Moo dc =

A fungal isolate which was identified A#ternariasp., was obtained from the

leaves ofared mangrove tree collected in the Old Tampa Bay area, FLInNLZBA4 As

part of a highthroughput screening project, mangrowassociated fungivere cultured

in smaliscale on solid mediander three different conditions; the control treatment had
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no epigenetic modifications and the modified treatments had either an HDAC or a DNMT
inhibitor added into the fungal culture. A fungal library veasnpied and was screened
against the ESKAPE pathogenic bacteria. As a result, the control, HDAC and DNMT
extracts of theAlternariasp. isolate exhibited antiRSA activity at 18g/mL andthe

HDAC treatment was randomly selected ¢bemicainvestigated. Laye scale culture of

the HDAC treatment followed by extraction in organic solvents, and bioagsdgd
fractionation by means of chromatographic methods led to the isolation of a suite of
known and unknown secondary metabolites with weak &ARSA activity The
structures of the fungal metabolites were elucidates through 1D and 2D NMR
spectroscopy. Compourl15was identified as the known metabolite talaroflavone and
was active at 108g/mL against MRSA. However, aditionalround of HPLC revealed

the presence of two separate compoun@sl6 and 2.17 that are believed to be
stereoisomers ofalaroflavone The absolute or relative stereochemistryfi5has not
beenreported in the literature. Unfortunately, we were not able ¢dtain crystals or

good quality NOESY data, therefore ECD analysis combined with quantum chemical
calculations was carried out and the computational results aieé @nding. A new
stereoisomer2.17 of the known altenuic acid Il was also isolated #wadl very weak
activity against MRSAAdditionally, the known fungal metabolite, altenuemneas
isolated through bioassaguided fractionation from the HDAC treatment of the

Alternariasp. culture which was inactive when screeragghinst MRSA pathogen.
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Part B.Marine biodiscoveryfrom Irish waters

Ireland represents the third largest island in Europe and covers an area of
approximately 84000 K. However, the marine and undersea territory of Ireland is ten
times the size othe land mass reaching 8@00 square kilometre’s As shown irFigure
3.1 there are three distincunderwater areas: the continental shelf, the continental
slope and the abyss. The continental shelh flat area with slight slopes whiektends
around the edges of the continent and it consists of sediments washed out from rivers.
The continental slopbegins where the shelf stops and canyons can be found. The third
area of the Irish seafloor the Abyssal Plain, a cold, darkarine environmentunder

high pressuravhichcontinuesd S&@ 2y R LNBf I yYRQA YI NAYS &SNNA

1S NOT TO BE

Figure3.1 The real mp of Ireland (©Mame Institute)
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Furthermore the Irishcoastline is more than @00 Km long and is one of the
longest in Europ@.In 2010, the value of the cout Q&4 2 OSFyA O SO2y2Ye
OAfEA2YY AffdzZAGNY GAY3I LNBfFYyRQa aiNRBy3d NB
economic wellbeing Thereare many sectorexploiting the Irish watersoil and gas
resource,renewable energy, fisheries, tourisrshellfish and seaweed aquaculture
name a few However,little has been done in the field of marine natural products
chemistry i.e. studying Irish marine organisms as a source of new chemistry with
potential biological activitiesCurrently there isa very small number of reported

compounds isolated from Irish marine organishis

Irish waters represent a habitativerse ecosystem hosting great biological
diversity whichhas the potential foexciting chemistry but has been largely unexplored.
This partof the thesis wilfocuson the chemical investigation &fishmarine organisms
in an effort to prove their chemical and biological diversithis chapter specifically
discusseshe collection extraction, isolation and analysis of pure metabolites from an
algal sample identified @locamiunsp. collected from the intertidal zone @. Galway
and a deepsea coral collected during an expedition in the Whittard cangboard RV
Celtic Explorewill be discussedVoreover, a library of marine endosymbionts from Irish
macroorganismswas also compiled and was screened against the ESKAPE pathogens.

The results are reported herein.
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Chapter Three. Chemical investigation loish

Plocamiumcartilagineum.
3.1 A brief introduction to algae with an emphasis on Rhodophyta

Algaeis a broad term that covers a wide range of organisms that can be described
as eukaryotic protistsvhich are distinct from plants but are photosynthetic and can be
found in aquatic environments. They can be eithermicroscopic singlecelled
microalgaé or more complex multicellular macroalgae. Macroalggemmonly known
as seaweedcan be found alongshore on rocks or other hard substrates. They produce
OKf 2NRLIKeff h a GKSANI YIAYy LIK2toahkedy i KS (A
categories depending on theolour of their thallus; red algae (Phylum Rhodophyta),
brown algae (Phylum Heterokontophyta) and green algae (Phylum Giflgta)® Algae
are vital in a marine ecosystem since th@apduce organic matter by capturing light
energy, carbon dioxide and water in addition to forming the oxygen necessary for the
surroundingorganism! Estimating the number of algal species is not any easy éask
this figurerangefrom 30000 to 1 million pecies!® Accordingo a 2012 report by Guit{
it is estimated that there are 72 500 species of algae of whiclO@Rt have been
published Algal biodiversity in Ireland consists of almost 600 species of red, brown and
green algae which are similar to those found in othegionsof the North Atlantic with

similar latitudes?
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Red algae or Rhodophyta are considered to be the oldest group of macrpalgae
an assumption supported by the findingsaofossil sample ddangiomorpha pubescens
which was reported in 2011 and is believed to be 1.2 billion year$ Miokeover, the
most recent findings offossis resembling red algae are those dafatazmia
chitrakootensisand Rafatazmiachitrakootenss discoveredin phosphorite deposits in
India and areestimated to bel.6 billion years old! Currently there are over 600
species of Rhodophyta which amostly marine with few exceptions of freshwater
speciest? The abundance of red algae in polar and subapuwlaters is lower than the one
observed in tropical and temperate marine environments. Their size depends on their
location with large species occurring in celdter and smaller filamentous plants found
in tropical regions2 Redalgae are capable of surviving at depths as grea08 m where
sunlight is not easy to readby producing their pigments in different ratid$.Their red
colour is due to a pigment called phycoerythrin which absotes blue light that
penetrates water.As a resultred algae found in deep water may look almost black
compared to those in shallow waterdyecause of the high concentration of

phycoerythrinl4

3.1.1 Application®f redalgae

Red algaare believed to be the oldest group of macroalgaelthey have been
used extensively overhe years. There are several edible red algae Wi#imaria
palmata, commonly known as dulse, being very popular amongst the Irish population. It
gla o0SAy3 az2tR Ay DI f g H8FQdre ZANIEriexadieN] S i

is Nori (Porphyraspp.) whch is used in Asian cuisirend is the most well-known
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seaweed for human consumptiorrigure 3.2. In modern times, redeaweedshave
played an important role in industry for the production of hydrocolloi®&pecifically
Kappaphycusnd Betaphycusspp. are the most important sources of carrageenans, a
family of linear sulfated polysaccharides whark used in food industry for their gelling,

thickening and stabilizing propertié%'®

DELUXE
SUSHI-NORI

Figure 3.2. Commercially available edible dulse (Jefimage taken from

www.thisisseaweed.cojrand nori (rightimage taken from www.amazon.com
Furthermore red algae such asracilaria Gelidium and Pterocladia spp.
constitute a multimillion industry involved in the production of agar whichused
worldwide as a solid substrate foulturemedia used in microbiologgnd asa solidifying
culinary agent®'” Last but not least, red algae have found application in the
biopharmaceutical industry with the production of Carragel®sehich is sold as an
antiviral nasal spray*® Due to their long evolutionary history Rhodophyta exhibit genetic
and morphological diversity which is accompanied by great chemical diversity exhibiting

a wide ange of biological activities.

68



3.1.2 Plocamiunsp, a prolific source of secondary metabolites

Many algal species have been chemically investigated and red algae are no
exception. They have been found to produce a wide range of halogenated secondary
metabolites® which represent the only examples in nature where one carbon atom is
bearsthree different halogens (chlorine, bromine, iodirf@)A review paper by Klaét
al.?! highlights the variety of cyclic and linear halogenated monoterpenes mainly
produced by species of theenera Plocamium Laurencia Chondophycus and
OsmundeaThe produced monoterpenes consist of two isoprene units and can have any
number of halogenationThe maximum number of halogens reported on monoterpenes

from marine sources is Six.

Plocamiumis the largest genus of the order Plocames and it consists of
approximately 40 species which are maifdund in temperate cold water¥. Pioneers
in the field of algal chemistry, like Prof. John FaulKderijginally investigated the genus
Plocamiumwhile isolatingcompoundsrom the digestive glands of the sea hatglysia
californica?® It was found thatred algae of thegeneraPlocamiumand Laurenciavere
producing the same halogered monoterpenes athosefound in the digestive tract of
the sea haressuggestinghat red algae wer@anA Y S@A G+ 6t S LI NI 2F (K
Since then, many natural product chemibktssefocused their research on the chemistry
produced byPlocamiunspp. and so faalmost 160 compounds have been isolated from
thisred alga, according to MarinLit Datab&@8&ome examples of halogenated terpenes

extracted fromPlocamiunmspp. are shown ifrigure 3.3
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Figure3.3. Polyhalogenated monoterpenes isolated frdttocamiumspp 23 262°

Due to the interesting chemistry produced Byocamiumsp., we focused our research

on halogenated terpenes from Irigh catrilagineunsamples.

3.2 FNV151,; an IrishPlocamiuntatrilagineumsample

LNRAEAK gl 0SNE NBLINSASY(d 2yS 2F 9dz2NRPLISQa
and it is assumed that 600 algal species can be found along the Irish co&stlivee.
easternand southeastern part of theountry ispoor in algal diversitcompared to the
southwest due to the sandy shores. Maringag require a solid substrate, such as rocks,
for settlement and growth, which can be found in the southwest of the country. One of
the areas known for richness in algal diversstifinavarra in CouwtClae (Figure 3.4
Finavarra shore consists of linbese banks which are covered with coarse sand or mixed
with alternatingstretches of sand and rocKBhisarea is exposed tfuctuatinghigh and
low tide which is ideal for the settlement and growth of marine al§adl.these factors

combinedmake Finavarra goodcollection site for algae.
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NORTHERN
IRELAND

Ireland

Figure3.4.Finavarra beach, Co. @gindicated by the yellow arrow)

Winter in Ireland is the ideal time for collection of red algae since brown and
green seaweeds are ilmWw abundance Therefore, during low tide in January 2015 a
lucrativefield trip to Fianvarra yielde® Kg (wet weight) ofed algakample. The sample
wassequenced andlentified asPlocamiuntartilagineumby Dr. Svenja Heesch; its cox1
sequence was found identical to respective sequencesPofcartilagineum(e.g.
JF2715813s desched byCremadest al.° The algal sample was brought baokthe
lab where itwas cleaned taliscardrocksand entangled alga@and wasgiven a unique

code name, FNV15, indicating the collection site and year.
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3.3 Isolation and structure elucidation of monoterpenes frofm
cartilagineum

The collected algalample wasxtracted overnight three times with DCMR2Q
3:1 and the crude extract wamartitioned between DCM and #/brine to remove water
soluble metabolitesThe non-agueousDCM partition (8.6 g) was subjected to normal

phase MPLC and afforded fourtegractions as shown iBcheme 3.1

FNV15-1
6.1 kg (wet weight)

l DCM:MeOH 3:1

FNV15-1-(-8)
l Partition between DCM and H,0

l

ENV15-1-(-8) H,0 FNV15-1-(-8) DCM
86g
iMPLC, NP, 0%, to 100%, Hex to EtOAc and 100%,to 20% EtOAc to
MeOH
A B C D E N o

219.1mg 240mg 284.4mg 498.7mg 49.5mg 311.6mg 1182mg

Scheme3.1. Extraction scheme of FNV-I5Plocamiumnsp.

The!H MMR spectra of the highlighted MPLC fractions C (284.4 mg) and D (498.7 mg)

indicated the presence of halogeas shown irFigure 3.5
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Figure3.5.'H NMR spectra of MPLC fractions C (top spectrum) and D (bottom spectrum),
500 MHz, CD¢l

Indeed the presence of halogenated compounds in the MPLC fractions Bfdbamium
sp. was confirmed througlcC/MSQToFexperiments using Negativeon Chemical
lonisation mode (NClHalogens give distinct MS pattesmaking it easy to identify them

when analysing MS spectra.
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Figure3.6. GC/MSQToHRNICI) mass spectral dat@rifyingthe presenceof halogenated

compounds in the MPLC fraction FNVI(5)-C

Taking into consideration the spectroscopic and spectrometric data as well as the masses
of fractions C and D, they were selected for chemical investigation and isolation of
halogenated terpenes. This was achieved through HPLC analysis on normal phase.
However, regular normal phase HPLC solvents such as hexane/ethyl acetate were too
polar for the separation of terpenes of interest. After numerous trial HPLC methods using
different solvent systems, we found that the ideal conditions for isolating thepuadar
halogenated terpenes involved two semieparative normal phase silica columims
successiorand using a long (120 min/run) and slow gradierth hexane as starting

solvent A and Lhlorobutane as solvent B.
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3.3.1Compound.1

FractionD which was obtained after the MPLC analyg&és subjected to normal phase
HPLQsng the method that was described above and afforded eight fractions as shown

in Scheme 3.2

FNV15-1
6.1 kg (wet weight)

l DCM:MeOH 3:1

FNV15-1-(-8)
l Partition between DCM and H,0

l

FNV15-1-(-8) H,0 FN V15:;;5('8) bem
6g

l MPLC, NP, 0%, to 100%; Hex to EtOAc
and 100%;to 20%; EtOAc to MeOH

oo bbb

A B c D E N 0
219.1mg 240mg 284.4mg 4987mg 49.5mg 311.6mg 1182mg

l HPLC, 2xNP, 0%, Hex to 2% 1-Chlorobutane

e N

D-1 D-2 D-4 D-5 D-6 .. D-
182mg 12.2mg 9.0mg 68mg 16.4mg 17.1mg
3.1 3.2 3.3

Scheme3.2. Isolation gsheme of MPLC fractidb.

The 'H NMR spectrum ofubfraction D1 (18.2 mg) indicated the psence of a
halogenated terpea which was given the name SShechemical shifts o65Slwere
comparedto reported compounds with the assistance of MarinLit databasd as
shown inTable 3.1the isolated compoundhad identical chemical sh&to a previously
reported halogenated terpene3.1). Moreover, the values of the experimental value of

optical rotation ([a}?°= +35.6) was in accordance with the reported onexffa] +32.3),
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which was one more way to confirthat the isolated halogenated monoterpene was
identical to3.1. Onenotabledifference was observed between the reported structures
at H2 where the published multiplicity was a broad singlet; however, the obtaliied
NMR spectrum for SS1 showed a doubitat the same proton. This was due to the
advanced NMR spectrometers we use today which have increasgmhetic field (500
MHz)andacryoprobe compared tthe simplerinstruments with low magnetic field that
were used back in the 706ompound3.1is a cyclic monoterpenkeearing two chlorine
and two bromine atomsndwas isolatedor the first timein 1977 by the Faulkner group

from Plocanium cartilagheumcollectedfrom Isle of Wight, UR?

Table3.1 Comparison of SS1 withl

ss1 3.1
Position 8,2 8,b
1 - -
2 4.43 (d) 4.42 (brs)
3ax 2.93 (1) 2.93 (td)
3eq 2.49 (dt) 2.46 (dt)
4 4.60 (dd) 4.60 (dd)
5 - -
6ax 2.18 (d) 2.18(d)
6eq 2.12 (d) 2.12 (d)
7 1.71 (s) 1.70 (s)
8 1.20(s) 1.20(s)
9 6.48 (d) 6.47 (d)
10 5.97 (d) 5.96 (d)

aRecorded at 500 MHz in CRE€Recorded in CDLI
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3.3.2Compound.2

The second compound that was isolated as a result of HPLC analysis of fraction D
was subfraction D2 (12.2 mgwhich waslabeled asSS2The isolated compound was
crystallised in hexane therefore the structure was elucidated wiayXcrystallography

(Figure 3.7.

Figure3.7. The molecular structure of SS22) as determined by SXRD

Although this compound was not present in tbrystalstructural database, a literature
search revealedhat SS2 was identical to a previously reported halogenated marine
metabolite, 3.2 which was isolated from an Australian sample Bfocamium
cartilagineumin 19772 The publishedH NMR chemical shifts 8f2were reported for
benzeneds whereas CDgWas used for all NMR experiments f@&SMarinLit database
has proverto bean extremely useful tool in NMR data comparison since it predicted the
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proton chemical shifts 08.2 in deuterated chloroform(Table 3.2. Additionally, the
optical rotation of the isolated compound was found to [lag?°=-38.4 which was very

close to he reported value, [af°=-35.7.

Table3.2 Comparison of SBwith 3.2

552 3.2 3.2
(predicted data) {published data)
Position 6,2 6, 6,°
1 -
2 2.88 (m) 2.87 1.40 (m)
3 2.29(d), 2.15 (dt) 2.28,2.13 2.20 (ddd), 1.90 (ddd)
4 4.06 (dd) 4.05 3.20 (dd)
5 -
6 2.72 (d), 3.02 (d) 2.71,3.01 2.55 (d), 2.06 (d)
7 1.95 (s) 1.95 1.65(s)
8 1.68 (s) 1.68 1.22 (s)
9 6.04 (d) 6.02 5.82 (m)
10 6.16 (d) 6.17 5.82 (m)

aRecorded at 500 MHz in CR€Recorded irbenzeneds
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3.3.3Compound.3

An additionafraction, sub fraction Bb was obtained after HPLC analysis and the
'H NMR spectrum indicatethe presence of a pure halogenated compound which was
given the name SS26.4 mg). The structure of the obtained compound wegermined
by means of Xay crystdlography after the compound was crystallised in hexane at

room temperature(Figure 38).

Figure3.8. The molecular structure of SS33) as determined by SXRD

The isolated compound SS3 was not found in the crystallographic database however, it
was identical to coccineng3.3), a cyclic tetrahalogenated monoterpenehich was
isolated from a SpanisRlocamium coccineusample34 The structure was corrected a
year later by the sameaesearchgroup by using 2D NMR and NOE difference
spectroscopy which were innovative techniques back in £985ompound SS3 was
found to have the same structure 83by comparinghe NMR data and optical rotation

of SS3 ([af°=-21) to those reported foB.3 ([a]o?° = -24). Moreoverthe crystal data
confirmed the corrected structure proposed by Sardina andwodkers® and

established the absolute configuration of the molecule.
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3.3.4Compound .4

The MPLC fraction C was also purified through HPLC analysis using the same
method with two semipreparatory normal phase HPLC columns in succession. The
following schemeScheme 3.3showsall fractionation steps required for the isolation of

additional hdogenated monoterpenes from the Irigh cartilagineunmsample

FNV15-1
6.1 kg (wet weight)

l DCM:MeOH 3:1

FNV15-1-(-8)
l Partition between DCM and H,0

'

FNV15-1-(-8) H,0 FN V15:;:5( -8) DCM
69

l MPLC, NP, 0%; to 100%, Hex to EtOAc
and 100%, to 20%; EtOAc to MeOH

bbb

A B c D E N o]
219.1mg 240mg 2844mg 4987mg 49.5mg 311.6mg 1182mg

HPLC, 2xNP, 0%, Hex to 2% 1-Chlorobutanel

oo b

c-1 c5 c7 c-8 c9
17.2mg 29.8mg 53mg 135mg 6.2mg
HPLC, 2xIVP, 0%, Hex to 2% 1-Chlor Ob”’-“’”‘-’l | HPLC, 2x\P,0 9%, Hex to 2% 1-Chlorobutane
c-ls-a cé-b C—gc C}E-d c-ls-e C—El—x l l l
2.8mg Img 16.2mg 24mg 24mg 5mg
3.5 C-7-a C-7-b C-7-e

lHPLC, 2xNP, 0%, Hex to 2% 1-Chlorobutane 05mg 1mg 0.2mg

b b

C-5-¢-1 C-5-c-4 C-5-c-8
0.7 mg 2.5mg 0.8mg
3.4

Scheme3.3. Isolation scheme of halogenated monoterpenes from MPLC fraction C.
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Several rounds of HPLC vyielded -$uwztion G5-c-4 which was labeled as
compound SS4nd its 'H NMRspectrumindicated the presence of halogenatel
monoterpene However,the NMR spectrumof SS4 was slightly different from the
previously isolated compounds. TQRER proton peaks were missing but instead there
were more protons peaks in the spectral area betwéed and 6.8 ppnas shown in
Figure 3.9 which indicated th@resence of vinyl protons bearing either a Cl or Br atom
or non-halogenated olefins. Therefore, it was assumed that SS4 was a linear halogenated

terpene.

_ ss2 ‘ ”L LMJUM
\ |

l‘ |
JL¥‘__,_J‘L_!L“UUUW‘JUL,J”L , I 1 . L,J LA_J .Lﬁ,kwgu-'m

5S4

T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure3.9. Comparison otH NMRspectra (500 MHz, CRLbf the cyclic halogenated

monoterpeneSS2 andhe linear halogenated monoterpene SS4
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Indeed, analysiand comparisorof the 'H NMR data with reported chemical shifasnd
coupling constant$ed us to theassumptionthat SS43.4) was identical tothe known
(1Z,3E,7E8,9-dibromo-(1Z,5R*,6R*,9Jetrachloro-6-methyloctatriene  (3.5). The
polyhalogenated compoun8.5 was isolated from a Tasmani&n cartilagineunsample
as reported by dngaramruongand Blackmar@®3” The relative stereochemistry of both
chiral centres at & and & was assigned aR according to the empirical rules of
Mynderse and Faulkn&and Crew®® who proposed that there is a difference of 3 ppm
of the 3CNMR methyl shift (0) between theR S and R R configuration. Indeed
the 3C NMR spectrum of the isolated compoudd indicatedthat differencefor G10
(Table 3.3. Moreover, the optical rotation value f@.4 ([a]o?°=-20) was different from
the literature value reported for 3.5 ([6]°= +49.1) which also suggested that the chiral
centres of the two compounds had different configuratiofherefore, the relative
stereochemistry of3.4 was assigned abR 69 and it was concluded thad.4 is a

stereoisomer of the known metabolite.5.
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Table3.3 Comparison of SS4 wig¥

554 (3.4) 3.5
Position 842, (Hz) 5.2 8., 1 (Hz) 55
1 6.75 () 124.4 6.75 (d, 0.6) 124.6
2 - 135.8 - 136.0
3 6.64 (d, 16.1) 1243 6.60 (d, 16.2) 124.4
4 6.48 (d, 16.2) 1383 | 6.42(ddd, 0.7, 8.6, 16.2) 137.0
5 4.58 (d, 8.5) 68.8 4.58 (dd, 0.7, 8.6) 69.2
6 - 71.4 - 71.2
7 6.46 (d, 13.8) 131.2 6.45 (d, 13.3) 131.5
8 6.58 (d, 13.6) 110.2 6.58 (d, 13.5) 110.9
9 6.39 (s) 69.5 6.37 (s) 69.6
10 1.78 (s) 25.2 1.80(s) 28.1

aRecorded at 500 MHz in CR€Recorded at 200 MHz in CBCI

9

ChS Br Cl_Br
Cla AN~ Pz Br Clu N~ = NGZ

1 3 - 7 i
Cl Cl
3.4 3.5

3.3.5 Compoun@.6

As shown irBcheme 3.&fter two rounds of HPLC, sditaction G5-b (1 mg) was
yielded and itsH NMR spectrum was very similar to that of $S#/Consequentlyit
was assumed that suiaction C5-b which was named SSS5wvas a linear
polyhalogenated monoterpendiowever, we wee not able to match the chemical shifts
of SS5 with any of the reported metabolites; therefore, SE6) fepresents a new

polyhalogenated acyclic monoterpene isolated from li&sleartilagineum The major
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differencebetween3.4and the news.6 was that the chemical shifts of the terminal vinyl
bromine of 3.4 were shifted and that was the first indication of the presence of a
different halogen attached to the terminal double bond. Dtee the difference in

electron density and radius of a chlogirversus a bromine atom, a terminal vinyl
ONBYARS gAff KIGS RAIFHBS NBLYOL15)0Eparadd &
terminal vinyl chlorided ¥ ~ 642 ¢-4120125)3%37 Indeed, these differences in the

chemical shifts are demonstrated Trable 3.4where we compare théH and'*C N\MIR
data of3.4and3.6. Moreover,GC/MSQToRNCI) analysis indicated the presence of five
chlorine atoms and one bromine arl6 was found to have the molecular formula

CioH10ChBrby HREMIS1/z 385.8229M]- (calculated foiCioHioChBr, 385. 8379).

Table3.4 Comparison 08.4 with 3.6

3.4 EX

Pos 8, ,J (Hz) 55 5,7, J (Hz) 6F

1 6.75 (s) 124.6 6.76 (s) 124.7
2 - 136.0 - 136.0
3 6.64 (d, 16.1) 124.4 6.64 (d, 16.2) 1245
4 6.48 (d, 16.2) 137.0 6.49 (d, 16.2) 131.4
5 4,58 (d, 8.5) 69.2 4,58 (d, 8.5) 69.2
6 71.9 - 70.4
7 6.46 (d, 13.8) 1315 6.21(d, 13.3) 135.0
8 6.58 (d, 13.6) 110.9 6.43 (d, 13.2) 122.7
9 6.39 (s) 69.6 6.39 (s) 69.6
10 1.78 (s) 28.1 1.79 (s) 25.6

aRecorded at 500 MHz in CR€Recorded at 125 MHz in CBCI
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NS =

3.6
The structure of the new metabolit8.6 was elucidated by means of 1D and 2D NMR
spectroscopy¢ KS a A y 3t Sidated diproton vatibro aeighbgurng hydrogens,
therefore it was assigned asHand it showed correlation in the HSQC spectrum with
the carbon peak at ™ HGil¥pwhich in turn had HMBC correlations with the proton
LIS 1 I G -9\ The singlepH-9amd H1 showed correlations with thguaternary
OFNDB2Y |0 LIWP&aHvi ArXya 20 CRINNBdd @ SR gAGK) GKS Ol
GKAOK gl & o0SI NRyYy3 -3 wich iR ®irdzéhowedia AO8Y correlatiore n 6 |
gAGK GKS R2 dz).fTkeithemidal shifts of thosétwo doublets indicated the
presence of a double bondased on the coupling constank ¢=16.2Hz) was assigned
astransHn KIF R  / h{, O2NNBf I (i A¥BY HZHRSwWhichlisKk S R 2 dz
indicative of ahydrogenon a halogenated carborindeed, the chemical shift of the
OFNb2Yy |0 LJaAdA 2e/fprepelice of a lcathgem atSOvRigh TnatdhddS R (1 K
with the chlorine at & of compound3.4. The halogenated 43 exhibited correlations in
the HMBC spectim with the quaternary carbon at T n-8 rwhiah ivas bearing a
methylgroup (MM N X + wm@nE + yYRp®PcO YR | OKBENRYS |
that is described up to this point, wadmost identicato the one of3.4. However, the

proton and cabon chemical shifts of the-@n Y SGKe&f 3INPRidzZLH pPc OM D1

suggested a (®,6S) stereochemistry in accordance with the empirical rules of
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Mynderse and Faulkn&and Crews? H-5 had an HMBC correlation with a carbon peak
Fd + mMopdn GKFG g a O2NNBEFISR 6A0K GKS
7 of the moleculeThe H7 doublet showed a COSY correlation with another doublet at
1 ¢ ®-8)0As éhown inrable3.4 the chemical shifts of both the proton and carbon
peaks at positions 7 and 8 were shifted and indidatee presence of a terminal vinyl
chloride instead of the vinyl bromide that compouldd was bearing. The coupling
constant of the second doubleond (7 ¢=13.3 Hz) led us to assign it as trans, same as in
the reported halogenated monoterpen&@heNOES¥xperiment established interaction
between H1 and H9, H3 and H4, H3 and H5, H7 and H8, and H8 and H10.The
chiral centre at €@ was not pasible toassignLast but not least the optical rotation of
3.6 was found to be [af°= +7.1.All correlations of the new algal metabolig&6 are

shown inTable 35 andFigure 3.1Gound below

Table3.5H 600MHz) and*C (125MHz) NMR Data in CDQ@If33.6

Position 1H J (Hz) 3¢ HMBC
1 6.76 (s) 124.7 2,3,9

2 - 136.0 1,3

3 6.64 (d, 16.2) 1245 1,2,4,9
4 6.49 (d, 16.2) 131.4 2,3,5

5 4.58 (d, 8.5) 69.2 3,4,7,10
6 - 70.4 7,8,10
7 6.21 (d, 13.3) 135.0 5,6,8,10
8 6.43 (d, 13.2) 122.7 6,7

9 6.39 (s) 69.6 1

10 1.79 (s) 25.6 5,6,7,8
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Figure3.10. (a) KeyHMBC (—~) and COSY~t) correlationgb) NOESY correlations for

compound3.6

3.3.6 Compound.7

An additional compound was isolated after HPLC analysis of the MPLC fraction C
of the algalextract The'H NMR spectrum of sulsaction G7-b (Scheme 3.Bindicated
the presence of a polyhalogenated linear terpe8& (1 mg).Thorough literature search
and comparion of the chemical shifts of S&&h those of already published metabolites
led us to identify our isolated compound as tkeown polyhalogenated monoterpene
3,7-dimethyl1,8,8tribromo-3,4, 7trichloro-1,5-octadiene(3.7) (Table 36). The known
metabolitewas isolated from the digestive glands of the sea Wgslysia californicand
it represents one of the first halogenated compounds that have been isolated from
nature?*Its structure was elucidated by means efay crystallography by Faulknet.al
inthe early 70s?3 Stallard and Faulkner were also able to isoBfErom an algal sample
of P. coccineumar. pacificuraproving in this way that red algae constitute a large part

%

2T (KS aS¥ KINBQa RAS(OO®
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Table3.6 Comparison of SS6 wigh7

556 3.7
Position 64, J (Hz) 6.,
1 5.76 (s) 5.76 (s)
2 -
3 6.12 (d, 15.3) 6.11
4 6.06 (dd, 7.8, 15.2) 6.08 (m)
5 4.49 (d, 7.8) 4.51
6 =
7 6.43 (d, 13.6) 6.43
8 6.56 (d, 13.6) 6.56
9 1.96 (s) 1.95 (s)
10 1.76 (s) 1.75 (s)

aRecorded at 500 MHz in CR€Recorded in CDLI

L0 Ll
Br 1 N2~
Br
3 7
Br Cl
3.7

Although compound.7 has been isolated since 1973 and its structure was elucidated

via Xray crystallographyonly the'H NMR chemical shifisave been reported in the

literature. Herein, we report the structure elucidation 8f7 based onlD and 2INMR
spectroscop for the firsttime.¢ KS aAy 3t SG | G +-1 ginderitds th® 2 NNB & |
only protonof the molecule that does not have neighbouring hydrogearsd it showed
O2NNBtFGA2y Ay (GKS | {v/ &aLlsa)midasHVMBE §KS

O2NNBf A2y gAGK GKS YSikKet OFNbB2Y Fd 1
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carbon peak corresponds to position 9 of the molecule and the HS€@sm showed
O2NNBfIFdA2Yy 6AdK 8K Moredvery HLf wasi cortelated ttathem ® oc 0
quaternaryO | ND 2y | §2) and toQo ® o m 9)aatach i turn showed an HSQC
O2NNBf A2y gA0GK (GKS 2-8)SHeACODSYCexpeimPsioged LIS |
a correlation between BandHn 04+ c®dnyo® ¢KS LINRG2Y LISK | &
assigned to the second double bond of the molecule and on the basis of coupling
constants §415.2 andJ,g13.6) both double bonds were assigned as trarie proton

Fd + codpc ol & FdaGrOKSR (2 GKS OFNb2y LISI |
atom is attached, therefore it was assigned as posi8oof the halogenated terpene.

Indeed, due to the difference in electron density and radius of a chlorgrsus a

ONBYAYS Fd2YZ I GSN¥YAYIf @Ayef aNBEGERS gAf
110MmMp 0 O2YLI NBR (2 | {8 NIECERB125) @8 ghovied OKE 2 N,

O2NNBfFdA2y Ay GKS 1 a./ &LIJSO0 NHzYichavesi K (0 KS
assignedas€€ ' yR KIR Iy la./ O2NNBftlIGA2yHsAGK
10, C10). The chemical shifts of the methyl group of SS6 were in accordance with the
empirical rule of Mynderse and Faulki€rand Crew® and agreed with theeported

55 6Rconfiguration 0f3.7.¢ KS LINR G 2y (HS)Iwds attachedito the @arbgn

1 cT®c AYRAOFGOAY3a GKS LINBaSy akonahich was KI £ 2 3
assigned as-6 (Table 37, Figure 3.1). NOESXorrelations were observeth a similar

manner as described bypdgaramruonget al.3” In specific, correlations were observed

betweenH-3 and H4, H-4 and H10, H3 and H5, H-5 and H10,and H7 and H8 (Figure
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3.11). Unfortunately, due to no material left it was not possible to obtain the optical

rotation of the isolated compound to compare it with the literature valugof([a]o?°=

-50.2)

Table3.7 *H 600MHz) and*C 00MHz) NMRiata in CDCI8f 3.7

Position

1
2
e

Ny

O 0 N O W

14 J (Hz)

5.76 (s)

6.12 (d, 15.3)

6.06 (dd, 7.8,
15.2)

4.49 (d, 7.8)

6.43 (d, 13.6)

6.56 (d, 13.6)
1.96 (s)
1.76 (s)

15C HMBC
58.8 589
71.4 3,4,5
135.9 1,2,4,59
1291 2,3,5
67.6 3,4,7,10
71.8 7,8,10
138.7 5,6,8,10
110.3 6,7
26.3 1,23
25.6 5,6,7,8

Cl I
NP ()
Br = fé/ Br

Br

ol H Nl
g .
SN e
(b)

Figure3.11. (a) Key HMBC+) and COSY~t) correlationgb) NOESY correlations for

compound3.7
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3.4 Biological screening

Halogenated terpenes isolated from red algae hbgenshown to exhibit a wide
a range of biological activities, such as antimalarial agahssmodium falciparum
cytotoxic against several cancer cell lines, feeding deterrents and antibaétefial.
Therefore, we submitted the isolated compounds from the IRstartilagineumsample

to some of the available bioassays and assessed their biological activity.

In particular, the first four extracted monoterpenes S834 3.1-3.4) were
screened against hyper virulent clinical straiof Clostridium difficil&JKg 4a bacterium
that can cause symptoms rangi from diarrhea to lifehreatening inflammation of the
colon. The compounds were screened at different concentrations, ranging from 256
>g/mL to 0.5>g/mL. The Minimum Inhibitory Concentration (MIC) was determined for
each compound and it was found thtite isolated polyhalogenated monoterpenes do
not show good inhibition taC. difficile Compound3.1 did not inhibit the pathogenic
bacterium at all wherea3.2and3.4both had an MIC value of 64/mL and3.3inhibited
the growth of C. difficileat 128 >g/mL. Moreover, compounds3.1-3.4 were screened
againstcervical(HeLa)and pancreati¢MiaPaC&) cancer cell linednterestingly, only
the linear halogenated terpen& 4 was active against the cancer cell lingfier treating
HelLa cells with compound@.4, only 30% of the cells survived, wheretitse control
compound,etoposide inhibited 85% of the cancer cells. The isolated compounds were
also screened against a pancreatic cancer cell line, MiaPa&al a similar trend was

found, with 3.4 being the cytdoxic compound.
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60%
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10%

0%

3.1 3.2 33 34

Figure3.12. Inhibition of halogenated monoterpenes against Halba MiaPaC2 cell

lines

3.5 Summary and conclus®n

A large sample dPlocamium cartilagineurwas collected in Co. Clare and was
stored in the lab at80°C. It was later extracted in organic solvents and chromatography
techniques such as MPLC and HPLC were employed for the isolation of secondary
metabolites. Interestingly, we used a rather unusb&LC method which involved two
semipreparative normal phase columns in successam a long gradient of a negpolar
solvent system consisting of hexane anehlorobutane. Several rounds of HPLC
afforded a suite of known and new polyhalogenated terpemdich were identified via
GC/MS QToF spectrometry and the structures were elucidated either through 1D and 2D
NMR spectroscopy for the new compourasd comparison of the NMR data to those

already reported in the literaturdn particular, the known cyclic halogenated terpenes
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3.2 and3.3were also isolated from the Irish algal sample but herein we reported the X
ray analysis of those two compounds for the first time. An additional cyclic terpene
bearing two chlorine and twbromine atoms 8.1) was extracted from the same algal
sample Moreover thelinear polyhalogenated terpeng.4 was also isolated and based

on 'H and3C NMR datait is beli?ved that3.4 is a new stereoisomer of the already
reported 3.5 which was extractedrom a TasmaniaPlocamiumsp. collectionHerein

we alsoreport the structure elucidation of an adenal linear terpene3.7 which was
Aaz2fF SR Ay (KS 71 n &HNMRcHetnical <hiftshwarerepRrteddinge SEOS
the authors obtained crystalfast but not least a new linear monoterpene bearamg
bromine and five chlorine atom8.6) wasaffordedand its structure was elucidated by
means of NMR spectroscopy and mass spectrometry. Comp@uixds4 were assessed

for cytotoxicity against cervical and pancreatic cell lines as well as antibacterial activity
againstC. difficile Only compound 3.4 was exhibited cytotoxic properties against the
cancer cell lines, however, none of the compounds showeititidn of the pathogenic

bacteriumcC. difficile

This is the first reportednvestigation ofthe chemistry produced by Irish
Plocamiumsp. and it goes without saying that the Irish algal spgmieduces a plethora
of polyhalogenated terpenes, both lineand cyclic. The NMR data of sevesahaining
HPLC fractions indicated the presencedditionalhalogenated compounds,dwever,

low masses made it difficult to proceedtlvfurther purification steps.
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Chapter Four. Chemical investigation of an Irish

deep-seasoft coral

4.1 Thedeepsea

A globalten-yearscientific project (The Census of Marine L#®hing to explore
the distribution and abundance of marine life in the oceaegorted 250 000 known
species and speculated that the total number is over one million excluding microbial
species which are estimated to be hundreds of millibigchnologickadvancements
since the end of the 20 century, such asemote operated vehicles (ROVs), image
capturing and sampling technologidgve made it possible for scientists to reach and
explore previously untapped marine environmeni$e deepseais a vastecosystem,
widely unexplored but from the little we know it is one of the most biodiverse and

speciesrich habitats not only in the marine but also in the terrestrial re&fmn.

The deepsea is an extremeenvironment since it is characterised by high
pressure, low temperatures and limited light penetrationPressure increasdsy 1 atm
for every 10 mof depth and the deefsea varies in depth from 100 m to 11 000 m;
therefore pressure ranges between 10 atm and 1 100 aWiith the exception of
hydrothermal vent communitiesvhere hot water is emittednto the cold waters, the

deep-sea emperature remaingsoughlybetween-1 to +4C(Figure 4.).°
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Thermociine

Figure4.1. Variation of sea water temperatures with depth at loand midlatitudes>®

The deepsea begins below aboutO0 m, where sunlight becomemadequate for
photosynthesis. From there to about 1 000 m deep, sunlight continues to decrease until
there is nolight. The Challenger Deep at the Mariana Trench located in the Western

tF OAFAO hOSIYy A& GKS RSSLISald 1yz2é6y LRAYI

10994 m.

Deepsea organisms have adapted and are able to survivihese extreme
environmental conditions by adjusting their biochemical processes. From a chemical
point of view macreorganisms and microbes found in deepaters havebeenshown
to produce chemically derse secondary metabolites which exhibitwide range of

biological activigs> 7
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4.2 Secondary metabolites frogoft corals

The phylumCnidariaconsists of approximately 11 0O@@scribed speciéfound
worldwide and includesorals, sea anemones, jellyfish and hydroids. The name Cnidaria
O02YS& FTNRY (KSANDNBEESPK ¢ ¥ SRy dUrtizgaldvigad)ATHhed y S
phylum is divided intofive classes: Anthozoa (anemones, corasd sea pens),
Scyphozoa (jellyfish), ydrozoa (hydroids), Cubozoa (box jellyfish) and Staurozoa
(stalked jellyfish). Four out of five current cnidarian classes have been identified in the

Cambrian fossil record, indicating that they existed 500 million year$ ago.

Cnidarians were already well known for their ability to produce toxins and
venomg®when researchers started isolating other smattempounds too, the so called
secondary metabolite&! Interestingly the phylum Cnidaria ithe second largest source
of marine natural products after spongést* The latest review bluntet al°reported
143 new compounds isolated from cnidariaeempared to 291 new secondary
metabolites which derived from thghylum Porifera. Cnidarians found in tropical waters
have been well investigated, however, celditer®> 16 and deepsea specimeris have
alsobeen found to produce interesting chemigtrThe class Anthozoa represents the
most abundantclass with over 6 500 species and the majority of the reported marine

natural products have been isolated from the order Alcyonacea (soft corals).

A few of the secondary me&abolitesisolated from deepseasoft corals include
the dollabelane diterpenoid€, a xenicade ditrpenoitf and halogenated azulené$

(Figure 4.2.
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CHO
R2
R1=C| R2=H
R=H OCOCH, R,=Br R,=H
R=0OCOCH; Ri=H R,=Br
dolabellane ditrpenoids cristaxenicin A halogentaed azulenes

Figure4.2. Secondary metabolites isolated form desea soft corals

4.3Primnoasp.; an lrish deepea soft coral sample

In our efforts to discover new and exciting chemistry from Irish marine
organisms, a deepea coral sample was selected for chemical investigaBipacifically
during a deep-sea research expeditiom June 20l6aboard the R\Celtic Explorer
(CE160083e\eral coral samples were collectadd some of thentame back genetically
identical and identified to the genuBrimnoa Although, further analysis needs to be
carried out for the identification of the coral sample to species level, our expan of
taxonomists believe that it i®rimnoaresaediformisut cannot be confirmed as of yet.
The Primnoasp. samples werecombined to one individual sample named RMY209
(Figure 4.3. They were collected by R®Mlland Iduring several events of the deeyea

cruise,at different depths and different locations all within Whitta@nyon {Table 4.).
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Figure4.3. One of the collectedPrimnoasp.samples 1221 m(©Marine Institute)

Table 4.1Primnoasp. samples collecteduringthe CE16006 research cruise

BDV# * Depth (m)

1820 1221
1995 1463
1897 1665
1892 1665
1821 1221
1901 1665
1905 1665

* Eachcollected samplevasgiven a unique biodiscovery number (BDV#)

From a chemistry point of view corals of the geRusnnoais relatively unknown
according toMarinLit databas® which only references an inaccessible PhD thesis
However thirteen secondary metabolites have been isolated from coral samples of the
Primnoidae family. These include steroids and teqida such as cristaxenicin®A

(Figure 4.2.
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4 .41solation and structure elucidation oin@wceramide

The seven individual deegeaPrimnoasp. samplesTable 4.) were combined
into sample RMY209 and after lyophilisation, 313 g of dry weight was yielded. Once
freezedried, the coral was processed with a Soxhlet extractor with refluxin@ERhe
crude extract was partitioned betwedmexaneand aq. MeOH and theelxane partition
was loaded onto silica gel and fractionated by normplhase MPLC affording nine
fractions as shown i8cheme 4.1The MPLC fraction HEB mg) was further purified by
normatphase HPLC equipped with UV and ELSD detection and yieldechfdions out
of which the'H NMR of fraction K8 (1.7 mg) indicated the presencd what was

originally thought to be @ure compound4.1).

RMY209
313¢
DCM sohxlet extraction l

RMYZ209-1
53¢
Partition : Hex/aq. MeOH l

! !

RMY209-1 Hex part RMY209-1_aq. MeOH part
4.87g 334.8 mg

MPLC, NP, 80 g cartridge, 0%, to 100%, Hex to EtOAc and
100%, to 20%; EtOAc to MeOH

oo

A B C D E F G H ]
97mg 1.30g 236g 356mg 123.4mg 387.1 mg 35.6 mg 15.3 mg 51.1 mg

HPLC, NP, 55%, to 100%, Hex to EtOACl

ol

H-1 H-2 H-3 H-4
2.2mg 4.9mg 1.7mg 2.4mg

Schemet. 1. Purification scheme fahe deepsea coral sample RMY209.
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Compound4.1 was isolated as a white amdrpus powder. The positive ion mode
HRESIMS showed a pseudomolecular ion peakza558.4825[r + a]* which together

with the pseudomolecular ion peak at/z 570.4659[M + Cl} in the negativdon mode

ESIMS enabled the determination of the moleculformula as €HssNGs, with the help

of NMR spectral datdnthe H NMR spectrunof4.1F y Ay Sy asS LINRG2Y &A
-1.30in combination withi ¢ 2 Y S Ke f @@HEgX 6.5 yIRiI + @Hudpyyy

J 6.8)indicatedthe presence of two long chain aliphatic moieties. A proton signal at
6.24(1H, d,J=7.4 Hz) and a carbonyl signal at 174&ialedthe presence of aCONH

group. ThéH,®¥ |y R | {v/ &LISOGNI &adz33S538dSROEX St LIN
3.95 (1H,dd, > 37, 113), 3.70(1H, dd,J = 3.3, 11.2)] andne secondary hydroxyl group

QT N OPB2M1 X YO8 | f2y3I FAGMKH BRI RRadpd® 1SS 0N HY gRA
5.55(1H, dd ¥ 6.5, 15.5), 5.7@H, m), 5.8 (1H, m), 5.4Z1H,m]. Inthe COSY spectrum

GKS I YARS LINRG2Y |G + codHn &K@ o6 RucBd NNB |
GdzNy 61+ & 02dzLd SR g HB)KvhichkBwedIN@SY 2oyreldtian with n do |
H4¢ pdpp0 2F (GKS R2dz0f S 02y RohedaKbduedb2 G2y |
the observed correlation with ¥4 in the COSY spectruithe proton at position 5 had a

COSY correlation with the proton peakiat H (#-6) evhich in turn correlated with H

01 H b addiiah, the COSY and HSQC spectra revealed pheial structure
(OH)CECH(NH)¢cCH(OH)CH=CECH¢CHC(CHEH,CH¢. The HMBC spectrum
AaK26SR O2NNBftlFGA2y 06S0sSSy GKS | YARS LINEI
MTN®AnTT GKSNBEFT2NBE GKS OFNbz2yet ardaylrt ¢4l a

LIS Fd + wodHo fa&a2 aAK28SR | aditwaOBgheB | (1 A 2
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asHH Q g KAOK O2NNBfIFGSR Ay GKS [/ h{ -0 @dLB OWiMIzY
COSY, HSQC and HMBC spectra revealed the second partial structure of the molecule
¢NH;C=@CHcCHcCHc¢(Table 4.2. The lengths of the sphingoldng chain base (LCB)

and the amiddinked longchain fatty acid base (FAB) were determined to be composed

of 19 and 15 carbons, respectively, based on the negabiwv@nd positiveion ESIMS

fragment ions amn/z 112, 195, 197, 199 and 38/igure 4.4.

Table 4.2 NMR data o#.1

Data collected in 500 MHz and 125 MHz, in €DCI

Position 1HJ (Hz) 13¢ HMBC
: S ar 1 62 23
2 3.91(dt, 3.6,11.1) 54.6 1,4,3,NH
3 432 (m) 749 1,4,5
4 5.55(dd, 6.5, 15.5) 129.3 3

5 5.78 (m) 1337 3,6,7
6 2.13 (dd, 6.8, 13.5) 325 7,8

7 2.07 (dd, 6.3, 13.0) 32.3

8 5.36 (m) 129.1 6,7,9, 10
9 5.42 (m) 1315 7,10, 11
10 1.96 (dd, 6.6, 13.6) 32.8

11-18 1.26 29.3-29.8

19 0.88 (dd, 6.5) 14.28

iy - 174.1 2,3, NH
2’ 2.23 (m) 37.00 3

3’ 1.64 (dt, 7.5, 14.9) 25.9 2,4,
4 133 29.4 2
5'-14' 1.26 29.3-29.8

15’ 0.86 (dd, 6.5) 14.28

NH 6.24 (s) - i

105



OH

C O S

HO ~_7 X 7
VN
TSNS
O
41A
=TT T =TT == =s=== 1
1 199 OH |
: PRS-
HO N
| HNN\/\/\/\/\/\
] 1 Iy
| o __
Sy PRt 41B

Figured.4. Key COSY and HMBC correlations (A), together withlE flagments (B) of

4.1

A literature searctbased on thenolecular formula oft.1yielded13 compounds
with molecular massethat matched the criteria, however some were excluded based
on their NMR data.Although the NMR data in combination with the HRB&ctra
assisted in assigning the molecular formula of teeamide, the final structure of the
isolated compound was not finalised or confirmed. The HRMS detaaled the
presence of a second ceramide with molecular form@QisHs7NG; as indicated bya
pseudomolecular ion peak at/z572.4990[r + a]*in the positiveéon mode ESMS and
the pseudomolecular ion peak at/z 584.4812[M + Cl} in the negativdon mode ESI

MS Therefore, it was concluded thdt1lwas a mixture of at least two compounds.
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Moreover, die to time limitation and technical probhes it was not possible to perform
methanolysis on the compoun®y treating the compound with MeOH in the presence

of a strong acid, the amide bond breaks to yield the fatty acid methyl ester (FAME) and
the corresponding long chain base (LCB) after nesttan. The optical rotation of the
obtained FAME and LCB are then compared to those of reported long chain aliphatic
chains. This method can confirm the length of eatiphatic Compounemixture 4.1

was also assessed for antimicrobial activity against the ESKAPE pathogens but it was

inactive at 50>g/mL.

4 5Marine ceramides

Ceramides are a structurally heterogeneous and complex group of sphingolipids
containing derivatives of sphingosine basesrmde linkage with a variety of fatty acd
They occur in high concentrations within the cell membrane and patrticipate in a variety
of cell functions such as proliferation/survival, autophagy, migration, inducing cell death,
secretion and immunity! Over the years, a significant number of ceramides exhibiting
a wide range of biological activities has been isolated from marine organisms. Marine
ceramides with antimalarial, antifouling and acholinesterase properties have been
reported fom the sponge Axinyssa djifeff, Haliclona koremelf@ and Mycale
euplectellioide¥ respectively Moreover, marine bryozoans have been shown to be a
prolific source of new cytotoxic ceramid&s A summary ofifew examples ofnarine

ceramdes and their biological activities is provided in Teble 4.3elow.
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Table 43 Examples ofmarine ceramides and their biological activities

Marine source Ceramide name Bioactivity Ref
Axidjiferosides A, B, C Antimalarial 22
G2 ceramide Antifouling 23
Fonge MEG1 anti-choline esterase 24
Ceramide Mixture antiepileptic 21
calyceramides &C neuraminidase inhibion 28
(2S3R4E8B)-2- weak cytotoxicity
(tetradecanoylamino},8
octadecadieH,3-diol
25
(2S3R~ R4E8E)-2- weak cytotoxicity
Bryozoan | (tetradecanoylamino},8-
octadecadied X driblH
Neritinaceramides &g selective cytotoxicity 26
Ceramidel sulfates DNA topoisomerase | inhilbgn | 2°
N-[(2S3RB-1,3
dihydroxyhexacog-en-2- anti-H5N1 virus 30
yllicosanamide
Coral ceramide anti-inflammatory 31
2S3R4E8E2-

(hexadecanoylamine
docosa4,8-diene-1,3-diol
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4.6 Summary and conclusions

Several samples of deepsea coral belonging to the gen®&imna were
collectedfrom various depths durinthe 2016 research cruise in the Whittard Canyon,
aboard the R\Celtic ExploreiThe collected specimens were combined into one sample
which was chemically investigated. In particular, the fredded coral sam@ was
extracted in a Soxhlet extractor with refluxingZCH The crude extract was partitioned
and further purified through MPLC and HPLC analysis yieddimigture of at least two
ceramides4.1). NMR and HRESIMS data revealed the presentteeaohajorceramide
with molecular formula &HssNQGs. Ceramides are commonly encountered in marine
organisms and they consief a sphingoid long chain base (LCB) and the afiméed
long-chain fatty acid base (FAB). Methanolysis is used to determine and confirm the
length of each aliphatic chain, however in the casd.@imethanolysis was not possible
to be performed. Therefore, the structure that we are proposing 4dt cannot be
confirmed.Last but not least4.1 was screened against the ESKAPE but it showed no

antibacterial activity.
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Chapter Five Building a library of Irishmicrobial

endosymbionts

5.1 Marine endosymbionts and their role in drug discovery

As thoroughly mentioned in Part A and Chapter 2, microbes have played an
important role in modern drug discovery. The abundance of marine microorganisms
10°microorganismgper milliliter of seawater and £a10° per gram of sediment sample,
has led natural product scientists to turn their research interest towards the potential of
marine microbes as source of bioactive secondary metabolites. Due to their great
abundance mane microorganisms are greatly understudied. Moreover, only 0.1% of
microbes are capable of growing in artificial environménts culturing the organism in
the laboratory; therefore a multidisciplinary approach which ilwes chemists,
microbiologists,and biologists, is mandatory for unravelling their biopharmaceutical

potentials.

Originally, research in marine environments included microbial communities
found in the water column or sediment samples. However, there tees cases where
the compounds of interest originally isolated from marine maorganisms have been
found to originatefrom microbial symbionts living in association with the organism.
Microbial endosymbionts are bacteria and fungi that live within aranigm affecting
both the ecologyand evolution of their hostsA wellkknown example of marine

secondary metabolites isolated from endosymbionts are the bryostatins, such as
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bryostatin 1 5.1). They are potent protein kinase C inhibitors originally isol&teah the
bryozoanBugula neritindbut have been found to be produced by its bacterial symbiont,
Endobugula sertulaBryostatin 1 is currently undergoing Phase Il clinical trials for

lfT KSAYSRNa RAaSIHas

Currently there are no reported secondary metabolites from Irish marine
endosymbionts. However, several studies have been conducted on the microbiome of
sponges collected inish waters for drug discoverBacterial isolates from sponges
Suberites carnoswdLeucosoleniap. collected iough HyneCo. Corkvere screened
against clinically relevant bacteria, and fungal test strains. Interestibglcosoleniap.
seened to host within its tissue novel bacterial strains and its microbiome exhibited
antibacterial activity, whereas isolates frddcarnosusexhibited antifungal properties.
Moreover, a sample oHaliclona simulangollected inGurraig Sound Kilkieran Bay,
Galwaywas found to host a significant number of ersg@reforming bacteriamainly

belonging to the genuBacillus*
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Interestingly, one of thdBacillussp. isolates displayed resistance against erythromycin
and tetracycline andt was found to possess a nowalythromycinresistance plasmiet.

6 Additionally,Pseudovibri@ndosymbionts isolated from Irish marine sponges exhibited
antimicrobial activity against several pathogens, sastEscherichia cQliMRSA, and
Clostridium difficilé These studies on the antibacterial and antifungal activities of
endosymbionts isolated from Irish marine sponges, show the great biopharmaceutical

applications of marin@rganisms found in Irish waters.

All the above, led us to investigate not only marine invertebrates and algae
collected in Ireland, but also bacterial and fungal endosymbionts isolated from the
tissues of the macrorganisms. Our ultimate goal was to buddlibrary of microbial
endosymbiont isolates which would be screened against several bioassays, assess their
biological activities, investigate and isolate the metabolites responsible for the
bioactivity. Moreover, we were interested in epigenetically rigitlg each microbial
isolate by adding either an HDAC (sodium butyrate) or DNMT inhibieg&tidine) to
the solid cultureHerein, we describe the process of collection, isolation and storage of
microbial endosymbionts, the culturing techniques orrmal and modified media as

well as the extraction andreparation of crude extracts.

5.2 Field collection

The marine invertebrate and algae collection from which microbial
endosymbionts were isolated, consists of sponges, tunicates, and soft coralsdbat w

collected from various bays in Co. Clare but mainly in Finavara and Coranrddessy
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are also samples that were collected during a field trip in in the Cork harbour area and
Co. Mayo. Marine organisms were collected either by SCUBA or hand callégting

low tide season in the western part of the country. As showRigure5.1 most of the
collected samples were either sponges or red algae which were found in abundance in
the western bays, such as Finavarra and Corranroo. The samples were Kegsthin
seawater until further procesl in the laboratory, where they were cleaned and
voucher samples were prepared for taxonomical identification and isolation of marine

endosymbionts.
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Figure5.1. Total number of collected coastal, shallmater marineinvertebrates and

algae
5.3 Isolation and storage of microbial endosymbionts

A small amount okachcollected invertebrate and algal sample collected was
kept in fresh seawater and transferred to the microbiology laboratory for the isolation

of microbial endosymbionts. Before plating the organism on solid media, surface
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sterilisation was carried out bylemerging the specimen in 100% isopropyl alcohol (IPA)
followed by a rinse with sterile water in order to obtain only the microbes that live within
the cell of the macraprganism. Sponges were sprayed with IPA because submerging
them in alcohol would kilall endosymbionts due to their porous body. Once surface
sterilisation was achieved, the sample was cut into 2x2 mm pieces and four of them were

then placed onto the petri dish containing the solid medium.

Cultivation efforts require a number of differestlid media to ensure the growth
of different microbes and maximise biodiversity. Seventeen media were used for the
isolation of marine endosymbionts which included ridnd low nutrient media
prepared in seawater and/or d2@ with the addition of sodmn chloride. Potato
Dextrose (PDA) medium is the most common for the isolation of fungi whereas
Trypticase Soy Agar (TSA) is the most commonly used bacterium medium. Specialty
media were also used such as Actinomycete Isolation Agar (AlA). Moreover, galifun
and antibacterial agents were added in some media in order to eliminate the growth of
fungi on bacterial media and the growth of bacteron fungal media respectively.
Chloramphenicol.2) for example, was chosen because it has a very broad specfrum o
activity against both Graspositive and Granmegative bacteria thus allowing fungi to
develop without the presence of bacteria. Cycloheximigl&)(and nystatin %.4) were

used as antifungal agents resulting in greater diversity of bacterial endosyrsbiont
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A table of all media used for the isolation of microbes from marine invertebrates and

algae is shown belowl éble5.1).

5.2 5.3

OH OH OH OH

NN

5.4
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Tableb.1 List of solid media used for the isolation of marine endosymbionts

anc::;m Medium composition
A Actinomyces agar, 5 m glycerol, NaCl, nystatin, cycloheximide
B ¥ potato dextrose broth, agar, NaCl, chloramphenicol, cycloheximide
C Sabouraud dextrose broth, agar, NaCl, chloramphenicol
D Malt broth, agar, NaCl, chloramphenicol, cycloheximide
E Trypticase soy agar, NaCl
F Nutrient agar, NaCl
G Nutrient agar in seawater
H Marine agar
I R,A broth, agar, NaCl
J R,A broth, agar in seawater
K Potato dextrose agar, NaCl, streptomycin, penicillin
L Potato dextrose agar, streptomycin, penicillin in seawater
M Actinomycete Isolation Agar, 5 ml glycerol, NaCl
N 10 g sol. starch, 4 g yeast extract, 2 g peptone, agar in seawater
o & ml glycerol, 1 g arginine, 1 g K;HPO,4, 0.5 g MgS0O,, agar in seawater
p 0.1 g L-asparagine, 0.5 g K,HPO,, 0.001 g FeSO,, 0.1 g MgS0,, 2 g peptone,
4 g sodium propionate, NaCl, agar
Q 2 g peptone, 0.1 g L-asparagine, 4 g sodium propionate, 0.5 g K,HPO,

0.1 g MgS0,, 0.001 g FeSO,, 5 g glycerol, NaCl, agar

*agar: 18 g/L, NaCL: 27g/L, chloramphenicol, cycloheximide, nystatin, streptomycin, and
penicillin: 50 mg/L. Where not mentioned, media were prepared according to
YIydzFl OGddzZNENR& RANBOGAZ2Yyaod

120



Microbial cultures were left to develop at ambient laboratory conditions and
were monitored for growth daily. Any bacterial colonies that grew were isolated by
selecting a single colony and transferring (streaking) it to a fresh petri dish containing
Trypticase Soy dar (TSA). In the case of fungipwth was significantly slower than
bacterial endosymbionts and when growth was observed a single strand of mycelium
was aseptically cut and transferred to a new petri dish of PDA. The selection of fungal
and bacterial colonies were based on variations in morphology, colour, and spores. All
re-isolated strains were checked for growth and if impure each colony waamseferred
to fresh media until a pure colony was observed. Each microbial isolate was given a
unique number indicating the code of the collection site, the mamganism that was
isolated from, the year, the medium and the number of isolate ( for example: 4, fourth

microorganism isolated from that petri dish)

All microbial isolates were stored stant tubes with TSA and PDA for bacteria
and fungi respectively and kept at room temperature. Microbial isolates can be stored
in slant tubes for months up to couple of years provided no contamination occurs. For
long term storage (up to Q@5 years) purdacterial and fungal colonies were placed in

1 mL cryotubes with 20% glycerol and stored8 °C.
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5.4Results and statistics

After a year of numerous and successful field trips, we were abkoliect a
satisfactory amount of marine invertebratesd algae Figure 5.1) from which a
significant number of microbial endosymbionts was isolated. In total, 1 750 microbial
strains were isolated from the collected marine maorganisms out of which 73% were
bacteria and the remaining 27% were fungi. Baelasolates were growing faster than
fungi, usually within B days and it was also easier to identify any contaminants. Fungi
on the other hand required-B days to grow and in many cases it was not easy to observe
whether the main colony was contaminateln case of uncertainty, the petri plates
discarded. It is worth noting that microbial colonies were selected and isolated based on
the colour and the morphology of the colony; therefore there is no doubt that out of 1
750 isolates there are colonies babing to the same genus and species since no
identification by means of DNA extraction and PCR analysis was carried out. The aim of
this project was to build a microbial library from Irish marine organisms that would be
used in higkthroughput biologicalscreening. Thus, identifying each microbial isolate
gl a y20 asSid a I LNA2NRGe 0 GKFG adsSL) 27
isolate a wide variety of different looking fundiigure5.2) which suggested that the

selection of the media andur isolation techniques were successful.
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Figure5.2. Various examples of isolated fungad®symbionts (photo: R. Young)

As expected, the majority of the obtained endosymbionts were isolated from
sponges, tunicates and red algae due to the larger Ioeimof collected samples
compared to bryozoans, and brown and green algae, but also because marine sponges

and tunicates are known to host a variety of microbes within their tisEigu¢e5.3).
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Figure5.3. Number of microbial isolates per organism
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A lage number of different solid mediaT@ble 5.1) was used to maximise
biodiversity and ensure the isolation of as many microbial strains as possible. The
following figure Figure5.4) is clearly showing that media A, E, F, G, and H were used for
the isolatbn of bacterial strains whereas media K, L, N, and Q favoured the growth of

fungi.
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Figure5.4. Number of microbial isolates on different media

5.5Small scale culture and preparation of crude extracts

Bacterial isolates were transferred from the slant or glycerol stock onto fresh
media and left to grow. The colony was then inoculated in 30 mL Tryptic Soy Broth (TSB)
and shaken on a rotary shaker for ten days at ambient laboratory conditions. The
bacteral cultures were lyophilised and once completely dry they were extracted
overnight with ethyl acetate. However, the proposed small scale culture (30 mL of TSB)
was not enough to give sufficient mass of bacterial organic extract that would then be

screenedn several available bioassays. Thus, our efforts were mainly focused on fungal
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endosymbionts by following the protocol used for the Floridian fungal endophytes, as
mentioned in Chapter 2. Fungal isolates were transferred from the glycerol stock onto
fresh solid medium but the culturing and extraction process differed from the one
described for bacteria. In Chapter 2, section 2.5, the small scale culture on rice media in
three different treatments (control, HDAC and DNMT) is thoroughly descriBedfly,

a plug of PDA supporting the mycelium was suspended in 1.25 fpatato Dextrose

broth (PDB) and then added to a 20 mL scintillation vial with 2.5 g of rice (control
treatment). For the HDAC and DNMT treatments, the fungal plug was suspended in 100
>M solution of HDAC and DNMT respectively in TSB and was then added to 2.5 g of rice.
Each culture was prepared in three treatments, left to grow at ambient laboratory
conditions for 21 days and extracted overnight with 10 mL of EtOAc. Once the organic
solvent was removed, the crude extracts were prepared in DMSO, placed-med6

plates and sent for biological screening.

5.6Bioassay data

Fungal colonies were cultured in three different treatmertsntrol, HDAC, and
DNMT followed by extraction with EtOAch& organic extract of each treatment was
screened against the ESKAPE pathog&mserococcus faeciurBtaphylococcus aureus
Klebsiella pneumonigaeAcinetobacter baumannii Pseudomonas aeruginosaand
Enterobactespecies (ESKAR# responsible fothe majority of nosocomial infections
YR a2 FIFN KSeé KIF@S 0SSy I of ®Therforg et O LIS €
need of discovering new antibiotics capable to combat enegjstant pathogens is more

urgent and crucial than ever. Moreover, the bioassay against the ESKAPE pathsge
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designed by our collaboratorrDShaw and his research group, is in accordance with the
main features that a higkthroughput screening project should have which are fast and

reliable results.

More 400 fungal isolates were 4grown and cultured inrsall scale on ride
medium in the control, HDAC and DNMT treatment, i.e. more than 1 200 extracts were
assessed for their antimicrobial activity. In specific, 10.8% of the screened extracts came
back active against the ESKAPE pathogens. The majority aftitae extracts exhibited
selective activity againshcinetobacter baumann(36.9%) andenterococcus faecium
(35%). Almost 10% of the active extracts showed antimicrobial activity against more than
one of the ESKAPE pathogens whereas no extract foundhibiti the growth of
Enterobacter species and only one extract came back active agakisbsiella

pneumoniagFigures.5).
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Figureb.5. Percentage of active extracts against the ESKAPE pathogens
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The aim of this higthroughput screening project was nainly to assess the
biological activity of each individual extract, but to also monitor the effect of the HDAC
and DNMT inhibitors when added to the fungal culture. One hundred and sixteen fungi
that were cultured in all three treatments (116 x 3=348 exspand were assessed for
antimicrobial properties, came back active in either all three, or just one or a
combination of two treatments. Interestingly, only 14 fungal cultures were found to be
active against the ESKAPE in all three treatments. For theritgapf them, only one
treatment (control, HDAC or DNMT) was found active indicating that when the fungal
culture was epigenetically modified it was either increasing or completely losing its

antimicrobial activityFigure5.6).

active in all
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Figure5.6. Pie chart kowing the treatmertactivity relationship

The best MIC value that the fungal extracts showed, was>giL. However, this is not
discouragingas the extracts that were screened were crude extracts which contain

thousands of compounds in various concentrations. Further chemical investigation of
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the active extracts might afford secondary metabolites with promising activity against

the ESKAPE patbens.

5.7 Summary and conclusions

Herein we described the assembly of a microbial library consisting of endophytic
fungi and bacteria that have been isolated from Irish marine algae and invertebrates.
Several publications on Irish marine sponges havwaatestrated the ability of these
organisms to host a large number of microbes within their tissues that can exhibit
potential biopharmaceutical applications due to the biological activities they exhibit.
Therefore, during our field trips we collected sposgtunicates, red, green and brown
algae, as well as mollusks, bryozoans and soft corals from shallow waters or intertidal
zones, which were all processed in the microbiology laboratory and we were able to
isolate an outstanding number of microbial endosyionts. We were able to isolate
almost 2 000 bacterial and fungal strains on different solid media and all isolates were
stored and archived. Our next step was to assess the biological potential of our isolates,
therefore smaltscale culture was carried bboth for the fungi and the bacteria which
were then extracted in organic solvents. However, we were not able to obtain sufficient
amounts of bacterial crude extracts for biological screening, probably due to the small
volume of liquid culture that we werusing. Thus, we focused our efforts and stadie
endophytic fungi and their epigenetic modification by adding HDAC and DNMT inhibitors
in the smallscale cultures. Each fungal isolate was cultured on rice media under three
different treatments: 1) conbl, 2) HDAC and 3) DNMT treatment. More than 1 200

fungal extracts were prepared and screened against the ESKAPE pathogens.
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Interestingly, 10.8% of the screened extracts were found active against the bacterial
pathogens. The majority of the active exttmcexhibited selective activity against
Acinetobacter baumann({i36.9%) andEnterococcus faeciu35%) whereas no extract
was found to inhibit the growth ofEnterobacterspecies. Fourteen fungal cultures
showed activity against the ESKAPE pathegm allthree treatments.It was also
observed, that the same amount of cultures had only one of the treatments active and
there were also cases where a combination of two out of three treatments exhibited
antibacterial activity. These results indicated that epigec modification of the fungal
cultures was, in most cases, affecting the biological activity of the crude extracts. There
is always room for improvement in the culturing techniques but the screening of our
microbial library suggests that there are gregiportunities for the isolation of bioactive

secondary metabolites from Irish microbial endosymbionts.
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ChapterSix Experimental
6.1 General procedures and techniques

MPLC was carried out on a Teledyne Isco Combiflash Companion using normal and
reverse phase silica gel and GH8tridgesrespectively, purchased from Teledyne Isco.

HPLC was performed on a Shimadz20& multisolvent delivery system connected to

a Shimadzu SPM20A PDA detectoand aShimadzuESD-LTIlusing either a semi

LINB LI NI G§A DS t KSy2YSYySE [ dzyl p > Pherdomendxl 6 H O
analytical Lun@ > { Af A Ol 6 HemmJ&@ fodndlyhasechyomategraphypor

a semipreparative PhenomeneX dzy | p> [/ My oOHU O2fdzYy OHPp
t KSy2YSySE |yttedagAaOlt [dzyl p> [/ my o6unH0 O2f
chromatography. Thin Layer Chrotography (TLC) was carried out using Merck
Aluminum plates coated with fluorescent indicator F254. TLC plates were visualised with

5% phosphomolybdic acid in ethanol (EtOH) with heating and visualisation under UV

(254 nm and 366 nmHigh resolution masspectra were recorded on an Agile6230

LC/MSToF electrospray ionisation spectrometer and on an Agilent 7890A GQ/MSE
OKSYAOIf A2yAalirazy &aLISOIGNRYSGSNI dzaay3da | i
2.1 mm) and a Phenomenex-BBT inferno column (L=30%X L5T n®up MY C¢T
respectivelyOptical rotationsvere measured on Rudolph Research Analytical AUTOPOL

IV digital polarimeter using Na lamp corrected to 20°C. Infrared and ultraviolet spectra

were obtained with arAgilent Cary 630 FTIR spectrdareand an Agilent Cary 60 UV

spectrometer, respectivelyH and**C NMR spectra were recorded on a Varian 500 MHz,
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600 MHz or 800 MHz instrument using standard pulse sequences as well as residual
protonated solvent asH internal standard of3C absorptia lines of solvents fot3C
internal standards. All shifts were measured in ppm and coupling constants in Hz. NMR
solvents were purchased from Cambridge Isotope Laboratorieswin€reas solvents

for extraction, HPLC, MPLC, LC/MS and GC/MS analysis uvehaged from Sigma

Aldrich.

6.2 Experimental supporting Chapter 2

Bacterial strains and growth conditions

The ESKAPE pathogens were obtained from Moffit Cancer Center and Tampa General
Hospital, Tampa, FL, USA. The bacteria cultures were left to grawigivteand in
Lysogeny Broth (LB) or Tryptic Soy Broth (&86BJ °C, and when necessary, agar was
added to a final concentration of 1.5% (w/v) for growth plates and 0.7% (w/v) for overlay
media. Minimal inhibitory concentration assays were performed gisiation adjusted

Mueller Hinton Broth (CA MHB).

Microtiter MIC determination assay

The minimum inhibitory concentration (MIC) was determined according to the following
protocol. Overnight strain cultures were grown aschibed abovdollowed byl in 1000
dilution in fresh media. A tiered MIC approach was used during which the initial
screening started at 208g/mL and the active samples were ten tested at 2@0mL.
Each active extract/fraction was then screened atg0mL, 25>g/mL, 10>g/mL and5

>g/mL.
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Fungal identification

DNA extraction: The fungal colony was grown in 6 mL of TSB/fda$s at 28 °C until
adequate growth was observed for DNA extractiolowing manufacturer instructions

(DNeasy Blood & tissue kit, Qiagen).

PCR Amplificadn: The BS rRNA gene was amplified by usinicgA GCA TGG AAT AAT
RRA ATA GGA forward primer andfCT GGA CCT GGT GAG TasIréerse primer.

The products were purified using the using QlAquick PCR purification Kit (Qiagen)
following the manufacturer istructions. The resulting sequences were compared to

sequences obtained from NCBI Nucleotide BLAST for sequence similarity.

Circular dichroism analysis

For this experiment AVIV model 215 Circular Dichroism Spectronvétea light source:
150 watt supra# Xenon lamp controlled by high stability, constant current, DC power

supply was used. Moreover, thellowing parameters were used.

Bandwidth > 1.00 nm

Temp. Set point : 25.00 °C
Wavelength Start: 300.00 nm
Wavelength End : 200.00 nm
Wavelength Step: 1.00 nm
Averaging Time :1.000 seconds
Settling Time : 0.333 seconds

Multi-Scan Wait: 1.00 seconds
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The samples were prepared in MeOH at a concentration of 0.5 mg/mL and were ran in

triplicate using the 1 cm cuvett@he data were aalysed using the AVIV Software v.3.45

Compound data

Talaroflavone 2.15): pale yellow powder; NMR data comparison verified known
structure, 'H and'3C NMR datgleaserefer to Table 2.1 HRESIM#&/z 299.0519

[M+Na] (calculatedfor G4H120sNa,299.0532.

SFS4 (2.16): pale yellow powder[a]?®%>=-30(c 1.0 MeOH){R (thin film) 1748,1617,

1204, 1162, 1152,004 cmt; *H NMR data refer to Table 223C NMR (CIDD, 125 MHz)

I H2(G @ QU MARQOE mARISdM (©6)5150.5 (C,-Ga), 130.9 (CH,

Go QU I ™ A78)d104.2 (QHEQ), 99.3(CH, &), B7(C, M QK 00 =  Tpddys 6 / |
56.2(OCH), 13.8 (Ck); HRESIM&)/z 299.0519 [M+Nad](calculatedfor GiaHi-OsNa,

299.0533.

SFSD (2.17): pale yellow powder[a]?’>= +12Qc 1.0 MeOH); IRhin film) 17481617,

1204, 1162, 1152,004 cmt; *H NMR data refer to Table 223C NMR (CIDD, 125 MHz)

L HAHWMUGY IMHROE dMALE BR4(Co @) 161.2 (C,€), 150.8 (C,
G3a), 131.3 (CH-€ QU = W J7a&),®F8.7 (CHX), 100.5 (CH,-6), 94.1 (C,® QK 0 U X
79.8 (CH, 9 QU Z-O@H), @315 (©k); HRESIM®/z 299.0519 [M+Nd](calculatedfor

Ci4H1206Na, 299.0532.
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SFS2218): pale yellow powderfa]?’%>=-80(c 0.5 MeOH)|R(thin film)2920,1752, 1617,
1206, 1172, 1152, 1004 cin'H and'*C NMR data refer tdable 23; HRESIM#&/z

345.0587 [M+Nd](calculated for @H140sNa, 345.0586.

Altenuene 2.20): dark yellowoil; *H and'*C NMR data refer tdable 24; HRESIMB)/z

293.1023 [M+Hj(calculated for §Hi70s, 293.1025.

6.3 Experimental supporting Chapter 3

Clostridium difficilebioassay protocol

Overnight culture of a hyper virulent clinical str&n difficileUK6 was transformed into
fresh BHIS medium at a volume ratio of 1:1000. Afteripoeibation at 37°C under an
anaerobic atmosphere for 2 h, the bacterial culture was divided into a sterieedi6
plate and each well contained 16Q bacterial culture.fen 100>L fresh BHIS medium
containing different concentrations (512g/ml, 256 >g/ml, 128 >g/ml, 64 >g/ml, 32
>g/ml, 16>g/ml, 8>g/ml, 4>g/ml, 2>g/ml, and 1>g/ml) of compounds was added into
each well and mixed thoroughly. The plate was incubate@7atC in an anaerobic
chamber for 48 h. Control groups including wells containing fresh medium only and
bacterial culture only were also included. The final results were shown-dsledr or

turbid (OD600) culture).

Cancer cell lines bioassay protocol

Cdls were seeded into 96 well plates (~20 cells per well)tegated with the indicated
compound, the cells were allowed to grdar 10~14 daysThe cells were fixed with a

10% methanol, 10% acetic acid solution for 15 minutes at room temperature, followed
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by stainingwith crystal violet. Dried colonies were dissolved and resuspenwiul
Sorensen buffer (0.1M sodium citrate, 50% ethanol), thendblerimetric intensity of
each solution was quantified using Gesd@tware on a Synergy 2 (BioTek, Winooksi, VT)

plate reader(OD at 595 nm). The experiment was carried out in triplicate.

GCompound data

3.1 colourless oil[a]?°p=+35.6(c 1.0 CHG)'H NMR data refer to Table 3..CNMR
(CDG) 125 MHz) 138.2 (CH;S, 116.9 (CH, €10), 70.1(C, C5), 60.5 (CH, @), 56.1
(CH, @), 47.9 (CH G6), 41.4 (C, <T), 39.3 (CH G3), 33.4 (CH G7), 30.4 (CH G8).;

HRESIM®&/z 363.8829 [M](calculaed for GoH14Br-Cb, 363.8819.

3.2: white needles[a]*®>=-38.4(c 1.0 CHG) 'H NMR data refer to Table 32CNMR
(CDGJ, 125 MHz) 131.3 (CH9, 121.1 (CH,-00), 71.2 (C,-6),67.5 (C, €1),58.0 (CH,
G4), 57.2 (CH G6), 53.7 (CH, @), 36.4 (Ch, G3), 33.7 (CH G8), 28.1 (CH G7);

HRESIM®&/z 363.8838 [M](calculatedfor GioH14Br-Cb, 363.8819.

3.3: white needles[a]?%>=-21 (c 1.0 CHG)'H NMR (CDgI500 MHz)6.18 (m, 2H, H
9/10), 4.14 (ddJ=4.1, 14.0, 1H,H),3.83 (dd 4.0, 12.9, 1H,4), 2.65 (dt,=4.1, 14.0,
1H, H3), 2.57 (dd=6.2, 13.6, 1H,48), 2.37 (m, 1H,43), 2.20 (dE14.4, 1H, H5), 1.67
(s, 3H, HLO), 1.26 s, 3H,-8), 3CNMR (CDGJ 125 MHz) 135.5 (CH 7, 120.7 (CH,-C
8),70.8 (C, &), 67.0 (CHG4), 56.8 (CH, @), 55.4 (CH,-6), 43.5 (CH G1), 41.2 (CH
G3), 30.15 (CHkl G9), 26.8 (Ck G10)); HRESIM8)/z 317.9358 [Mj(calculatedfor

CGioH14Br2Ch, 317.8879
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3.4: colourless oil{a]*>=-20 € 2.0 CHGJ; *H and*3*C NMR data refer tGable3.3;

HRESIMB\/z calculated for @Hi10Br.Ch, 431.7853.

3.6: colourless oilfa]*o = +7 (c 1.0 CHG) 'H and'*C NMR data refer tdable3.5;

HRESIM®&)/z 385.8229 (calculated fori€hoBrCs, 385.8379).

3.7: colourless oil*H NMR data refer tdable3.7, 3 CNMR (CDgJl125 MHz) 138.8 (CH,
G7), 135.9 (CH,-8), 129.1 (CH,-@), 110.3 (CH,-8), 71.8 (C,®), 71.4 (C, 4, 67.6 (CH,
G5), 52.8 (CH,T), 26.3 (Ck G9), 25.6 (CH G10),; HRESIMB/z 475.7482 (calculated

for GoHi2BrsCh, 475.7534)

X-ray Crystallography

The Xray diffraction data were measured on Bruker D8 Venture PHOTON 100 CMOS
system equipped with ClllKCOATEC ImuS micfo?2 O dza & 2 dzNJR$ Indexing M dp n 1
was performed using Apex3. Data integration and reduction werdormed using

SaintPlus 6.01.Absorption correction was performed bynulti-scan nethod
implemented in SADABSpace groups were determinesing XPREP implemented in
APEX3Structues were solved using SHElaX@ refined using SHEL=2D14 (full-matrix
leastsquares on F)2hroughOLEX2 interface programll norhydrogen atoms were

refined anisotropicallyAll hydrogen atoms were placed in geometrically calculated
positions and weréncluded in the refinement process using riding model with isotropic

thermal parameters. Crystal data and refinement conditions are shown in Tables 1 and
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molecules(hexane) in structural voids was treated as diffuse using Squeeze procedure

implemented in Platon program

Table 6.1Crystal data and structure refinement for SS_FNVIS 1 8 D 2(31#hb

Identification code SS FNVIS 1 8 D 2 runb
Empirical formula CGioH4Br2Ch

Formula weight 364.93

Temperature/K 100

Crystal system hexagonal

Spaceggroup P&

alA 18.2763(5)

b/A 18.2763(5)

c/A 7.3238(3)

hKec 90

I Kc 90

'K cC 120

Volume/A 2118.57(14)

Z 6

" cag/cm® 1.716

> K Y 10.475

F(000) 1068.0

Crystal size/mrh 0.041 x 0.03 x 0.005

Radiation /[ dzYh o6< ' mdpnmT
Ho NI y 3 SolldcroNd F 5.584 to 154.95

Index ranges -HM XK W HK K > X
Reflections collected 21384

Independent reflections 2963 [Ry = 0.0982, Eyma= 0.0491]
Data/restraints/parameters 2963/1/129

Goodnesf-fit on P 1.051

FinalRA Yy RSESa L F R =0.0349, wR= 0.0706

Final R indexes [all data] R = 0.0434, wr= 0.0741

Largest diff. peak/hole / e & | 0.44/-0.67

Flack parameter 0.06(3)
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Table 6.2Crystal data and structure refinement for SS_FNVIS 1 .86

Identification code

SS_FNVIS_1_8_D6

Empirical formula CioH14BrCt

Formula weight 320.47
Temperature/K 99.97

Crystal system orthorhombic

Space group P21212,

a/lA 6.2895(3)

b/A 12.8588(5)

c/A 15.7484(6)

hkc 90

I Kc 90

'K cC 90

Volume/A 1273.66(9)

Z 4

’ calcglcm3 1.671

> K YY 9.870

F(000) 640.0

Crystal size/mrh 0.213 x 0.06 x 0.059
Radiation /[ dzYyh 6< I mMopnmMTy

Hd NI y3IS F2NI R

8.878 to 154.806

Index ranges

-C K M cOKOKT M K w d X

Reflections collected

18949

Independent reflections

2675 [Ry = 0.0688, Byma= 0.0348]

Data/restraints/parameters

2675/0/129

Goodnesof-fit on P

1.073

CAylt w AYRSES

R. = 0.0241, wir= 0.0509

Final R indexes [all data]

R. = 0.0264, wir= 0.0519

Largest diffpeak/hole / e A

0.36/-0.26

Flack parameter

0.047(14)
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6.4 Experimental supporting Chapter 4

Bacterial strains and growth conditions

The ESKAPE pathogens were obtained from MGHitcer Center and Tampa General
Hospital, Tampa, FL, USA. The bacteria cultures were left to grow overnight and in
Lysogeny Broth (LB) or Tryptic Soy Broth (TSB) at 37 °C, and when necessary, agar was
added to a final concentration of 1.5% (w/v) for gtbwplates and 0.7% (w/v) for overlay

media. Minimal inhibitory concentration assays were performed using cation adjusted

Mueller Hinton Broth (CA MHB).

Microtiter MIC determination assay

The minimum inhibitory concentration (MIC) was determined accordirtpe following
protocol. Overnight strain cultures were grown as described above followed by 1 in 1000
dilution in fresh media. A tiered MIC approach was used during which the initial

screening started at 58g/mL.

Compound data

4.1: white amorphous powdr, [a]?%=-12(c 1.0 CHGJ; IRthin film) 3300, 2920, 2850,
1610, cmt *H and'3C NMR data refer to Table 4.1. HRESH5558.4825 [M+Nd]

536.5022 [M+Hj], 570.4659 [M+Clcalculated for &HesNQs, 535.4963.
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Appendix A. NMR data supporting Chapt2r
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FigureA.l1. 'H and**C NMR spec#rof SFS1, talaroflavon@.(5), 800 MHz an@00 MHz,
Ccbd
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Figure A5. IH and*CNMRspectia of SFSb (2.17), 500 MHzand 125 MHzCBROD
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AppendixB. NMR data supporting Chapte¥
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FigureB.1. 'Hand3CNMR specta of SS1(3.1), 500 MHz and 25 MHz CDGJ
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FigureB.7. HMBC (top) and NOESY (bottom) NMR spexiti@S53.6), 500 MHz and,
cbd
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