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ABSTRACT

Natur al products have historically been
discovery. The investigation of terrestrial plants and marine organisms aimed at
searchingnew biologically active compounds is a central issue of this kind of
studies, trough structure elucidation combined with biological .tédys research
activity has been mainly devoted to the discovery and to the chemical and
pharmacological investigationo f new bi oacti ve natur al
compounds 0 iamtitunbohamti irdlamenatoryanfd antimalarialactivities.

My researchwork, described in this PhD thesiwas organized in two different
topics, i) isolation and structural characteriaatof bioactive secondary metabolites

from marine invertebratesii) synthesisof quinones derivatives endowed with
cytotoxic andantimalarialactivitiesfrom natural lead compoundshe fulfilment of

my research projectequired the use of different proderes of isolation and
extraction The chemical characterization of the isolated compounds has been
performed through an extensive spectroscopic anal\®fs IR, ECD, 1D and 2D

NMR) togethemwith mass spectrometry and computatiamathodsl have alsaused
syntheticmethods both for the chemical derivatization of the isolated moleanbks

for the preparation of analagson the simplified model of natural molecules.

During the course of research conducted during the PhD course and whose results are
repoted in the following thesjsl have dealt with the extraction and chemical
analysis of different species of sea squiglidium conicum Ciona edwarsii
Aplidium elegans Phallusia fumigat and Sidnyum elegansand of the sponge
Axinella polypoidesThis analysis led to the isdian of new moleculgswhich are
structurally different, with interesting bioactivityAmong these, two new
meroterpenesconithiaquinonesA and B and three alkyl sulphates with cytotoxic
properties. Three sulfatedsterols, phallusiasterolsA-C, oneof them with agonist

activity on the pregnane X receptd®XR) in HepG2 cells The phospbeleganin a

potent inhibitor of proteirtyrosine phosphatase 1B (PTP1B)n analysis of the
metaboliccontent of thespongeAxinella polypoidefias provided importarthemao
taxonomicinformationaboutthe organismin addition, led to the isolation of a new
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betine and a new cjonucleosideWithin the study of compands with antimalarial
activity, in collaboration with the University of Rome La fgnza and the
Department of Public Héh, Microbiology and Virology University of Milan |
have performed the synthesis and evaluation of in vitro on straiftasimodium
falciparum D10 (chloroquinesensitivg and W2 ¢hloroquineresistant) of synthat
analogues of natural quinm)eprepared on the pattern of two natural molecules
previously isolated from an ascidiaifthe synthetic derivatives showed significant
antimalarial activity and were also highlighted some structei@lirements that are
critical for the activity. Finally, during the period of research at the Institute of
Materia Medica (SIMM ) in Shanghai, | started to study lpaduble extract of a
fungal strain Penicillium sp isolated from the Chinese mangroBruguiera
gymnorrhiza The aalysis showed that the main component of éx&act is a
cytotoxic alkaloid, 2(1-hydroxyethyl}4 (3H) quinazolinone which is currently

subgct to a broader drug screening



ITALIAN ABSTRACT

Le sostanze naturali sono da sempre una rmti fdi composti guida per la scoperta

di nuovi farmaci. Lo studio chimico di piante terrestri e organismi mattraverso

la determinazione stereostrutturale di nuovi metaboliti in combinazione con la
valutazione della loro attivita biologica costitiesd fulcro della Chimica delle
Sostanze NaturaliDurante il corso di Dottoratda mia attivitadi ricerca si é
sviluppata principalmente nel settore delle sostanze organiche naturali di origine
marina. Lo scopo della ricerca e stato l'identificazioneudivi potenziali leads"per

|l a terapia antitumoral e, antinfiammatori
articolata in due linee parallele, i) analisi chimica di invertebrati marini (tunicati,
poriferi) finali zzat a izzaziohed di swoveamokeaole o ed
bioattive; ii) sintesi di derivati chinonici cont&ita pro-apoptotica edntimalarica a

partire ddeadcompoundsli origine naturale.

La realizzazione del progetto di ri cerca
di estrazione e di isolamento (es. tecniche ctografiche quali MPLC o HPLC)La
caratterizzazione chimica dei composti isolati & stata realizzata mediante analisi
spettroscopica (UV, IR, ECD e, soprattutto, NMR more bidimensionale)
combinata con spettneetria di massa e metodi computazionali. Sono state utilizzate
metodiche sintetiche sia per la derivatizzazione chimica delle molecole isolate che

per la preparazione di analoghi semplificati sul modello di molecole naturali.

Nel corsodel afitivita di ricerca condotta drante il corso di Dottorate i cui risultati

sono riportati nella seguente tesi,i sono occupata dell 6estr
chimica didiverse specie di ascididglidium conicumCiona edwarsii Aplidium

elegans Phallusia fumigatee Sidnyum elegans dela spugnaAxinella polypoides

Tale anal i si ferdo dpnoave noolecn]staittutalinénte divesancon
interessanti bioattivita. Tra queste, due nuovi meroterpeni, i conitiachinoni A e B, e

tre alchilsolfati con propeta citotossiche. Tre steroli solfatati, i phallusiastereC A

di cui uno con attivita agonista sul recettore X del pregnano (PXR) in cellule HepG2.

La fosfodeganina, un fosfgolichetide potente inibitore della proteina tirosin

fosfatasi 1B (PTP1B). Ahalisi del contenuto metabolico della spughenella



polypoides ha fornito importanti informazioni di natura chenrtassonomica
sull'organismo; inoltre, ha portato all'isolamento di una nuova betaina e di un nuovo
ciclonucleoside.

Nell'ambito dello studi di composti ad attivita antimalarica, in collaborazione con

| 6Uni versit? di Ro ma L a S a Bani&npabblicae con
Microbiologiae Vi r ol ogi a del | a&dkffattvae lassintesi e la i Mi |
valutazione dell'attivita in vitro 8 ceppi di Plasmodium falciparumD10
(clorochinasensibile) e W2 (clorochingsistente) di analoghi sintetici di natura
chinonica, preparati sul modello di due molecole naturali precedentemente isolate da
un‘ascidia. | derivati sintetici hanno mostratmtsignificativa attivita antimalarica e

sono stati messi in evidenza anche alcuni requisiti struttunalisono critici per

| 6atindvi ne, durante il periodo di ricerc
(SIMM) di Shanghai,ho iniziato lo studio de|l 6 estratto | iposolub
fungino Penicillium sp, isolato dalla mangrovia cine®ruguiera gymnorrhiza
Lanalisiha evidenziato che il componente pri
citotossico, il 2(1-idrossietil}4(3H)chinazolinone, ché attualmente sottoposto ad

un piu ampio screening farmacologico.
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INTRODUCTION

The use of natural products has been umdw the most successful way to the
discovery of newnedicines Approximately onehird of the topselling drugs in the
world are natral products or their derivatives; wdthown examples of valuable
natural products widely used in medical and animal health industries include
erythromycin (antibiotic), amphotericin B (fungicidal agergyclosporineA and
FK506 (immunosuppressive agehtlovastatin (anticholesterolemic agent); as many
as 25% of the currently used anticancer drugs are natural chemicals, with another
25% coming from synthetic derivatives of natural produéts.

Today, with the continuing need for novel diilge lead compounds against an
increasing number of ewenore challenging molecular targets, the availability of
rich libraries of chemically diverse molecules is an essemgglirement.The
remarkable chemical diversity encompassed by the natural products isletiint

in the field of the discovery of new and more effective drugs. In most of the cases the
natural metabolite is mainly considered a suitable chemical platform useful to project
new molecular entities able to modulate biological activity ratiem a real
therapeutic agent.

Nowadays drug discovery has entered a mbrghly competitive era in which the
guality of chemicalkollections and the time taken from assay to dtagelopment

are crucial factors. Thus, although the chemicaVelty associated ith natural
products is higher than that any other source, this diversity must be accessed more
efficiently and effectively. Currently, most of the new drugs are discovered on the
basis of a molecular approach, which can be performednipthrough tle rational

drug design aided by computbasedtechniques or through the manipulation of
genetictargets (antisense approach), but also through the pragamiroach of
random screening. This last approach to ddigcovery, which is also called
combinateial biology, hasbeen updated by the recent developments in molecular
biology, instrumentation technology and information,tisat it can now be carried

out at high throughputs that coutdt have been imagined, even a few years*4go
Theincreasing avéability of new molecular targets, the potentialtransform them

by genetic engineering, such as tieplification of the deeplication processes
9



through the usef clones, make random screening a very promising todhe&o
discovery of novel bioacter compounds; a further notarginal improvement comes
from the use of robotics wonduct the assays. Currently, wigeging assays can be
quickly carried out by using micro plates equipped wittmerous wells Recent
advances irandom screenings enablethormousincreases in throughput to be
achieved, but, on the othdrand, they posed some problems in order to be
convenientlyapplied. A highthroughputscreening program requires taeailability

of large numbers of compounds for testiaigich have to betructurally different in
order to increasédhe chance of finding activity at the molecular target. This
requirement cannot be supplied by traditional orgagicthesis and so, over the past
few years, new approachesjch as combinatorial chemistry andntgputerbased
molecular modelling design have become the source of leegls of chemical
diversity. Initially, they seemed to lowethe natural products value in drug
discovery; however, as these of these techniques has matured, it became clear that
they achieved significant importance mainly in tpeneration of focused libraries for
specific discoveryprograms’ Indeed, combinatorial chemistry has failedstgplant
natural products programs as the primary sourdeadd chemical diversity andig

now clear thatcombinatorial chemistry practiced by Nature is much more
sophisticated than that in the laboratory, yielding elaborate structures rich in
stereochemistry, concatenated rings and reactive functional grasips.result, an
amazing number of pducts have been found in nature, with peculiar structures and
biological activities.

The present thesis aims to illustrate the results obtained from of my PhD research
program, which indeed is grounded in the natural product chemistry field. My
research eivity has been mainly devoted to the discovery of new bioactive natural
product sc oanp o fulntekaadra of antiviralantitumor ani inflammatory
andantimalarialactivities.

The road map for reaching this goal has been to follow antayo couse The first

one was the isolation and pharmacological characterization of new molecules with
biological activity from terrestrial and marine organisms, which have been selected
on the basis of their presumed content in bioactive metabolites. The seapndis

the optimization of natural leads under study through de novo synthedisr an

structural modificationsOur efforts have been directed towards both the total
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synthesis, and the design of new simplified analogues obtained through the
implementatiorof innovative synthetic procedures and parallel synthesis approaches.
Selected collections of both natural and synthetic compounds have been submitted to
pharmacological tests. The synthetic work, the analysis of the straadtivey
relationship and # pharmacological evaluation of the new natural compounds and
of their synthetic derivatives have been obtained through the active collaborations
with selected national or foreign research groups from both industries and academia.
This researchactivity led to the isolation okeveral bioactivanolecules,some of

them being new compouds. Their different structures, ranging from simple linear
polyfunctionalized alkyl chains to complex polycyclic frameworks, contributed to
enlargethe clemical diversity genated into natural products of marine origin.

On the other hand, th&ynthetic studies performe usipgeviously isolted marine
natural compounds led to the identification of molecules sighificant antimalarial
activity and also highlighted some struetiurequirements criticalor this activity.

The research exemplifiethe potential of a natural product to qualify as lead
structure for medicinal chemistry campaigns, affording simplified analogues with

better bioactivity and easier to synthesize.

11
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CHAPTER 1

THE MARINE ENVIRONMENT

That naturerepresents an endless arsenal of new bioactive molebakseen
recognized since ancient timaad the study of these metabolites has historically
proven of immense benefit in the drug discovery procgeme of thesdioactive
molecules have become lfaving drugs or biomedical tool3he history of
terrestrial natural products chemistry can readily be traced back to the beginning of
the XIX century with the first investigation of terrestrial plants aimed at fintlieg
molecules responsible of the biological activities of the extracts. This is in distinct
contrast to the natural products chemistry associated with marine species which has
emerged only over the past 65 years mainly as a result in the improvement of
cadlection techniques, as SCUBA divinghe marine environmembntains a number

of plants, animals and microorganisms, which, due to the unique adaptations to their
habitat, elaborate a widdiversity of natural products with specific bioactivities.
These poducts provide a richource ofchemical diversity that can be used to design
and develop new potentiallyseful therapeutic agent3he exceptional marine
reservoir represents a vast chemical and biological diversity of molecules, some
without terrestrib counterpart or analogy, and often showing unique biological
activities at extremely low concentration.

Assessment of the chemical diversity contained in the odbagsbegan in thdifties

but now isan established field with a great deal of reseanchiged on extraction of
chemicals from sessile invertebrates, such as sponges, realhdascidians. These
organismdive in a complex and higiilcompetitive environment amitoduce a wide
variety of toxic chemicals in order to mediate spatial competiéga well as to
prevent parasitism and predatigkll marine organisms have providedseemingly
endless parade of very unusual novel structuregienetically, they can be included

in the majorbiosynthetic pathways proposed for terrestrial secondatabolites
whereas, structurally, they often posséssctional groups appearing uniquely or
predominantly marine. Par t i cul ar | vy, ascidiansd c hemi

presence of nitrogenous metabolitEsrough the combined efforts of marine natural
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productchemists and pharmacologists, a number of promsangpounds have been
identified and some of them are eitladnready at advanced stages of clinical trials or
have beernselected as promising candidates for extendeeclprieal evaluation.

Most of hese products fall within the areaazncer therapy; the case of the marine
alkaloid ecteinascidin43 (ET-743), an anttumour compound especially effective
against solid tumours, is an illustrative exaniple

On the other handesearch on molecules ofanne origin has evolved relatively
slowly, mainly due to the small quantities tbfe living material which generally
could be obtained by collecting the marine species by hand. It is very common to
isolate less than one milligram of a bioactive substdra® one kilogram of the
marineorganism. However, more sensitive methods of NMR spectroscopy and mass
spectrometry combined with advanced liquid chromatography techniques are
currently routinely used for identification and characterization of naturalupted

and, so, also complex molecular structures can be now solved with much less that
one milligram of compoundsChemical identification of the molecules present in
biological extracts is just one step of their fufivestigation; particularly an
interesing aspect ighe individuation of thie real producersThe extremely rich
secondary metabolism gbmemarine invertebrates can be explained in the light of
the evidence that marine invertebrates harbour microorganisms, such as bacteria,
cyanobacteria ahfungi, in their tissues, where they reside in the exral intra
cellular spaces. In some cases, associated micro organisms may constitute up to a
40% of the biomass, as it has been evidenced for the Mediterranean Apbrsiea
aerophoba™ In fact,sponges possess amoeboid cells that phagocytose bacteria and,
at the same time, are efficient filter feeders; as a result of such a continuous
functional activity, a certain amount of transient microorganisms (one ml of seawater
contains an estimated ondllion microbes) are trapped within the vascular system

or remain attached to sponge surfaceAlraerophobathe bacterial concentration
exceeds that of the surrounding seawater by two or three orders of magnitude. The
relationsbetweemmarine invertelatesand microorganisms livingither permanently

or temporarily inside have been currently understood to a very limited extent. Recent
studies based on feeding experiments with different speciesparige bacteria
suggestthat theorganismcan differentite between commensal bacteria and those
permanently associated with the host. Interestingly, 16S rDNA diversity studies

14



revealed that sponges belonging to the same species but collected from different seas
and at different depth showed a significantly amf microbial community. Several

roles are believed to be played by the retained microorganisms: they serve as food
and enrich the diet of their hosts through nitrogen and carbon fixation. In addition,
quite likely they are involved in the biosynthesisnatural products recovered from

the sponge$.Consequently, the permanent bacterial presence is undoubtedly not
irrelevant for the exceptional chemodiversity of invertebratebut the real
contribution of the microorganisms the hostsecondary metabolisthas not yet

been fully understood and evaluated; this is essentially due to the failure of most
attempts to culturing permanently the spoagsociated bacteria outside their host.
However, oftenthere are evidences that suggest the involvement of assbcia
microorganisms in the biosynthesis of compounds collected fhennvertebrate

host. This happens when one organism is shown to contain an unusual variety of
classes of metabolites, when the metabolite concentrations are exceedingly low, or
when the Buctures of the metabolites are reminiscent of bacterial biogenetic
pathways. Thus, the major reason for marine natural products unique molecular
diversity likely resides in the marine environmental conditions, which favour close
and permanent associat®obetween different organisms.

The limited availability of most bioactive compounds beleated by marine
invertebratescurrently does not represent a serious obstacle for their structure
determination as well as for preliminary biological tests. Problechsally arise

when preliminary positive assays refer the product for a more advanced
investigation. They can be easily overcome, if the research continues using the
molecule as a lead; in this case, preliminary information on the streaattivity
relationships often can be obtained taking advantage from the frequentuoence

of a series of closely related compounds rather than a single example of a compound
type. The presence of a pool of analogues is probably a chemical defence strategy, by
which the organism is protected against an array of organisms, since resistance
against a broad range of compounds with similar structures is less likely to occur.
The various compounds may display synergism in their biological activity and this
property may be ahterest for drug development.

Thelimited availability of a natural compouradten preventhe research aimed to its
direct use in therapy, which develops according to the upt@edure, involving
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first theassaysn vivo, followed bypreclinical evalations and then by clinical trials,
wheregram quantities are needékhe supply of a natural product becomes a karge
sized,very often insoluble, problem, when it is licensed, as dngdyan economically
convenient synthesis cannot be carr@d. The imustrial use of marine species
requires largeamounts of raw material to be collected from natural stoCkss
collection will, in the long run, exert significamhpacts on the benthic community
and will be a severgressure on the targeted speciBise productionof sponges
tunicates and bryozoans in specially designed -mdture plants has been
considered. Currently, a number wfultidisciplinary researches are targeting the
development ofiew technologies for madulture plants of maringvertebraes for

the environmentally compatible productiohpharmaceutical relevant species. Even
if the obtainedyields of biomass are still far from those that shoulchéeded for
commercial purposes, encouraging progressbkas made in this field and noweth
bryozoanB. neritina and the tunicaté. turbinatg the sources of ET43 and of
bryostatins, respectively, can be successfully cultired

The possible microbial origin of bioactive moleculescovered from marine
invertebrates recently opened new ameresting perspectives for their synthesis at
commerciallevel. Isolation and cultivation of the suspected microlpidducers
either from the surrounding seawater or frossue of invertebrates could provide a
more satisfyinganswer to the pressing supgbroblem. If bacteria arandeed, the
producers of bioactive metabolites of interestansfer of the gene clusters
responsible for the biosynthesitthe respective natural products to a vector suitable
for largescale fermentation could provide an aiegive strategyhereby avoiding
the foreseeable difficulties in culturiymbiotic bacteria.

In conclusion, it is clear thamharine environmenwill continue to be anajor source

of new drug leadbut effective utilization of these resources will reguadvances in
technologies and the opag of new frontiers in sciencdhe increasing genomic
information and progress in molecular biology in general, combined with
biochemical studies leading to a comprehensive understanding of complex natural
product osynthesis at the molecular level, as well as technologies exploiting this

knowledge, are expected to give marine natural products research a promising future.
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CHAPTER 2

METHODOLOGY IN ISOLATING AND CHARACTERIZING
MARINE NATURAL PRODUCTS .

The marine environment has many limits, such as the difficulty in the collecting
biological material and its identification, but also the necgdsisafeguard marine
ecology.For these reasonrfthe discovery of new compounds franarinesource

it is important aconstant need to separate small quantities of mixture efficiently and
then it is necessary to characterize these new compound in-@esuactive way,
with submilligram samples.

The studyof natural compounds consistssaime steps:

1. Isoktion and purification of new compounds from biologic material;

2. Structural determination ttieisolatedcompounds;

3. Determination of absolute and relative stereochemistityeafew compounds.

2.1.ISOLATION PROCEDURES

The isolation of natural prodts from natural sources poses numerous problems,
because these compounds may only be present in infinitesimal quamhesature

of separation problesvaries considerably, from the isolation of small quantities
(milligrams or less) for structure deteination purposes to the isolation of very
much larger amounts (hundred milligram to gram quantities) for comprehensive
biological testing, for sersynthetic work or even for production of therapeutic
agents. For these purposes, a good selection ofatiffeechniques and approaches is
essential. The problem of separation and isolation of new metabolites from natural
sources was solved with the development of refined techniques, such as the various
analytical and preparative chromatographic methods. Vdege hsuccessfully
performed a procedure of purificatiotsually, after biomass extraction with
adequate solvents (usually methanol, acetone, and/or chloroform), the first step in the
isolation of a natural compound from the main extract consists of argejue

gradient partition with solvents. The fract®mlso obtained contain compounds

18



distributed according to their polarity. In the case of bioactive extract, this process
can be guided by the appropriate assay to localize the active compieegntin
aacordance with the diverse properties of the components of these fractions, different
procedures for purification can be followed. Particularly, the fractions of low or
medium polarity, usually monitored, contain lipophilic organic compounds that can
be usally separated by standard normal or reverse phase column chromatography
and/or MPLC and finally HPLC to get individual components.

Medium Pressure Liquid chromatograpiPLC) is a liquidsolid chromatography,

in which the liquid mobile phase is forcedrdbgh the solid stationary phase at
medium pressureMPLC is more efficient in resolution than the opmiumn and

flash chromatography methods and the separation involves a considerable gain in
time. The solid stationary phase can be a normal ph&sesilica gel or bonded

phase (RFB, RR18). The technique makes use of pressurea.d-40 bar and can
easily accommodate much larger sample loads (10A.00gg) than are generally
applied in other separations. As far as separating power is concerned, MBLC
somewhere between flash chromatography and-pespiarative HPLC.

High Performance (or High PressiiLiquid Chromatography (HPLChoth normal

phase and revergghase, is the most widely used chromatographic methodjratsd
application in the prepr at i ve separation of sampl es
isolation of natural products (optimization of the experimental conditions, checking
of the different fractions throughout the separation). On the whole, however, HPLC
is commonly applied as the lastep in purification processesffording pure
compounds in high yieldsind, in this respect, the quantities involved tend to be at
the lower end of the scale.

Finally the compounds, so isolated, are structurally characterized and are submitted

to pharmaological assays.

2.2. STRUCTURAL DETERMINA TION METHODS

Recently, natural products chemistry has undergone explosive growth due to
advances in isolation techniques, synthetic and biosynthetic approaches as well as
spectroscopic and chromatographic meth@&tsuctural determination described in

this thesis is largely based on spectroscopic techniques, mostly mass spectrometry
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(MS) and nuclear magnetic resonance (NMé)] sometimedegradation methods

coupled withcircular dichroism (ECDand computationahethods.
2.2.1 Mass Spectrometry

Mass Spectrometry is an analytical technique, particularly used in organic chemistry,
which allows to measure molecular masses of unknown compounds and thus to
determine their elementary formula. Unlike other spectrosctgihniques, mass
spectrometry is a destructive analytical technique, that is not based on the interaction
between radiations and matter. Any molecule has first to be ionized and transferred
to gas phase in the ion source and then it is transmitted noatbe analyzer where its
mass propeties are measured. These three fundamentas sfepe process occur in

three differentparts of themass spectrometer, namely tlomisation source the
analyzer, and thedetector.In order to obtain a mass spectrum,the ion source

must be producedbns in a gaphase they are subsequently accelerated, by an
electric field, until they get to a specific speed and they are transferred to the mass
analyzer, which separate different ions on the base of their mag®/dimdy) ratio.
Theseparated ions are then measured on the detector and the results displayed.
Most of compounds described in the following chapters have been analyzed by
Electrospray lonisatiofESI) mass spectrometry through @nbitrap system.

ESI mas spectrometry allows the determinatiof nonvolatile molecules tdbe
analyzed directly from the liquid phasBiqure.2.1). The electrospray process is
governed by a large number of chemical and physical parameters that together
determine the quality adhe process. Its gtaand end can be defined by electrical

circuit that drives the spray of liquicharged droplets.

|thermal desnlv:atinn| |cnllisional adivation|

v

v
p— | '
— f!/l: :—)' Mass
g 7 |handiaiees

o

Figure 2.1. ESI mass spectrometry
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In this process the biomolecule starts out as an entity or complex, usually charged
and dissolvedn a wateirich environment. At the end of the process the same
biomolecule is represented and harvested through the orifice of a mass analyser as a
series of 6nakeddé multicharged i ons. I n
selectively analysed accang to their mass/charge ratiBecause of the electric
potential of the capillary, each droplet of the spray carries an excess positive or
negative charge, and this causes extensive protonation or deprotonation of the
molecules of the sample, which becomes. An uncharged carrier gas such as
nitrogen is used to help the liquid to nebulize and the neutral solvent in the droplets
to evaporate.

Orbitrapis a new type of mass analyzer introduced by Makafithe LTQ Orbitrap
combines the most advanced loragrand Fourier Transform technologies into a
single instrument with unprecedented analytical power and versatility. The
instrument provides a high mass resolution, accurate mass determinations, and
MS" for routine highthroughput analysis.

In an orbitrap,ions are injected tangentially into the electric field between the
electrodes and trapped because their electrostatic attraction to the inner elisctrod
balanced byentrifugal forces. Thus, ions cycle around the central electrode in rings.
In addition,the ions also move back and forth along the axis of the central electrode.
Therefore, ions o& specificmassto-charge ratianove in rings which oscillate along

the central spindleHigure 2.2). The frequency of these harmonic oscillations is
independenof the ion velocity and is inversely proportional to the square root of the
massto-charge ratiorq/z).

Figure 2.2. lon trajectories in an Orbitrap mass spectrometer.
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By sensing the ion oscillation similar as in #EMS (Fourier transform mass
spectometry) the trap can be used as a mass analyzer. Orbitraps have a high mass
accuracy (42 ppm), a high resolving power (up to 200,000). Currently, there are two
commercial LTQOrbitrap instruments, the Discovery and XL models. One of the
primary differenes is that the XL has a linear octopole collision cell (absent in the
Discovery model), in which collisional activation and fragmentation can be
performed. Although this feature provides additional versatility to MS/MS
experiments, the analytical perforntgnand fundamental principles of operation of

the Orbitrap analyzers in both instruments are iderttical.
2.2.2Nuclear Magnetic Resonare®®

Nuclear Magnetic Resonance spectroscopy is a powerful and theoretically complex
analytical tool used for structusducidation of the isolated secondary metabolites. It
involves reorientations of nuclear spins with respect to an applied static magnetic
field. In addition to standardH and *C NMR spectra, a large use of 2D NMR
experiments has been made in the coufgayoresearch activity. They are superior
to their 1D NMR counterparts both for the information on the connection of nuclei
and for the easier assignment of nuclei resonating in crowded regions of the spectra
(signal overlapping is much less likely in t@onensions than in one).
The COSY (COrrelation SpectroscopYgxperiments allow you to determine the
connectivity of a molecule by determining which protons are-spin coupledin
spite of the many modifications which have been proposed along the theavery
basic sequence composed of two "~/ 2 pul se:
still the best choice if one is simply dealing with the presence or the absence of a
given coupling, but not with the value of the relevant coupling constant.
The HC (Heteronuclear Single Quantum Correlation) experiment is 2D NMR
heteronuclear correlation experiment, in which only -baed protorcarbon
couplings tJcy) are observed. The HSQC experiment correlates the chemical shift of
proton with the chemical shibf the directly bonded carbon.
The HMBC (Heteronuclear Multiple Bond Correlation) experiment is a
heteronuclear twand threebond*H-'C correlation experiment; its sequence is less
efficient than HSQC because the involveticy couplings are smalle(3-10Hz).
Moreover, while’Jcy are all quite close to each othéfJcy can be very different,
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making necessary the optimization of the experiment for each type of coupling. As a
consequence, in many HMBC spectra not all of the correlation peaks whidhbeou
expected from the structure of the molecule are pre€ioss peaks are between
protons and cadns that are two or three bonaway while direct ondond cross
peaks are suppressed. This experiment, finally, allthe connection of the

fragments ad the assembling of the structure of the molecules.
2.2.3Circular Dichroism

First-principles calculations of electronic circular dichroism (ECD) are widely used
to determine absolute configurations of chiral molecules. Circular Dichroism (CD) is
observedwhen a molecule is optically active, it absorbs Hghtl lefthanded
circularly polarize light to different extent§he CD spectroscopy takes advantage of
the different absorption shown by chiral compounds of left and right circularly
polarized UV/Vis ight. Plane polarised light can be viewed as being made up of 2
circularly polarised components of equal magnitude, one rotating calotémwise

(left handed, L) and the other clockwise (right handed, R). Circular dichroism (CD)

refers to the differentiabsorption of these 2 componerfgyire 2.3).

Figure 2.3. Origin of the CD effect. (a) The left (L)
and right (R) circularly polarised components of
plane polarised radiation: (I) the two components

have the same amplitude and when combined

o e generate plane polarised radiation; (Il) the
( (1I)

components are of different magnitude and the

® = ; = =

3 j\ f\ j\ resultant (dashed line) is elliptically polarised. (b)
§ SR S R S The relationship between absorption and CD spectra.
-

]\ Band 1 is not chiral; band 2 has a positive CD
S| TTTTTTTTET T Y= spectrum with L absbed more than R; band 3 has a
: Vi |

negative CD spectrum.

If, after passage through the sample being examined, the L and R components are not
absorbed or are absorbed to equal extents, the recombination of L and R would

regenerate radiation polarised in thggmral plane Figure 2.3). However, if L and R

are absorbed to different extents, the resulting radiation would be said to possess

elliptical polarization Eigure 2.3).°
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In practice, the CDinstrument (spectropolarimeter) does notorabine the
componentsbut detects the two componentgpsirately; it will then display the
dichroismat a given wavelength of dation expressed as either tt#ference in
absorbance of the two compom t s : ©lIR.= L as a funct.
|l ight frequency ¥ is called CD spectru
The CD of pure enantiomers differs in sign, but not in magnitude. There is no simple
relation between the absolute cisiEEQ ur a
spectrum: CD depends on details of the electronic and geometric molecular structure.
However, ab initio electronic structure calculations are nowadays able to predict
ECD accurately and thus allow an assignment of the absolute configuration by
comparison of experimental and computed ECD spectra.

2.2.4. Computational methods for configuration determination

The increasing improvement of computer performances and the development of
methods and algorithms ever more advanced and efficient, has ledldmérgence

of compuational chemistry, a branch chemistry that uses quantum mechanical
principles to get the realistic representation of the tdieensional structure of a
molecule. To determine the conformation of a molecule, using a computer and a
process called "minimization", the atoms must be moved from their positions
evaluating the resulting changes tbe total energy of the systemhe geometry
corresponding to the minimum energy is the most favored and, therefore, the most
representative ahe stucture in solutionlt is thus possible to compare the distances
between protons in different stereoisomers and verify which of these corresponds to
the spectroscopic data previously obtain€de molecular mechanics provides the
force field for evey molecule thatdescribe the conformation and behavior of
molecules. Force field allows to calculate the energy of each rearrangement of atoms
in a system and allows you to evaluate how it changes with the position of the atoms.
In this way, it is possilel to find the minimum point of this function, determining
both @nformation and minimum energy.

This process, known as minimization, leads to a relative minimum, while the
absolute minimum, in simple cases, can be find with processes known as
conformationasearch (systematic search, random search, simulated annegiiag).

experimental information on the conformation of the molecule, Imderived from
24
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NMR experiments (NOE effects) may be included in fibkee field to "help” to
determine the actual confoation at low energyln simulated annealing method, the
molecule is subjected to amolecular dynamicssimulation, starting at high
temperature and gradually lowering the until get to absolute z&tolow
temperatures the molecule is locked the enemgbticlowest conformer. An
alternative and complementary method to molecular dynamics for configuration
determination of compounds structurally complex for flexibility or number of
stereoisomers, iab initio method that allowthe prediction of chemical #ts of
protons and carbons by values of coupling const@t®d matching between the
calculated chemical shifts for one of the potential structures with the experimental
values constitutes an excellent tool to support structural analysis of organic
compaunds. Density functional theory (DFT) has emerged in recent years as a
promising alternative to conventionab initio methods in quantum chemistry.

All calculations reported in my thesis have been performed using Gaussiafh 03.33
while thepreliminary caomformational search was performed by Simulated Annealing
in the INSIGHT Il package
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CHAPTER 3

RESULTS AND DISCUSSION

3.1CHEMICAL AND PHARMACOLOGICAL
CHARACT ERIZATION OF NEW BIOACTIVE COMPOUNDS
FROM MARINE INVERTEBRATES

The world of nature providea neveending set of fascinating problems fibre
chemist. Many of the most intriguing problems, however, concern compounds
available inonly truly minute quantities. One solution is to focus on bioagségyed
separations. Inso doing one can isolateompounds with novel structures or
unsuspected activities from almasty phylum, including tunicates, sponges, insects,
or plants. Moreover, newer spectroscopic techniques, eeisfly fast atom
bombardment @ss spectrometryand tandem mass spectrometryhamce one's
ability to study compounds present minute quantities, including those of
importance to the host organisiiraditionally, natural product researchsually
involved isolating the most abundant compound, assigning its struetuethen
hopingto find a use for itToday we are morekiely to be guided by biologyhat is,

by bioassay, to direct our attention to the truly important compounds presant in
species. Most bioassays are exceedingly sensitive, so that the active compound may
be presat in only minute quantities. Fortunately, modern structural techniques
requireonly miniscule quantities of the material.

Part of my research work is collocated within this area and concerns the investigation
of the natural products deriving fromarine nvertebratessuch as sponges and
tunicates Among marine organisms, the chance of finding bioactive compounds is
remarkably higher in thesevertebratesPresently, more than 35% of useful medical
compounds from the sea are isolated from porifged, known as sponges.

Sponges, lacking any nervous, digestive, circulatory, muscular systems or any
physical defence from their predators, produce secondary metabolites, involved in
their chemical defence, which is essential for their survival. In fact maegiesp
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contain toxic substances, probably to discourage predators. The chemicals also
probably play a role in competition among sponges and other organisms, as they are
released by sponges to insure themselves space in the marine ecosystem.

A number of praising compounds have been identified from marine sponges that
possess pronounced biological activity and are already at advanced stages of clinical
trials, mostly for the treatment of cancer, or have been selected as promising
candidates for extended plieccal evaluation.

Recently,asidianshave increasingly become the target of natpratluctsresearch.

In fact, in the last 30years anincredible surge of interest in ascidian chemistry
yielded many new ascidian metaboliteEhese results, which incledstructurally
unprecedented families of biologically a&isecondarymetabolites, have attracted

the attention of botBynthetic chemists and pharmacologists.

Ascidians belong to the phylum Chordata, wheclttompasses all vertebrate animals,
including mammals. Therefore, they represent the most highly evolgedup of
animals commonly investigated by marim&tural products chemists. Together with
the two otherlasses included in the subphylum Urochordat@ygmicata), members

of the class Ascidiaceaeacommonlyreferred to as tunicates, because their body is
covered by a saclike case or tunic, or as sea sgbetause many species expel
streams of water through siphon when disturbed. While adult ascidians are
exclusively marine invertebrates andabdittle resemblancéo the other chordates,
their larvae resemblamphibian tadpoles and contain notochorods, ddrshbw

nerve cords, and pharyngeal slits, all of whach lost during developmerithere are
roughly 200 living species of tunicatesf which ascidians are the most abundant.
Adult ascidians are sessile filter feeders, either solitarycaonial, and live
preferentially in regions which arigee from extensive wave shock, but receive
considerablefreely flowing sea water. Ascidian momlgy is diverse. Solitary
tunicates may be up to 15 cm in lengbh,as small as 1 cm. Colonial species are
often foundencrusting rocks and may be extremely thin delicate, or as thick &

cm. Some are ofundefined shape, and so disguised by theinituthat they
superficially resemble sponges or fleshy coelentergtetsthe contractions which
cause a sea squirt to spistyeams of water provide the inexperienced obsemwiter

a means to distinguish tunicates from other mariaertebrates.
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3.1.1 Tetracyclic cytotoxic meroterpenes from the Mediterreanean ascidian

Aplidium conicum

Since the discovery by Fenical in 1976 of geranylhydroquinone in an unidentified
species ofAplidium* many diverse meroterpenes, have been isolated from ascidians.
These compounds form a class of complex metabolites derived from a mixed
terpenoidpolyketide biosynthetic pathwayhich display a wideange of structural
diversity. A large number of meroterpenes have been isolated so far from marine
ascidians, almost exclugly belonging to thé\plidiumgenus; theicarbon skeletons
originate from intra and intermolecular cyclizations and/or rearrangements of the
terpene chains to give unique polycyclic or macrocyclic structures, often linked with
diverse functionalitie$.The Mediterranean speciés conicumhas been extensively
studied; the peculiarity of this ascidian is that the nature and/or the abundance of its
meroterpenes content apparently depends on the geographical place of collection.
Specimens of. conicuncollected off Tarifa Island, in Spain, were shown to contain
geranyl hydroquinone, a number of its hydroxylated and/or cyclized analogues as
well as the relevant chromendlsirom smples of the same ascidian, collectet i

Italy along Sardinia coastg large group of new meroterpenes, with different
polycyclic skeletons but all featuring an unusual ditixazine ring condensed to a
benzoquinone ringrave beenisolated*® The geographical variation @. conicum
metabolic content is now highlighted by theulés | obtained by analyzing another
specimen of the ascidiaoollected along southern Italy coasts (Porto Cesareo,
Lecce).l have isolated two novel meroterpenes, conithiaquinones A ghduid?2).

in addition to the two chromenol8 &nd4) and conicagumones A and B 6 and6)

found in the previously investigated samplesAofconicum The new molecules

have been characterized using standard spectroscopic techniques as well as on the
basis of quantummechanical chemical shift calculatiores | will discuss inthe
paragrapl8.2.2

Both conithiaguinones A and Bvere assayed for their effect on human skin
keratinocyte (HaCaT line) and human breast adenocarcinoma -fMigie) cells
growth and viability in vitro,demonstratinga moderate cytosacity but epecially
directedagainst the human breast cancer qéligure 3.1).
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Figure 3.1 Structures oEompounds1-9)

Freshly thawed specimens Af conicum(Olivi, 1792) collected at Porto Cesareo
(Lecce, ltaly) were exhaustively extracted with methanal anbsequently with
chloroform. The concentrated extracts were combined and then partitioned between
ethyl acetate and butanol. Medium pressure flash chromatography over a silica gel
column of the ethyl acetate solublerfian, followed byextensive HPLC eparations

of the most polar fractions, afforded conithiaquinoneg§lAand B (2) in the pure

state. ESI mass spectrum (positive ion mode) of comphuadealed an ion peak at

m/'z 418.2 corresponding to [M + NaJA facile loss of 64 amu was observed fie t

mass spectrum, attributable to the expulsion of, 8@d suggested the presence of a
sulfone functionality. HRESIMS (positive ions) established a molecular formula of

Ci1oH2sNOgS for 1, indicating eight unsaturation degrees. @ NMR spectrum
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(CD30D) revealed the presence of nineteen signals which, on the basis of the data
obtained from a HSQC experiment, were sorted as four methyls, four methylenes,
three methines, and eight unprotonated carbons. Six carbon resonances were due to
spf quaternarycarbas, andtwo of them, atic 180.5 and 181.5 ppm weassignedo

two conjugateccarbonyl groupsTable 3.1). Thus,1 must be tetracyclic to satisfy

the unsaturation number implied by the molecular formula. *Fh&IMR spectrum

of 1 (CD;OD) was interpreted also on the basidf NMR and HSQC information.
Besides the resonance of a methoxyl graip 8.24, s, 3Hpc:: 48.5),it contained: i)

three upfield shifted methyl singlets@fl.23 @c: 18.6, Mel4), 1.24 {.: 25.4, Me

15), 1.40 {c: 21.2, Mel2); ii) three methine protons dt1.62 (dd, J=13.6, 9.1 Hz,
H-9a; dc: 51.8), 1.86 (dt, , J=13.6, 9.1 Hz,-64;dc: 47.5), and 5.12 (d, J= 9.1 Hz,
H-10; dc: 65.1,), this latter presumably being an oxymethine proton; iii) fotir sp
methylenes, including two deshielded signdl&.b5 (m,Ha-7) and 1.67 (m, H{Y),

dc: 21.1;d 1.44 (m, Ha8) and 2.09 (m, Hi8), dc: 33.1;d 3.32 (t,J = 6.5 Hz, 2H2),

dc: 48.3; 3.94 (m, 2K8, dc: 39.4)]. Moreover, théH NMR spectrum ofl performed

in CDCk showed, in addition to the aforementioned signats, D.O-exchangeable
broad singlets atl 6.56 (NH) and 3.65 (OH). Interpretation of COSY map (CpCI
revealed that the NH proton was coupled to the multipleBa@4 (2H3) which was,

in turn, coupled to the multiplett d 3.32 (2H2); this spin system &s consistent

with a -NHCH,CH,SO,- moiety. Since the presence of two conjugated carbonyl
signals (1 180.5 and 181.5) antivo tetrasubstituted double bonds146.1, 110.0,
147.5, and 148.0 ppm) were indicative gb-guinone ringjt was hypothesized that
structure of conithiaguinone A contained the samebgpkzoquinone/1;tlioxo-1,4
thiazine bicyclic system (A and B rings) present in the meroterpenes previously

isolated fromA. conicund™®

31



Table 3.1. NMR spectroscopic data for conithiaquinonesnil &2

Conithiaquinone AX)

Conithiaquinone §2)

Pos. a d, mult(JinHz) ~ HMBC  ROESY™ & d, mult.(J in Hz) HMBC ™ ROESY
2 483 3.32,1 (6.5) 3 3 482 332, m 3 3
3 39.4 3.94,m 2, 4a 2 39.3 3.95m 2, 4a 2
4a 146.1 - - ; 146.4 ] ; .
5 1815 - - ; 1815 ; ; .
5a 148.0 - - ; 150.0 ; ; -
6 375 - - ; 37.5 ; ; .
6a 475 186, dt(13.6,9.1) 6,7, 9, 14,15 10, 7b,15 481 177, m 6,7,9a, 10, 14, 1f 10, 15
Hg 1.55, m - 9a, 14 Hy1.51¢ 6 14
7 21.1 21.7
Hp: 1.67, m 6a, 9, 9a 6a, 8b, 15 Hp:1.68, m 6a, 8, 9, 9a 15
Ha 1.44, m - - Ha:1.52° - -
8 33.1 33.7
Hp: 2.09, m 6a, 9a, 9 13, 7b Hp:2.06, m 6a, 7,9, 9a -
9 82.7 - - ; 82.4 ; ; -
. 6,64 8,10,
9a 518 162,dd(136,91 52320 721214 521  1.71dd(137,8.7) 6,6a 910,12 12,14
10 65.1 512,d(9.)  5a9,9a, 10a Gaéif" 74.4 484,d(87) 5a09 9, 10a1l1 6a
10a 1475 - - ; 149.7 ; ; -
11 180.5 - - ; 179.7 ; ; .
11a 110.0 - - ; 110.3 ; ; -
Me-12 | 21.2 1.40, s 89,9 %a 21.6 1.40, s 8,9, 9 9?613'
MeO-13 | 485 3.24,s 9 8b, 1 485 3.25,s 9 12
MeO-16 - - - 58.0 351, s 10 12
Me-14 | 186 1.23,s 5a,6,6a,15 7a % 18.4 122,s 5a,6,6a15 7a 9
Me-15 | 25.4 1.25,s 5a,6,6a,14 6a,7b 25.7 1.25,s 5a,6,6a 9, 14 6a,7b
-OH - 3.65, b4! - 10 - - - -
-NH - 6.56, bs’ - ; ; ; ; .

[a] Spectra are recorded in @DD (d; = 3.34 ppm andic = 49.0 ppm) at 700 MHz. [b] Carbon atoms coupled with the given proton(s
Overlapped. [d] The chemical shift value was obtained frontHaMR spectrum performed in CDQR = 7.26 ppm)[e] Recorded in CDGlI
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This hypothesis was corroborated by a Réyorrelations observed in the HMBC
spectrum between the-Biprotons atl; 3.94 and the quaternary’smrbon a/146.1
(C-4a) and supported by comparison of NMR datd efith those reported in the
literature*® Careful analysis of the HSQC spectrum allowed the chemical shifts of
H-9a, 2H8, and 2H7 to be determined in the poorly resolved region of the proton
spectrum ¢ 1.4-2.1). This helped to readily identify a sedoisolated spin system,
including H10, H9a, H6a, 2H7, and 2H8 protons, by analysis of COSY
connectivities starting at the oxymethine protondd@.12 (H10). The spin system
was enlarged through analysis of COSY spectrum in gR@iere H10 was furtler
coupled to the BD exchangeable proton &t3.65, thus indicating the presence of a
hydroxyl substituent linked at-C0. HMBC spectrum showed that methyl singlets at
d1.40 (Mel2) and 3.24 (Me€l3) were both long range coupled to the quaternary
carbonat d82.7 (G9). This quaternary center, bearing both the methyl and methoxyl
groups, was connected te8and G9a carbons through its HMBC correlations with
the relevant protons @9a and HeB), to give the five membered ring D. The
remaining two identied methyl groups (Md4 and Mel5) were judged to be
geminal since HMBC spectrum showed mutual correlations as well as three shared
carbon correlations for both resonances. They were indeed coupled to the methine
carbon atd47.5 (G6a) as well as to thguaternary carbons at148.0 (G5a) and

37.5 (G6). This latter carbon was in turn long range coupled to the methine proton at
d1.86 (H6a); further diagnostic HMBC correlations were those betwe®a ldnd

both G10 and G10a as well as betweend andboth the quaternary $parbons at
d147.5 (G1l0a) and 180.5 (@1). These data allowed the ring C to be closed and
connected to thp-quinone ring, thus delineating thole skeleton of compourd
which incorporates the uncommon linearly fuged, 5ring core reported in very
few natural products. This tricyclic moiety is indeed the skeleton of the giaivied
pycnanthuquinones A and B &nd8),” of the algal metabolite pycnanthuquinone C
(9),2 and of the ascidian metabolites rossinoh8slt has been also found
incorporated into the larger policyclic scaffolds of the terrestrial metabolites pinnatal,
isopinnatal, and sterekunthalB"®

A SJHea.Hga value of 13.6 Hz implied &ransfused ring junction at ®a/G9a. The
magnitude of this couplingonstant was comparable to that observed for the
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relevant protons impycnanthuquinoneC (9) (13.9 Hz) and in the other related
compoundsfycnanthuquinone& and B, rossinones) havingti@ans-fused 6,5rings
system”* On the other hand, structures featg a cis relationship between the
protons of the fiveand sixmembered rings (pinnatal, isopinnatal, and sterekunthal
B) displayed clearly smaller coupling constant vaftféd Similarly, the magnitude

of 3Jueanioin 1 (9.1 Hz) suggested theorientation of the OH group at-00; it was
indeed comparable to that reported 838.8 Hz) but more than the double of those
in 9 (4.3 Hz) and7 (3.6 Hz)”® Both these conclusions were strongly supported by a
number of observed ROESY correlationstddin Table3.1, which also allowed the
orientation of the substituents at9Cto be determined. In detail, ROESY spectrum
(CDCl) of 1 contained crospeaks from Hoa to H10, Me 15, and H7b; further
diagnosticcrosspeaks were observed from3ato Me-12, Me 14, and H7a. These
observationsallowed the relative configuration df to be assigned as B§ 9R*,
9aR*, 10,

The highresolutionmass spectrumESI positiveion modg of compound showed

an ion peak atn/z 432.1449 corresponding to [M+NaJcalculated valuem/z
432.1451); the molecular formula @ was thus established aso8,/NOsS. The
comparison of NMR spectra @fand2 evidenced close similarity between the two
compounds and indicated that they differed only in the nature ubstituent at €

10. Taking into account the molecular formula and considering the presence of
additional signals ifH and**C NMR spectrad: 3.51, s,at: 58.0) tte substituent in

2 was identified as a methoxyl grouphi$ conclusion was fully corroborated by 2D
NMR spectra analysis which also led to th# assignment of all NMR resonances
in 2 (Table 3.1).

The significant cytotoxic actity showed by several members of meroterpenes
family, probably related to their capacity to interfere with the cellular redox
systems; prompted us to investigate the effectsloind 2 on tumour and non
tumour cell lines cell growth and viability. To $h@im, human skin keratinocyte cells
(HaCaT line) and human breast adenocarcinoma cells {Kilite) were treated for
48 h with various concentrations of compouridand 2. Then, the bioscreenings
were performed by measuring the level of mitochondrial desgenase activity and
by counting the number of live and death cells. The results showed thdt dod?2

posses a significant and concentratitapendent cytotoxic profile, especially against
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mammalian cancer cells, as indicated by the calculatedvélues reported iffable
3.2.

Table 3.2. Cell growth inhibition (IC50, puNF)

Compound HaCaT cells MCF-7 cells
1 98.6+4 445+ 3.8

2 162.6 £5 1255
CDDP 6+3 3.5%£3

[a] ICso values are expressed as mean + SEM Z4) of three independentperiments

Interestingly, compound displayed an higher toxic effect toward lines, in particular
showing an IGp value against tumour MGF cells within the micromolar range (~45
puM), which is generally considered as a markeraaihoderate cytotoxic actty.
Positive control for cytotoxicity was performed usingplatin (CDDP),a well
known antiproliferative drug showing gvalues lower than 10 uM in the same
experimental condition¥.

In conclusion conithiaquinones A and B represent a further exangdl the great
structural diversity generated into the meroterpene family. It has been speculated on
the origin of some of these molecules; the formation of chromene derivatives and of
other cyclized compounds from the relevant quinones/hydroquinonesecafsd®
easily rationalized through a sequence of -@eathlyzed cyclizations. However, with

the data available, it is not possible to arguhether these transformatiomscur in

the organismeither enzymatically or noprior to its extraction, or theyake place
during isolation and/or chromatographic purification. Concerning this, we considered
the possibility that conithiaquinones A and B could be artifacts derived from a
hypothetic methylation during the extraction procedure. To rule out this pagsibil
samples ofA. conicumwere extracted with chloroform and acetone and subsequently
subjected at the same procedure above reported. The spéetriMiVIR of the
MPLC fractions eluted with 100% AcOBRtas identical to that of corresponding
fractions obtainé from extraction using methanol. Furthermore there was no
evidence of the presence of even small amounts of the putative demethylated
conithiaquinones, thus confirming that the conithiaquinones are not artifacts, but

genuine metabolites frod. conicum

35



3.1.2 New bioactive alkyl sulfates from the ascidians Ciona edwarsii and

Aplidium elegans

Ascidianshave beeran extremely rich souragf sulfur-containing molecules whigh

on the other hand, are quite unusual in marine organiglnsaumber of
sulfides/polgulfides, sulphur heterocycles, sulfoxides, and alkyl sulfates have been
isolated from marine ascidiafs:® In particular, these latter compounds, although
occasionally reported from marine souté€ have shown to be often present in
remarkable amoustin solitary ascidians of the families Ascididae and Pyuridae
well in colonial Polyclinidae speciés?® They often have quite simple structures,
mostly of polyketide derivation even though in some frameworks an isoprenoid
origin is clearly recogniz& almostall the isolated compounds are endowed with
cytotoxic and/or antiproliferative activityn the course of our program on discovery
of cytotoxic metabolites fronMediterranean ascidiafi$* we haveanalyzed the
chemical compositionof methanol gtracts of two speciesAplidium elegans
(Monniot & Monniot, 1983)and Ciona edwardsiiRoule, 1884), both collected in
the Bay of Naples, Italy. This investigation yielded compout@and 11 from A.
elegans and compound?2 from C. edwardsij in additionto the known sulfated
terpenoidsl3and142*?®(Figure 3.2).

R,

10 R,= OH; Ry= OSO;Na
13 R,=H; R,=0SO;Na

11 R,= OH; Ry= OSO;Na
12 R=H; R,=OH
14 R;=H; R,=0SO;Na

Figure 3.2 Structures of compound$€i 14.
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Fresh thawed tissues bbth A. elegansand C. edwardsii collected in the bay of
Naples, immediately frozen,dn kept at 1728 AC wuntil extr e
extracted with methanol and, subsequently, with chloroform. For each ascidian
sample, the extracts were combined and concentrated; the resulting aqueous
suspensions were then partitioned between watebatanol. The butanol extract of

A. eleganswas fractionated by MPLC over a reversed phasE @olumn using
stepwise elution with aqueous MeOH. The fractions eluted with 50% aqueous MeOH
were further separated and purified by revenslealse HPLC elutingvith 70%
agueous MeOH containing 0.1% TFA, thus affording compou®dandl 11 in the

pure stateThe butanol extract o€. edwardsiiwas fractionated by reversgthase
MPLC under the same conditions as described for tha#.o&legans Further
separation ad purification of both fractions eluted with 70% and 50% aqueous
MeOH by repeated revers@thase HPLC yielded compound&i 14 in the pure
stateA first survey of the 1D NMR spect(&Ds;0D) of 10 and the comparison with
thoseof the already known compourd® readily allowed us to hypothesize thdt 1
was the 18hydroxy analogous 0i3. The proton spectrum of0llacked indeedhe
signals due to the isopropyl terminus portionl8f whereas it contained a quite
deshielded methyl signakd/(1.14), resonating as a singlet and integrating for six
protons. Likewise, he *C-NMR spectrum of10 contained a quaternary carbon
resonancél 70.8) attributable to an oxygebearing carbon whilthe methine signal

atl 29.1 due to €5 in 13 was absentChemical shifts and coupling patterns of the
remaining signals of@, assigned by aid of COSY, HSQC, and HMBC experiments
were very similar to those df3. Mass data analysis confirmed the assumption made.
ESI mass spectrum (negative ion mode) contaamemn peak at/z 511; an intense
fragment am/z453 was present and it was interpreted as the resultafclavage

at G15. High resolution analysis on the pseudomolecular ion peak gdxze
511.1987, which was consistent with the molecular formulaH&NaGS,
correspondi hdcalctlated yaMd: $HL]2006)The location of the
hydroxyl group at €15 was unambiguously established through -RIMR
experiments which allowed us algmassign all the proton and carbon resonances of
compound @ (Table 3.3). In particular,diagnostic*Jc.+ long-range couplings were
observed in the HMBC spectrum between theaigtti 1.14 (s, 6H, Ch16/20) and

37



both the oxygenated quaternary carbod @0.8 (G15) and the methylene carbon at
U44.4 (G14).

Table 3.3. 'H and"*C-NMR data of compound0i 12in CD,OD.

10 11 12
Pos.| dy(mult,JinHz)  dc 4 (chult., Jin H2) de 4 (chult., Jin H2) dc
1 4.02 (m) 66.7 3.80 (H, dd,6.6,9.1)  73.2 3.79 (Ha, dd6.6, 9.4) 736
3.88 (H, dd,6.6, 9.1) 3.87 (Ha, dd, 6.60.4)
2 1.42% (H,) 36.7 1.78 (m) 335 1.79 (m) 34.1
1.68 (m, H)
3 1.60 (m) 29.9 1.14 (m) 337 1.14 (m) 343
1.412 1.42
4 1.102 37.6 1.332 245 1.322 25.1
1.302
5 1.302 24.6 1.102 37.6 1.11° 38.1
1.302 1.30°
6 1.10% (H,) 37.6 1.392 33.0 1.41° 335
1.282 (Hy)
7 1.402 33.1 1.102 37.6 1.11° 38.1
1.302 1.30°
8 1.092 (H,) 37.7 1.332 245 1.322 25.1
1.282 (Hy)
9 1.292 246 1.312 317 1.232 31.9
1.362 1.322
10 1.302 32.0 1.66 (m) 38.4 1.44 (m) 41.4
1.382
11 1.65 (n) 38.4 1.302 31.9 1.232 31.9
1.382 1.322
12 1.362 31.7 1.332 245 1.332 25.2
13 1.302 24.6 1.422 44.4 1.19 (m) 40.3
14 1.422 44.4 - 70.7 1.55 (m) 28.9
15 - 70.8 1.15 (s) 28.3 0.89 (d., 6.4) 22.8
16 1.14 (s) 28.4 0.94 (d, 6.5 16.3 0.96(d., 6.6) 16.9
17 0.90 (d, 6.6) 18.9 0.86 (d, 6.6) 19.2 0.88(d., 6.4) 19.9
18 0.85 (d, 6.6) 19.2 3.92 (d, 5.4) 70.8 3.44(d, 5.4) 65.5
19 3.91 (d, 5.4) 70.7 1.15 (s) 28.3 0.89 (d., 6.4) 22.8
20 1.14 () 28.4 - - - -

Signals overlappkby other resonances

The negative HRESI mass spectrum (negative ions) of compblingsplayed an
ion peak atm/z 497 . 1825 corr es p dcalcuiatedg value:m/z [ MT Na ]
497.1849); the molecular formula di was thus established asisB3sNaGS,. The

'H- and**C-NMR spectra of compountil displayed a close resemblance to those of
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10, and the observed differences were due to the initial segment of the linear skeleton
of both compounds (GC3/C16 in11and C1C4/C17 in10). The multiplet att4.02

due to2H-1 in compoundLO was replaced by an ABX systemtaB.80 (1H, dd,J =

9.1 and 6.6 Hz, Ha) and 3.86 (1H, dd)J = 9.1 and 6.6 Hz, Hb). COSY
connectivities, which allowed to delineate the large spin syster@X31through
CHsz-16, CH-17 and CH-18, as well as HMBC information, clearly evidencédd as

the Tnor-derivative of10 or, alternatively, thel5-hydroxy analogue ol4 (Table

3.3).

The NMR features (CEDD) of compoundlL2 appeared almost identical to those of
14, except for the chemical shift of tl@&18 methylene protons as well as that of the
relevant carbon, both showing a significant upfield stoft 3.94 in14 vs 3.44 in

12; ¢t 73.9 in14 vs 65.5 in12). The negative ioHRESI mass spectrum df2
displayed an ion peak a/z 379.2522 which was consistent with the molecular
formula C1gH3¢0sS , corresponding t§ M1 N &dlculated value 379.2513These

few data readily allowed us to deduce thatvas the 1&lesulfated analogue &#;

this conclusion was fully corroborated by 2D NMR spectra analysis which also led to
thefull assignment of all NMR resonanceslia(Table 3.3).

The cytotoxic effet of compoundslOi 12 was evaluatecbn J774A.1 (BALB/c
murine macrophages) and C6 (rat glioma) cell limegitro. CompoundslO and11
induced a concentratiesependent mortality on J774A.Eigure 3.3) whereas both
drugs were inactive on C6 cells, with_&sy > of 300 uM (data not shown). When
comparing optical density values of control and treated cells, the cytotoxic effect of
compound10 and 11 was significant at the highest concentratiops<( 0.05,
compoundl0 at 100 pM;p < 0.05 andp < 0.01, compond 11 at 30 and 100 pM,
respectively). The L& value of compoundl on J774A.1 cell line was 45.12 uM,
while that of compoundO was > of 100 uM Figure 3.3). The compound.2 was
ineffective on both J774A.1 and C6 cells (data not shown)the basis onhese
although preliminary datea sulfate group in R2 and/or lydroxyl groupin R1
seems to be essential for the cytotoxic activity, since they are absent in com@ound
which proved inactive. Nevertheless, previous reports showed that comphb@inds
and 14, possessing exclusively the sulfate group in R2, are still active theféfSre,
we can conclude that only the latter functionality has an obligatory role for the

cytotoxic activity showed by compoundi8 and11 against the macrophagic cell line.
39



The slghtly different potency of compounds) and 11 could be ascribed to the
different length chain; this hypothesis is supported by cytotoxicity data reported in
literature for compound$3 and 14, where compound4, characterized by a shorter
C-chain, resulté more active than its higher analogige®*
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Figure 3.3 Cytotoxic effect of compoundK) and11 at increasing concentrations on
J774A.1 cells. Each per cent value is the mean £ SEM of three independent
experiments.

In conclusion, e structures ofampoundslOi 12, isolated from the Mediterranean
ascidiansAplidium elegansind Ciona edwardsiji have been elucidated using mass
spectrometry and NMR experiments and theiwvitro cytotoxic effects have been
evaluated on J774A.1 (BALB/c murine macrophageg) C6 (rat glioma) cell lines.

A moderate but selectiveyiotoxic effect on J774A.1 cell line has been evidenced for
compoundslO and 11; the inactivity of12, as well as furthepharmacological data
available in the literaturé*?®indicated that théydroxyl group does not confeer
secytotoxic activity, while the contribution of the sulfate is of pivotal importance. A

slight influence of alkyl chain length on the potency of the active compounds has
been also evidenced.
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3.1.3 Phallusiasterols A, Band C: three new sulphated sterols from the
Mediterranean tunicate Phallusia Fumigata and their effects asdulators

of the PXR receptor

Marine invertebrates are a prolific source of unconventional steroids. More than
1600 new steroidal strures have &en so far isolaté€d4®* with structural
modifications including oxygenation, alkylation, esterification, and sulfation of both
the nucleus and the side chain, extensive modification of the latter, or bond cleavage
in the rings of the tetracyclic nucleusading to degradation of the conventional
carbon backbon®? Steroids of marine origin have exhibited a diverse array of
pharmacological activities, such as antimicrobial, cytotoxic, antifouling,
ichthyotoxic, and antiinflammator}}** Nevertheless, # sterol composition of
marine ascidians has received much less attention than those of other invertebrates. It
has been showed that, in general, tunicates cobfasterols bearing conventional

side chains with cholesterol as the major component an@sthobl and cholest
en3b-ol as the minor one® Among the minor unconventional sterols isolated from
tunicates, 5,&ndoperoxides from severd)l’°Y sterol§’ together with 24
hydroperoxy24-vinylcholesterol and the corresponding-i2ydroxy derivéive from
Phallusia mamillataand Ciona intestinalis® D*-3-keto steroids, I5-stanols, and 4

940 two short side

methyl sterols in addition to endoperoxides fréxcidia nigra
chain sterols (€22 and G23) from Polizoa opuntig and four 9,11 secosters

from Aplidium conicurff have been reported. These findings, although few number,
show that ascidians can produce sterols with unique structural features and they

could be a good source of interesting novel compound.

-

As a part of our research” Ts
program ained to discover nevvf; t 3 :
bioactive = metabolites  from

marine tunicates, we haver. - :
investigated theMediterranean‘_::"_.,‘L;*- 'L':." :

.
*- 3

ascidianPhallusia fumigata
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This study led to the isolation diree ew sulfated sterols phallusiasterol{¥5), B

(16) and C(18) (Figure 3.4), which, to our knowledge, represent the first example of
sulfated sterols isolated from tunicat®ased on the reported activity of sulfated
marine sponge steroids as nuclear receptor ligands, the effects of phallusiasterols A

B and Cas modulators of PXReceptor have been investigatadiitro.

N\ 0SO,Na

15 R;=R3=0H; R,=H NaO3;SO 18
N 16 R{=R,=OH; Ry=H
Rz ™8 17 Ry=R4=OH; Ry=H

Figure 3.4. Structures of phallusiasterols@

These studies revealed that phallusiasterol A induces PXR transactivation in HepG2
cells and stimulates the expression of the PXifgdt genes CYP3A4 and MDR1 in

the same cell line.

PXR is a master generchestrating the expression of a wide family of genes
involved in uptake, metabolism, and disposal of a number of-emibxenobiotics,
including drugs, bile acids, steroid hormones)d metabolic intermediates in
mammalian cells. PXRs almost exclusively expresséu the gastrointestinal tract

and liver, with lower levels in the kidney and ovary. PXR dysfunction is associated
with immune disorders and inflammatory bowel diseasefyding ulcerative colitis

and Crohnoés disease. Chemical and phar m:
steroid libraries has allowed the identification of a number of selective PXR agonists
(natural and synthetic compounds) which have been effectivedircireg nuclear
factor (NF}kB activity and intestinal inflammation. These findings open the
possibility of discovering potential leads for the treatment of liver and intestinal
disorders®

A series of subsequent norlase chromatographies of the ethgétate extract of

the ascidiarP. fumigatacollected fromthe bay of Pozzuoli (Napoli, Italypllowed

the isolation of compoundib and16 (Figure 3.4) in pure form.

The high field region of thtH NMR spectrum (pyridingls) of phallusiasterol A15)

contained signals for five methyl groups of a steroidal nucleus: two singté@s6d
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(Me-18) and 1.60 (Md.9) and doublets af0.96 J = 6.5 Hz, K-21), 0.89 and 0.88
(J=6.6 Hz, H-26 and H-27). A pseudomolecular ion at/z545.2858 [M+Na] was
observed in the highesolution ESI mass spectrum (positive ion mode), indicating
for 15 a molecular formula of £H4;SOsNa (calcd. 545.2889). The MS/MS
fragmentation pattern of5 was compatible withithe presence of a sulfate group,
displaying the peak ah/z42 5. 3392 [ W+ NaJ. Nansis&@ with the MS
data, the'H and *C- NMR spectra of15 contained two hydroxymethine signals
[d4.33, bs,a 75.3 (CH); d;4.79, m, &t 67.2 (CH)] and a highly deshielded
unprotonated carbond(87.8), presumably the locus of the sulfate group. This
assumption was verified by acetylation of phallegeol A (15) which gave the
corresponding diacetaté7, thus confirming, according to MS information, the
presence of two secondary alcohols and a quaternary sulfoxy gribip in

The whole series of 2D NMR data allowed to locate the hydroxyl groups8aC®,

and the sulfate group at-& Analysis of COSY spectrum di5 (pyridine-ds),
assisted byfOCSY information, allowed the sequential assignment of all the protons
of the tetracyclic systenfFigure 3.5) whereas the protonatedC signals were
assignedo the relevant protons from HSQC datalfle 3.4).

The steroidal skeleton a6 was assembled on the base of key HMBC correlations of
Hs-19 with G1, G5, G9, and C10 and of H-18 with G12, G13, G14, and C17
(Figure 3.5. Information on the side chmwere also provided by analysis of 2D
NMR data; in the COSY spectrum , the spin system froé td H17 (through H

14) was extended to the side chain protons through the correlation betwlée@H
1.10) and the multiplet at1.36 (H20), which is in turn coupled to both the methyl
doublet atd/0.96 (H-21) and the methilene protonsiat.38 and 1.03 (F22a and H
22b). The sequence was extended to thebdand 27 methyls, taking also advantage
of HSQC and TOCSY information.
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Figure 3.5. COSY connectivities (bold bonds) and selected HMBC (from H to C)
correlations ofl5

The relative stereochemistry of phallusiasterol ¥5)(was established through
analysis of RESY data Figure 3.6) and consideration of both coupling constants
and solvent shiftsi d&=dCDCl; - dpyridine-ds) observed fosome key signals in the
'H NMR spectrum ofl5. The equatorial orientation of the hydroxyl group a8.C
assigned to thb face, was easily deduced by the presence of anaxl coupling
constant = 13.1 Hz) faind for the vicinal H4,. Furthermore, a large pyridine
induced downfield shift -0.46 ppm) was observed for the-3 signal, which
resonates ai/4.33 when the proton spectrum is recorded in G$&e experimental
section). This indicated a }¢Baxial interaction of H3, proton with the polar sulfate
group linked at €, which therefore must ke-oriented***° The axial orientation of
H-8, H-9, and H14 was apparent from the coupling constamaises of these protons
(Table 3.4. These data, combined tloe observation of ROESY correlations of-H
19 to H4, to H2,, and to H8, of H;-18 to H8, and of H9 to H14 (Figure 3.6),

defined the A/B, B/C, and C/Bansring junctions of the &-cholestane nucleus of

15.
N ¢
H Hll
°/°h H

et
0

2

\JosogNa

Figure 3.6. Key ROESY correlations detected fii¥

HO
H
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The small coupling constants showed by Hd4.33, bs)suggestea b-orientation

of the OH group at &. This was confirmed by the signal large pyridinéuced
downfield shift observed for 44, (-0.75 ppm).According to Fujimotoet al.*’ the
resonances of H protons in B, 5a, 6-cholestanetriols show a diagnostic
dependence on the configurations &.d heir resonances are strongly influenced by
a deshielding effect of the ®H group through a 1;3liaxial (with the & isomer) or
1,3-diequatorial (with the & isomer) interaction, which is intensified in pyridine
solution. Further significant pyridin@duced shifts were observed fog-#H9 ( 0.32
ppm) and H8 (- 0.31 ppm), which supported the axial oriemiatof the hydroxyl
group at G6. The orientation of substituents atl€ and G20 in phallusiasterol A,
as shown in Figur8.4, was assumed to be the same as in related polyhydroxysterols
due to the almost identical values of carbon chemical shifts arthesd carbon
atoms*®*® The structure of phallusiasterol A was hence establishedba$hd

dihydroxy 5a-cholestan5a-yl sodium sulfate.
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Table 3.4 'H (700 MHz) and*C (125 MHz) NMR datdor phallusiasterols A and B joyridine-ds.

Phallusiasterol A (15)

Phallusiasterol B (L6)

Pos. a d; (mult., Jin Hz) HMBC a: d, (mult.,Jin Hz)
laé&x | 344 1.90 (dt,13.4, 4.2) 2,5,10,19 33.8 2.10, m
1b éq 1.56, m 2,3,5,10,19 1.50, m
2a éq | 31.8 220, m 1,3,10 325 222, m
2 blax 2.01 1,39 1.97, m
3alax | 67.2 479, m 1,24 67.4 472, m
daleq | 43.2 2.51 (dd, 13, 4.5) 2,3,5,6,10 43.3 2.30 (dd, 13.0, 4.0)
4b @&x 3.10, m 2,3 281, m
5 87.8 - - 75.8 -
6a 75.3 4.33 (bs) 4,5,8,10 66.1 4.34, (d, 5.5)
7alax | 35.1 1.88 56,8,9 35.7 1.93, m
7b éq 221, m 8, 14 2.45'm
8 bx | 31.1 205 (qd, 11.6, 4.3) 7,9, 14 30.9 1.99 (qd, 11.0, 3.4)
9a &x | 469 1.75,(ddd, 13.6,11.1,3.6, 8, 10,11, 19 455 1.88(ddd, 13.5, 11.2, 3.6}
10 40.6 - - 39.8 -
1lla éq | 21.8 1.47 (dq, 14.1, 3.8) 9,10, 12 21.7 1.48, m
11 b¥ 1.37 9,12,17 1.3¢
12a &x | 40.2 1.13, m 11,14 40.8 117
12b éq 1.95' 9,13,14 1.94 (dt, 12.4, 3.4)
13 42.9 - - 434 -
14a 56.2 1.05, m 8, 13, 15, 16, 18 56.1 1.02, m
15a 24.4 1.57 13, 14, 16, 17 24.4 1.55, m
150 1.04, m 8,14, 16 1.07, m
16a 285 1.82(ddd, 13.6, 9.5, 3.7) 13, 15, 17 29.1 1.83(ddd, 13.6, 9.4, 3.8)
16éb 1.2¢ 13,17, 20 1.23, m
17 56.4 1.10, m 13, 15, 16, 20, 22 56.9 1.11, m
18 12.4 0.67, s 12,13, 14, 17 12.3 0.71,s
19 18.7 1.60, s 1,5,9,10 18.5 1.47,s
20 36 1.36, m 17, 21, 22, 23 36.8 1.35; m
21 19 0.96 (d, 6.5) 17, 20, 22 19 0.96 (d, 6.5)
22 36.5 1.3¢8 20,21, 24 36.5 1.37
22b 1.03, m 20, 21,24 1.01, m
2& 24.2 1.3¢8 24 24.1 1.36
23b 1.18 24 1.17, m
248 39.7 1.13, m 23, 26, 27 39.7 1.14, m
24b 1.13, m 23, 26, 27 1.14, m
25 28.3 151, m 23, 24, 26, 27 28.7 1.52
26 22.7 0.88 (d, 6.6) 24,25 22.8 0.88 (d, 6.5)
27 22.9 0.89 (d, 6.6) 24,25 22.9 0.88 (d, 6.5)

[a] Overlapped by other signals
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The molecular formulaCy/Hs7SQsNa established for the second metabolite
phallusiasterol B X6) by HRESIMS and NMR data was identical to that15f
indicating that the compounds were isomers. *Hh@nd**C NMR resonances df6
closely resembled those ©5, except for some si@ls surrounding %6 (Table 3.4).
Interpretation of COSY, TOCSY, HSQC and HMBC 2D NMR experiments provided
evidence for the same planar structuref6ras that ofl5. The difference between
15 and 16 was traced to a different stereochemistry &, Qvith the OH groupa
oriented in compound6. This was deduced from the different shape f signal in

16 (d4.34, d, J = 5.5 Hzwhen compared to that of-6lin 15 (d 4.33, b3. The
upfield shift of G6 in the’*C NMR spectrum o6 (d66.1) relative to thavbserved
for 15 (o 75.3) added sport to this assignmeft>® Conclusive evidence was
achieved from ROESY spectrum; a strong correlation was observed betvéeandH
Hs-19 and théb orientation of H6 is the only position according with this demand.
In addition, on comparison of the proton spectral6frecorded in CDGl and
pyridine-ds, a pyridineinduced deshielding was observed f#4, (- 0.64 ppm),
comparable to that observed fdrdy in 15, indicating a 1,3liequatorial interaction
of this proton wih the & OH group®’ Thus, phallusiasterol B was identified as the
epimer at &6 of phallusiasterol A.

Medium pressure flash chromatography of the butanol soluble portion on a reversed
phase €18 column followed by HPLC separations, gave phallusiast&d@IL8) in

the pure statéFigure 3.4).

The'H spectrum (recorded in GDD) of phallusiasterol C showed signals typical of
a sterol (two upfield methyl singlets @t 0.72 e aly 1.03; two methyl doublets at;
1.02 (d,J= 6.2 Hz)and atly 1.03 (d,J= 6.4 Hz)(Table 3.5. Furthermore the down
field region of the same spectrum contained three signalg &t38 (m)uy 5.35 (dd,
J=15.3, 8.5and atly 5.28 (dd,J= 15.3, 7.0), indicated theresenc®f threeolefinic
protons The presence dfvo double bads was confirmed by the signalstgt1l41.5
(C), 138.5 (CH), 130.2 (CH) 123.4 (CEdntained in thé’*C NMR.
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Table 3.5. 'H (700 MHz) and*C (125 MHz) NMR datdor phallusiasteroC (18) in CD;OD

Pos | dy, mult. (Jin Hz) dc
1b | 1.90, dt, (135, 3.6) 38.4
1a 1.10, m

2b 1.63, m 29.9
2 a 2.07, m

3a 4.14, dddd, (11.4,11.4,4.8,4.8) 80.0
4 b 2.34, m 40.3
4a |253ddd (3.2, 4.7,2.2)

5 - 141.5
6 5.38, m 123.4
7b 1.98, m 33.0
7 a 1.55, ovl

8b 1.48, m 33.2
9a 0.96, m 51.7
10 - 37.7
11b| 1.55,0vl 221
11a|151,m

12 b | 2.01,dt (12.9, 3.5) 41.0
12al| 118 m

13 - 43.4
14a| 1.02 ovl 58.2
15b| 107, m 25.3
15a] 1.58, ovl

16b| 128 m 29.7
16a|l171,m

17 1.17, m 57.2
18 0.72, s 12.5
19 1.03,s 19.7
20 2.06, m 41.5
21 |1.03,d,(6.4) 197
22 |5.35dd,(15.3,8.5) 138.5
23 |5.28 dd, (15.3, 7.0) 130.2
24 2.44,m 37.6
2 46 {3.88,dd, (9.3, 6.0) 73.8
246 3.74,dd, (9.3, 7.8)

25 1.02, d, (6.2) 21.2

A pseudomolecular ion at/z 567.2064 [MNa'] was observed in the high

resolution ESImass spectrum (negative ion mode), indicating 1#8ra molecular
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formula of CyHsoNaGsS,, which indicated six unsaturation degre€bhe ESI and
MS/MS spectra showed pseudomolecular and fragment eonspatiblewith the
presencef sulfate groups465 [Mi NaSQ]f, 447 [Mi NaHSQ-Na*]f, 272 (double
charged species)H and *C spectra, together with mass daejdenced the
presencef one secondary and one primary sulfoxy gro(ips4.14, ddddJ= 11.4,
11.4, 4.8, 4.84z, Uc 80.0, CH;ly, 3.88, dd J=9.3, 6.0 @14, 3.74, ddJ = 9.3, 7.8 Hz,
Uc 73.8, CH). The location of the secondary sulfoxy group aB ©f the steroidal
nucleus was determined % NMR, COSY, HSQC and HMBC speat

The COSY spectrum revealed useful information concerning the side chain. Starting
from themethne proton at; 1.17 (H17), COSY correlations could be observed to
the methine proton aty 2.06 (H20), which in turn was coupled to both of the
methyl potons atdy 1.03 (H-21) and the methine proton dt 5.35 (H22). This
latter proton was coupled to the methine pradbd 5.28 (H23). These correlations
allowed us to locate the double bond betwee2P@nd C23. TheE configuration of
the double bonevas assigned on the basis of the coupling cong§lani5 Hz)of H-

22 and H23. Furthermore COSY spectrum revealed that the protop &28 was
coupled to the methine proton@®.44 (H24), which in turn was coupled to both of
the methyl protons atl 1.02 (H3-25) and the methylene protons @t3.74 and at
d3.88Hx246), s RAgHoxwCi2Mg easi.de chain

The axial orientation of ¥, H9 and H14 was apparent from their respective
coupling constants, that of the angular methyl groups fronRMESY correlations
of both H-18 and H-19 with H8 and the axial H1b. On this skeleton, the
coupling constants showed by-3Hwith H-2b and H1b illustrated theiraxial

orientation and therefore the equatorial orientation of the sulfate g(&igure 3.7)

Figure 3.7. Key ROESY correlations detected ft
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The role of marine steroids as nuclear receptor ligands has been recently
highlighted® and several sulfated marine steroids have been identified as a new class
of the pregnane Xeceptor (PXR) agonist$*Based on this background, we have
investigated a possible role of phallusiasterol4%),(B (16) and C (8) in regulating

the PXR activity. A transactivation assay on HepG2 cells, a human hepatocarcinoma
cell line, has been performed, as described in the Experimental Part. As shown in
Figure3.8A, only compound5 acted as PXR agonist at concentration ofrlA) its

activity was comparable to that of rifaximin, a well characterized ligand for the
human PXR. As shwn in Figure3.8B, all compoundd5, 16 and18 failed to reverse

the induction of luciferase activity caused by rifaximin, indicating that they were not
PXR antagonists. Similar results have been obtained by analyzing the effect exerted
by 15, 16 and 18 in terms of regulation of PXR mediated induction of two PXR
target genes, CYP3A4-igure 3.8C) and MDR1 Figure 3.9D), in the same cell

line. Compound15 effectively stimulated the expression of both target genes,
whereasl6 and18 failed to induce them. ®se results have an important implication

in terms of structur@ctivity relationshippecause they highligla crucial role in the
ligand-receptor binding of phallusiasterols of the configuration-&t C
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Figure 3.8(A, B, C, D) Luciferase reporter assay.

HepG2 cells were transiently transfected with pSFBE&R, pSG5RXR, pCMV-bgalactosidase and
p(CYP3A4)}TK-Luc vectors and then stimulated with)(10 ¢M rifaximin, phallusiasterol A15) or
phallusiasterol B X6) or phallusiasterol C18) for 18 h, or B) 10 ¢M rifaximin alone or in
combination with 5&M of compoundsl5, 16 or 18. Relative Luciferase Units were normalized with
b-galactosidase Units (RLBgal). (C, D) ReatTime PCR analysis of CYP3A4 and MDR1 expression

in HepG2 cells primed with 18M rifaximin, compoundsl15, 16 or 18 for 18 h. Values were
normalized relative t66APDH mRNA and expressed relative to those of not treated cells, which were
arbitrarily set to 1. All experiments were performed in triplicate. NT, not treated cells. R, Rifaximin. *

P < 0.05versusNT cells. Data are mean * SE.

We then analyzed by mean$ molecular docking calculations the interactiafs
phallusiasterol A with hPXR. The calculations were runAoyodock4.2 softwara®
The hPXR presents a large ligand binding cavity, allowing the accommodation of

both small and large ligands and the twem of chemicals has grown rapidly,
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including many drugs in use such as statins, antibiotic rifampicin and its derivative
rifaxim, antihypertensive drugs nifedipine, as well as pesticides, environmental
toxicant, plasticizers.

In a previous workthe posdile interactions of solomonsterols A and B with hPXR
has been reported. In this model, th® 2and 30 sulfate groups exert hydrogen
bonds with His407 and Ser247, respectively. In this study three differeay x
structures of the PXR LBD (pdb codes: 3himrl and 1m13) have been used. As
shown in Figure 5, the OH at&and the 8D sulphate groups form hydrogen bonds
with NH of His407 and OH of Ser247, respectively. The steroidal scatfudges

Van der Waals interactions with hydrophobic residues of LBlrh as Leu209,
Met243 and Phe251, and the flexible side chain is settled in a hydrophobic pocket
establishing several favourable contacts with Met250, Phe288, Trp299 and Tyr306
(Figure 3.9). Noteworthy, in this pose, the phallusiasterol A is orientedotm
further hydrophobic interactions with Phe420 and Met425. These last residues are on
a flexible a-helix (AF-2 helix) in the activation function-&gion (AF2). This part

of receptor is responsible for binding of theadivator or cerepressor peptes. In
conclusion the present docking analysis revealed that phallusiasterol A fitted well in
the LBD of PXR and could be stabilized PXR in agonist conformation with

consequent conformational change andgctivator recruitment.

Figure 3.9. Binding modeof phallusiasterol A15) (cyan sticks), predicted by
docking calculations in the PXR LBD (PBD code 3HVEXR is shown as
green cartoon, AR2 helix is coloured in violet. Amino acids involved in ligand
binding are shown as green and violet sticks. Allirbgen are omitted for

clarity.

52



3.1.4. Phosphoeleganin, a new cytotoxic pshnopolyketide from the
ascidian Sidnyum elegans

Polyketides represent a large family of complex natural products built from simple
carboxylic acid residues; they are produced prim by microorganisms and find
wide ranging applications as pharmaceutical;y the marine environment, they
have been frequently isolated from invertebratesociated bacteria and/or funyr’

Most marine natural polyketides possess polyhydroxy @olgoxy substituents in
their structures, but the phospate group is a less recurring functiotralitye course

of our search for cytotoxic compounds from Mediterranean ascidians, we have
investigated the ascidiaBidnyum elegan@Giard, 1872) collectedh Sardinia; this
study resulted in the isolation of a potent cytotoxic phospt@téaining linear
polyketide, named phosphoeleganit®)(whose isolation, structure determination,
partial absolute stereochemistry assignment, and biological activitiese@oeed
herein Figure 3.10.

COR
2 OH OH OR,
HN : -

19 R, =0H; R, =PO3HNa
20 R;=0OMe; R, =PO3HNa
21 Ry=0H; R,=H

Figure 3.10 Chemical structure of phosphoelegariif)(and its semisynthetic
derivatives20 and21

The methanol and chloroform extracts of specimensSidhyum elegangGiard,

1872) colleced in Sardinia were combined and concentrated; the resulting aqueous
residue was partitionedbetween n-butanol and KO. Medium pressure
chromatography (MLPC) over -€8 column of then-butanol soluble material,
followed by repeated RB8 HPLC separation angburification steps, yielded
phosphoeleganirl®) in the pure state.

The high resolution ESI mass spectrum 18 (negative ion mode) displayed a

pseudomolecolar ion ah/z668.3832 corresponding to fM]". These MS data and
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the information provided by*C NMR spectrum, which contained 32 carbon
resonances, allowed the molecular formula,HgsNO11P (calculated value:
668.4049)to be established for compour®. The **C-NMR spectrum (CBOD)
revealed the presence of two carbonyl signald76.6 andd 172.0), which
accounted for the only two unsaturation degrees indicated by the suggested
molecular formula.

Analysis of the'H-NMR spectrum (CBOD) and HSQC data revealed the presence
of five oxymethines §f; 3.38,a: 76.3 (2H, H11 and 12)d, 3.54,dc 72.9,(H-8); d

3.70, ct 74.7 (H-15); d, 4.19, ¢t 82.8(H-16)], an aliphatic methyl a/0.90 (t,J =

7.3 Hz, Me30), a deshielded methylene signal resonating as a singl&.82 (@
41.8,2H-2") , and an aliphatic methylene @2.25 (t,J = 7.6 Hz, 2H2). Several
unresolved methylene signalg’l.291.36), attributable to the protons of a long
unbranched arbon chain, were also preseWWhen the proton spectrum @9 was
recorded in DMS@ls, an additional signalsa 8. 05 ( bs, whidiHdid appeal
not display any correlations in the BE spectrum; on the other haride COSY
spectrum (DMS@ls) evidenced this proton to be coupled to a methilene douhlet at
3.70 (J=5.8 Hz, 2kF2") which replaced the methilene singlet@B.92 present ithe
spectrum recorded in CD30D. Both the signalgi &05 and 3.92 in the HMBC
spectrum (DMS@ds) were correlated to the carbonyls@&170.8 (G1') and 172.0
(C-1), this latter carbon being coupled to the C2 methijga¢ons resonating af
2.10.Thus,the presence of a glycine residue linked trough the amide linkage at one
end of the long chain df9 was assumed. According to the remaining features of the
NMR spectra and MS data, the presence of four secondary alcohol and of a
phosphate groups in the taoule was supposed.

The latter hypotesis was verified by the use 3P-NMR spectroscopy. A single
resonance a’0.90 ppm was present in ti#® NMR spectrum o19; furthermore, a
'H-3'P-HMBC cross peak was observed from this signal and the oxymettotenp

at d 4.19 @Jyp=8.2, H16). Attachment of a phosphate group al&was also
deduced from the splitting of this carbon resonamt@2(5) by?Jc =6.2 Hz in the

13C NMR spectrun{Table 3.6.
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Table 3.6. 'H (700 MHz) and*C (125 MHz) NMR datdor phosphoeleganin in GOD and DMSO.

Phosphoeleganin A in CRQOD

Phosphoeleganin A in DMSO

Pos. d:? dy (mult, Jin Hz)? d:? dy (mult, Jin Hz)?
1 176.9 - 172.0 -
2 36.7 2.25(t, 7.5) 34.4 2.10 (t, 7.5)
3 26.5 1.64 245 1.48
4 29.9 1.36° 28.0 1.22
5 26.4 1.34° 24.5 1.20°
6 26.4 1.34° 245 1.20°
1.46° 1.33
7 38.4 141 36.3 157
8 72.9 3.54 (m, 3.9, 3.9, 8.1) 69.5 3.34
1.72b 1.56 b
9 34.9 1.37b 332 1.22b
1.81b 1.64
10 29.7 137 b 283 1.20
11 76.3 3.38° 73.6 3.15
12 76.3 3.39° 73.6 3.15
1.89 1.76
13 298 1.37b 286 1.14
1.83b 1.60
14 29.7 1.44 Db 275 1.22
15 74.7 3.71 ¢t,3.7, 3.7, 9.2) 72.6 3.37b
16 82.8 4.18 (m, 3.7, 3.7, 8.3) 77.6 4.01 (m)
1.69° 1.45°
17 31.6 Ler® 28.6 130
1.54° 1.34°
18 26.0 120 24.5 1500
19/26 30.0 1.31° 28.2 1.20
27 30.2 1.29° 30.7 1.22°
28 33.1 1.29° 30.8 1.22°
29 235 1.30° 215 1.28°
30 14.4 0.90 (,7.0) 13.3 0.85 (t,7.0)
16 172.0 - 170.8 -
20 41.8 3.92 (s) 40.0 3.70 (d, 5.8)
NH _ 8.1
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The whole of the 2D NMR data (COSY, TOCSY, HSQC, HMBC, and HSQC
TOCSY) allowed us to distribute these functionalities intee¢hpartial segments {A

C, Figure 3.11) but the severe overlapping of the remaining methylene resonances in
the NMR spectra prevented the gross linear skeletoi®db be delineated from

spectroscopic analysis.

segment LN

c
/7 N\ HMBC (H tro C)

Figure 3.11. Segments AC deduced from COSY, TOCSY, HSQC, HMBC, and
HSQGTOCSY experiments, and selected HMBC correlation

To determine the number of methilene units separating segmeatsd B and
segments B and Crespectively, and, thus, to complete the planaucsire
assignment of phosphoeleganii®), the natural metabolite was degraded using
HIO4 and then reduced by NaBH4 to give the fragmentation pro@2cend 23
(Figure 3.12) corresponding to the @211 and C12C30 portions of the molecule.
Chemical chareterization and, above all, ESIMS analysis of both compog&dsd

23 (see experimental sectipallowed us to complete the assignment of the planar

structure of the parent compoub@

COOH
OH OH OPO3HNa
HN 2
o OH OH 10
19
l1.Nm04
2. NaBH,
COOH
I OH OH OPO3HNa
HN : W
MH .
22 OH 23

Figure 3.12 Periodate degradatioraction scheme
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The effects of phosphoeleganin on the growth and viability of tumor andunaor

cell lines have been investigated®?hosphoeleganin(19) showed significant
cytotoxicity against different cell lines in vitr@reliminary pharmacologicaliglies
showed that phospoeleganin exhibited a significant and concentdajpemdent
cytotoxic activity toward thdwuman epithelial cell§HaCaT cells), prostate cancer

cells (DU145) andcells of neuroblastom@N2a-APP695) To identify thebiological

targe responsible of the pharmacological activity phospoeleganinits ability to

inhibit a number ofkinases anghosphatase has been evaluatedcollaboration

with ManRos therapeutics, the phbsgleganin has been testedaopanel of protein
kinases redvant to human diseaddo correlations have been observed betwien
cytotoxic activityand the inhibitiorkinaseqTable 3.7).

Whereas, studies aimed to explore the drug target evidenced its inhibitory effect on
proteintyrosinephosphatas#&B (PTP1B),with an IG of 7.25+ 1.55mg /mL.

Interestingly, the preliminarycytotoxicity screeningperformedon the degradation
products22 and23 revealed thathe fragmentsverebothless activeor eveninactive

with respect to theoriginal molecule This suggeed that both portions of
phosphoeleganimmoleculeplay an important roléor the cytotoxic activity. Further
studies on the effects of these derivatives as phosphatase modulators are currently in

progress.

Table 3.7.Effects of phosphoeleganiig) andits derivative22 and23 on protein kinases

Compound CDK5/p25 CDKO9/cyclinT CK1 CLK1 DYRK1A GSK3
19 110 107 90 104 98 83
22 86 91 90 111 92 103
23 96 90 111 110 114 73
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3.1.5. Investigation of the Mediterranean sponge Axinella polypoides:

isolation of a new cyclonucleoside and a new betaine

Diverse natural products found within sponges mediate many of their ecological
interactions, including defense against predators and fouling organidarse
sponges of genusAxinella are an interesting targetorf chemeecological
investigationsThey are a welknown source of pyrrolemidazole alkaloids (PIAS),
which have been found only in the marine environment to ddistorically, this

family of alkaloids has attracted the attention of natural productisketrecause of

their structural complexity and pharmacological activity; their role in chemically
mediated interactions of Caribbean sponges has also been.ptienaddition, the
systematic recurrence of PIAs #xinellidae spongesas well as inAgelasidag
allowed for speculation as to their taxgpecificity and consideration of these
secondary metabolites as chemical markers for phylogenetically related sponges.
However, the setting up of a chemical
different ecosystems, requires exhaustive chemical studies. An illustrative example is
the spongeéixinella polypoidegSchmidt 1862), widely distributed in the rock reefs

of the Mediterranean Sea. Early studies are reported in literature on the chemistry of
this sponge, mainly concerning its steroid and lectin cofitéhgctually, recent re
examinations of samples @&. polypoides coming from different Mediterranean
areas, demonstrated that the sponge has an efficient biosynthetic potential, revealing
a great variety and abundance of secondary metabolites, some of thegnniesv
molecules [igure 3.13. In detail, two new modified amino acids,
axiphenylalaninium 24) and axityrosinium 25), were found in specimens of the
sponge collected off Marseille cifyalong with the known metabolites®C}p-
mannopyranolsyL-tryptophan 29),°%°® palythine 27),°>%°°N? &ydjoxanthosine

(30), %"t and tauriné>’? no data was reported on the presence of PIAs in the
sponge. Successively, during our ongoing search for new bioactive alkaloids from
Axinellidaespongesmy research grougolated compound®4 and25 in specimens

of A. polypoidescollected along Corsican coasts, together with a new betaine,

polyaxibetaing26).”
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Figure 3.13 Secondary metabolites isolated frémpolypoides

In the presenPhD thesis,| describe the results obtained from a further and more
exhaustive exploration into the metabolic content of a larger samplepofiypoides,
which resulted in the isolation of a new pyridinium derivative, comp@#adnd the

new cyclonucleoside31. All the previouslyreported secondary metabolites from the
sponge were resolated, except for palythin). We did not find any member of

the PIAs family in the sponge extract but, interestingly, it was shown to contain the
already knavn cyclodipeptides32 (verpacamide A) an83. The cyclo(-Arg-D-Pro)
dipeptide33 was first isolated from a marine bacteriuRseudomonasp. 12208%*

the relevant cyclatArg-L-Pro) stereoisomer, verpacamide 32), was first reported
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as a natural metahbt# of the spongéixinella vaceletialong with the analogues
verpacamides BD and these metabolites were considered as possible precursors of
PlAs.

Specimens ofA. polypoideswere collected in the bay of Calvi (Corsica, France),

they wereimmediately froza aft er col |l ecti on, and kept
For the extraction, fresh thawed tissues of the spomgee homogenized and
exhaustively extracted at room temperature with MeOH and ¢hi@icessively.

The extracts were combined and concentrateslyésulting aqueous suspension was

then partitionedbetween butanol and.B. Both organic and agueous layers were
fractionated by MPLC over a reverspdase €18 column and by DCCC,
respectively. All the fractions thus obtained were subjected to a comdbine
NMR/ESIMS-based monitoring for the rapid identification of PIAs, also exploiting,

as reference compounds, the copious chemical library of these alkaloids available in
our laboratories. None of the already described PIAs was detected; fractions of
interes were separated by repeated HPLC, resulting in the isolation of pure
compound4i 26 and28i 33. Taurine, as well as compoungdi 26, 29, 30, 32, and

33 were readily identifiedby comparison of their spectroscopic data with those
reported in literatur "while the structures of the new compou28sand31 were
established as follows.

HRESI mass spectrum (positive ions)28revealed two pseudomolecular ion peaks
at m/z 210.1130 and 232.0950, corresponding to [M + Kalculated value:
210.1125), andNl + Na]" (calculated value: 232.0944), respectively. The molecular
formula GiH1sNO3; was thus established f@B, indicating fiveunsaturation degrees.
'H-NMR spectrum of28 (CDsOD), interpreted on the basis of 2D experiments
(HSQC, COSY) contained a sdtaromatic signals, each integrating for one proton;
the chemical shift and coupling constants values of these sigh@ld( (bs,lc =
148.7, H2); 8.84 (bdJ = 8.2 Hz,Uc = 146.3, H4); 8.19 (d,J = 8.2 Hz,lc = 126.6,
H-5)] were strongly indicative of a 1,2{Gsubstituted pyridinium ring. Further

proton resonances were a deshielded methine5at3 (dd,J = 9.0, 3.3Hz, Uc =

69.3, H1 Nj) , t wo AB me tlihli72/1e8t éc =s38.%, 2142nN§) aatn d
1.54/1.630=19.9,2H3 Nj) , as well as a meitlBoydl= r es on:
7.5 Hz,ic =14.0, 3H4 Nj) , which were arrangedsaofn a si

COSY connectivities. The signal at5.13 was correlated in the HSQC spectrum
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with a signal afi 69.3 attributable to an oxygen bearing carbon, thus evidencing a 1
hydroxybutyl unit.

An N-methyl signali 4.38 (ic = 46.1) was also present in the rotspectrum o28;

it was correlated in the ROESY spectru@DgOD) with the aromatic proton singlet

at 0 9.10 (H2) and with the oxymethine proton &t5.13 (H1 Nj) . Thi s
information, according to the coupling constants pattern of the aromatic ssignal
provided convincing evidence for anrethyl2,5-disubstituted pyridinium ring and
indicated that the -hydroxybutyl unit must be linked at one of theflinking
carbons. Diagnostici® long range couplings, evidenced by HMBC m&D{OD,

see Table 1),ubstantiated the proposed structural features and allowed to identify
the third substituent, obviously liked at3C

Table 38. NMR data CDsOD) of compound8.

Pos Uy (mult., Jin Hz) Uc HMBC
1-NMe 4.38 (s) 46.1 2.6
2 9.10 (bs) 148.7 1-NMe, 4, 6, COO
3 - 137.8 -
4 8.84 (bd8.2) 146.3 2,6, COONa'
5 8.19 (d:8.2 126.6 3,6, Nj
6 - 163.0 -
INj 5.13 (dd3.3,9.0) 69.3 6, N
2N 117821 ((mm)) 38.9 6, INBN{N;
. 1.54 (m) -
aNj 163 (m 19.9 INPNAN;
AN 1.00 (t,7.5) 14.0 ONBN|
1CO0 - 167.0 -

Particularly, the Nmethyl signal at/4.38 was correlated to the carborddi48.7 (G
2) and a quaternary carbondt63.0 (G6) which, in turn, was coupled tbd signal
atd5.13 (H1 Nj) a n d5); e latter signéd was correlated with the oxymethine

carbon a’69.3 (G1 Nj) and t he qucdé3® (Go)andyl378&3).b on s

Moreover, both aromatic signals &9.10 (H2) and 8.84 (F4) were coupledo a
low-field carbon resonance af 167.0, attributable to a carbonyl; this datum,
according to the mass data, allowed to locate a carboxylate functios8athGs
accounting for the last unsaturation degree indicated by the molecular formula.
Therefore the planastructure of compoun@8 was unambiguously defined aq®

hydroxybutyl}1-methylpyridinium3-carboxylate
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A pseudomolecular peak was present in the HRESI mspsstrum (positive ions) of

31 at m/z 283.0673 [M+ H]" (calculated value: 283.08), thus supporting the
molecular formula @Hi1oN4Os. *H-and *C-NMR spectral data of31 strongly
resembled those of the known cyclonucleosi@éTable 3.9). The proton spectrum

of 31 (de-DMSO) contained indeed resonances relevant to a sugar moiety which
were nearly identical to those 80, with regard to the numbend shape of the
signals Table 3.9; the striking difference was confined to the chemical shift value
of the anomeric proton @ Nj5.67 in31 versus6.15 in30). As for the heterocyclic
moiety, the'H-NMR spectrum of31 lacked the signal due to the single aromatic
proton of xanthosine present in that3®at ¢7.79 but a further exchangeable proton

at d11.2 (NH7) was present. On the other hamf;-NMR spectrum dg-DMSO),
interpreted als on the basis of the HSQC experiment, contained a further deshielded
guaternary carbon resonancefdi49.6 instead of the-8 methine carbon resonating

at d134.5 in the’*C-NMR spectrum of30. All these findings indicated the-@o-

N® 5-cycloxanthosinestructure for compoun@l, according to MSJlata and HMBC

correlations Table 3.9.

Table 3.9. NMR data (,-DMSO) of compound80and31.

oosi 30 31
osttion lc Gy (3in H2) lc Gn (Jin HZ) HMBC *
1 - - - - -
2 151.0 - 150.7
3 - - -
4 140.7 - 1368
5 117.8 - 98.8
6 157.4 - 153.4
7 - - -
8 1345 7.79 (s) 149.6
9 - - - - -
N 925 6.15 (s) 91.1 5.67 (s) 4,8, NBNEN|
oNj 75.8 3.87(dd,5.2,5.0) | 75.0 3.90 (t, 5.3) NN
aNj 70.1 4.20 (m) 707 4.23 (m) 5Nj
AN 83.7 4.55 () 83.6 4.46 (m) -
5 51.3 4.56 (m) 523  451(dd, 14.4,2.4) 2,4, |
51k 51.3 371(dd,15.2,32)| 523  3.72(dd,14.4,2.8) 2,4, AN
OH-2N; - 5.62 (d, 5.0) - 5.60 (d, 5.3) -
OH-3N; - 5.62 (bs) - 5.35(d, 7.1)
NH-1 - 11.2 - 11.3 5,6
NH-7 - 112 4,58

#HMBC correlations are from proton(s) stated to the indicated carbon.
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While highlighting the uncommon chemodiversity Af polypoides these results
pointed out that the sponge does not elaborate PIAs. This finding is in agreement
with the results of a recent investigation on the chemical defen8e @blypoides

and the ceoccurring specieé. verrrucosaagainst microbial fouling and in feeding
deterrence of a potential predafbactivities which are believed to be mediated by
PIAs>"*® This study indicated irA. polypoidesneither chemical defense against
microbial fouling nor chemically mediated feeding deterrence activity. In contrast,
the sympatric spongA. verrucosahas a chemical defense which, as in many other
species of thegenera Axinella and Agelas is mediated by its bromopyrrole
compounds ™ such as hymenidin, which exhibits multiple defensive rBles
Recent studies have reported on the phylogenetic status of the genus AXinella,
which is difficult to define on theasis of its morphological character and includes a
heterogeneous assemblage of species. A new phylogenetic hypothesis of Axinellidae
and Axinella, based on two independent molecular markers (18S and 28S rRNA),
has been proposed. In this taxonomic recacsin, A. polypoidesand A. vaceleti
belong to a distinct clade (Axinellid3ethanAxinella verrucosathis latter sponge is

now included in a new clade, nam@gimbaxinell§, which could be interpreted also

as a new genus. The new cla@gmbaxinelld corstitutes a well supported clade
sistergroup toAgela$, according to the chemotaxonomic hypothesis proposed by

182 on the basis of the presence of pyrroles. The cladedas and

Braekmanet a
Cymbaxinell& constitute a new cladeAgelasida. Our results thus, provide a
chemotaxonomic support for the above mentioned molecular analysis, demonstrating
that A. polypoidesdoes not contain pyrroles, whereas it shares Withaceletithe

presence of diketopiperazine derivatives.
3.16. Conclusions

In concluson, the extraction and chemical analysis of different species of sea squirts
(Aplidium conicum Ciona edwarsii Aplidium elegans Phallusia fumigad and
Sidnyum elegansandof the spongeAxinella polypoideded to the isolaon of new
bioactive molecules which are structurally differentAmong these, two new
meroterpenesgonithiaquinones A and ,Band three alkyl sulphates with cytotoxic
properties. Three sulfated sterols, phallusiaster&l£, one of them with agonist
activity on the pregnane X recept@XR) in HepG2 cells. The phosphoeleganin, a
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potent inhibitor of proteintyrosine phosphatase 1B (PTP1B)n analysis of the
metaboliccontent of thespongeAxinella polypoidefias provided importarthemo
taxonomicinformationabout the organismn addtion, led to the isolation of a new
betine and a new cyclonucleoside.

The structural diversity of the metabolites above reported highlightedhihane
organisms continue to be rewarding sources of chemodivasstyciated to aery

large arrg of phamacological activities. These products provide a rich source of
chemical diversty that can be used to design and develop new potentially useful

therapeutic agents.
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3.2.THE STEREOCHEMISTRY ASSIGNMENT: A HARD

CHALLENGE IN NATURAL PRODUCTS RESEARCH

Stereocmplexity often distinguishes the structures of natural products from
synthetic medicinatirugs, however, many complex natural products are listed in the
US and other pharmacopeidhus, he determinationof relative and absolute
configuration of a naturasubstance is a key step in the proces#tsoktructural
characterizationOnly by knowing he stereochemistry of a molecule can be traced
backto its three dimensional structure and approach to biological stediestudies
of drugreceptorinteraction or chemical, such as the studies related to the total
synthesisof complex molecules witla goodpharmacologicahctivity. Most of the
naural compounds has one or more chiral centers. Usuallyhe configuration
determination, we start by estabiisg the relative configuration ofhiral centers.
NMR can be ery useful trough the values ofiemical shifts ), coupling constants
(J) and NOE effects.
The chemical shifts of protons are influenced by their chemical around, so the
protons of two diaster@aers have different values.
The Kar pl %destribes ¢heq inflaende ofmelative arrangements of protons
in a molecules on the values of coupling constantg)(J

%)= Acosf’ + Bcosf + C
This equation evidences that the values of homonuclés{) and heteronuclear
(3Jc.) coupling constants are related to the value of the dihedral driggéween
atoms. The @perscript "3" indicates that #i atom is coupled to anoth&d atom
three bonds away,via H-C-C-H bonds. The magnitude of these couplings are
generally smallest (@,5 Hz) when the torsion angle is close to 90° and largest at
angles of 0 and 180°. In some cases the @@l coupling constant for an
antiperiplanar 180H-C-C-H configuraion may be more than 9.5 Hz. Indeed for
rigid cyclohexanes it is around13 Hz, because the dihedral angle is close td,180
where the orbitals overlap most efficiently.
Additional information about relative configuration of stereogenic centers can be
obtained from the sealled NOE effect N.O.E: "Nuclear Overhauser

Enhancement'§® This effect can be observed upon irradiation, during the acquisition
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of the spectra, on a specific signal. In this way, the relaxation times of all the protons
surrounding e irradiated proton (distange2.5 A°), even though not belonging to

the same spin system, are influenced and thus, their height changes. The NOE effect
establishes a spatial relationship between substituents of fixed molecules, but this
effect is depeneht from the dimensions of the molecule. The ROESY (Rotating
frame Overhauser SpectroscopY) experiment is a chemical shift homonuclear
correlation which can detect ROEs (Rotatfrmme Overhauser Effect). ROE is
similar to NOE, being related to dipolar gdimg between nuclei, and depending on

the geometric distance between the nuclei. While NOE is positive for small
molecules and negative for macromolecules, ROE is always positive. Therefore, the
ROESY experiment is particularly useful for rstze molecwds, which would show
aNOE closeto zer&somet i mes we <coul dnot assign th
compound exclusively on the basis of the methdescribed above, so we ch#o

appeal to other techniques, as | will describe in this chapter.

The following section describethe main stereochemical issuefave dealt with
during the structure determining of the isolated compounds. They have been
separately discussed also in order to highlight the diversity of methods and/or
approach which can be used inrstestructure determination of new molecules,

although most of them are original strategies adapted to the current problem.

3.21. Absolute configuation of axibetaine through abnitio calculations

Absolute configuration (AC) otompound28 was establiskd with the help of
electronic circular dichroism (ECD) spectroscopy assisted by quantum mechanical
calculations. The application @b initio time-dependent density functional theory
(TDDFT) to the calculation of ECD spectra has greatly enhanced thiilisliith

which they can be predicted and, thus, this methodology is being increasingly
utilized in determining ACs of natural produét§*®® The experimental ECD
spectrum of28 was virtually compared to that predicted by TDDFT calculations for
one ofthe two enantiomers. In detail, an initial conformational analysis ofSthe
stereoisomer was performed, using the Simulated Annealing procedure (INSIGHT II
Software Package). The resulting conformers were ranked on the basis of their

conformational energyalues and grouped into families. Twelve minima $28
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were obtained and all conformers were optimized with the software package
Gaussian 03 by using DFT at the RB3LYP/81G(d) level (the conformational
families of S$28, as well as their resulting eglv e ( &®E) and free (&G)
provided as Supporting Information). For all conformersSé#18, the excitation
energies, as well as the oscillator and rotatory strengths of the electronic excitation
were calculated, using the TDDFT methodology at RBSLYP/6-31G(d,p) level,

their ECD spectra were then simulated by the overlapping Gaussian function. To
obtain the final ECD spectrum of each compound, the simulated spectra of the lowest
energy conformations were averaged, by following the Boltzmanstgtaind were

UV corrected. The theoretical curve was then compared to the experimental
spectrum of compoun@8, recorded in MeOH. As shown iRkigure 3.14 the
agreement between the simulated and experimental ECD spe@&veds very

satisfactory andhus, the absolute configuration28 was established &

Ae

pa L) 220 130 40 50 260 279 250 190 300
Anm

Figure 3.14.Theoretical CD curveo) of S28 modelvs.experimental curve) of
compound28.
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3.2.2 Ab initio calculations to determine the stereochemistry and the

regiochemistry of coithiaquinone A

The whok of the NMR data recorded foomthiaquinone A (see section 3.1.1)
allowed determining its planar structure butfartunately,theywere not enough to
unambiguously define the relative position of the sulfur and nitrogen atorthe i
heterocyclic ring. The regiochemistry of the -tlibxo-1,4-thiazine ring was thus
clarified by ab initio calculation of NMR shifts, an increasingly popular tool for the
stereostructure aig;ment of natural product.By using therecently developg

DP4 NMR prediction method of Smith and Goodrfiathe experimental*’C and*H

NMR chemical shifts of conithiaquinone A)(were compared to those calculated f
structures AJA4 (Figure 3.15. Calculations were performed on both epimers-8t C

for each egioisomer in order to gain further support to the relative stereochemistry
suggested by NMR data. The DP4 analysis was designed specifically for the situation
where one set of experimental data is available to which one possible isomeric
structure out omany must be assigned. It is based on calculated error probabilities
for scaled computed chemical shifts for each hydrogen and carbon atom, assuming a
statistical t distribution for these errors. A mathematical algorithm is then used to
quantify the probaibity of the correct assignment of each strucir&he calculated
chemical shifts for structures A4 as well as those observed for conithiaguinone A
were uploaded to the DP4 method online applet (http://vimgch.cam.ac.uk/
tools/nmr/DP4). DP4 analysiidentified structure A3 as the most likely, with a
probability of 99.9% (the remaining 0.1% probability was assigned to structure A4).
The computational evidence strongly indicated that A3 or its enantiomer is the true

structure of conithiaquinone Acigure 3.15.
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A3 DP4=99.9% A4 DP4=0.1%

Figure 3.15Results of DP4 analysis using both carbon and proton data.

In an effort to resolve this last ambiguity, we employed TDDFT methodology to
calculate the ECD spectra for the two possible eoaers of 1 which were then
compared with the experimental dasleOH) obtained forl.®*%? Although the
calculated absorption wavelengths did not exactly fit with the experimental peak
positions, the general features of ECD spectrum calculated for Ry@Ba9eR, 10S
isomershowed a much better match with the experimental data than the inverted
spectrum calculated for its enantiomdfigure 3.16). Differences between the
calculated and experimental spectra presumably resulted from an overestimation of
the UV absorbance in the calculations or may be due to minor differences between
calculated and solution conforméPs? These observations allowed us to propose the
6aR, 9R, 9aR, 10S absolute configuration for compourid The assignment of both
regiochemstry and absolute configuration & was achieved following the same

procedure as described fb(for details, see thBupporting Information
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3.2.3 Determination of phosphoeleganin stereochemistry by NMR and

microscale derivatization studies

The determinatiorof the absolute configuration of the five stereogenic cewfeitse
phosphoeleganirf1l9) requireda series of microscale derivatization reactions and
spectroscpic analysis of their products.

In order to investigate the relative configuratiof the 11,12 diol system in the
phosghoeleganin, the firvenemberedacetonidg34) was preparedf To this purpose,
phosphoeleganin19) was treatedwith 2,2-dimethoxypropane and a catalytic

amount of Dowex 50WK8 to give the correspondingll,12-O-isopropylidene
derivative.As reported in the literatuf8 the difference in the chemical shifts of the

methyl groups in the five membered acetonide is larger focithe s o me r T( o 0. 1
0.14) when compared to theansi s omer 10 pP04P. 0OThe observed
0.09 ppm between the two methyl groups in fhleosphoeleganimcetonide (see
Experimental) points towards tleés-isomer allowing us to suggestld,12-erythro

relative stereochemisti§rigure 3.17).

Figure 3.17.Partial'H NMR spectra relevant tmans andcis- acetonides
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To assign the absolute stereochemistr€&twe usedthe chiral derivatizingreagent
(CDA) MPA andthe periodate degradation prod2. At first thecompound?2 was
subjected to acidic methanolysis with 1 M HCI and then derivatizated R}h §- )
and S(+)-methoxyphenylacetic acid (MPA) using 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimideEDC)°**® (Figure 3.18.

o OH OH
H
)I\/N HCI 1M in MeOH H;CO
HO _—
80°C over night
o 22 OH [¢] OH

OR,

R-MPA HyCO A
ECD+DMAP
(o] OR
35 !
OH
H3COM
o OH
OR,
S-MPA
ECD+DMAP HsCO ”

o OR,

o o 36
RISQL ®) RzéyL (f’

OCH,

Ol

CH,

Figure 3.18 Synthesis of (RMPA (35) and (S)MPA (36) esers.

The MPA may be a more reliab@®DA because only two major ester conformers are
present leading t® dvalues of greater magnitude. The model for MPA places the
methoxy group, ester carbonyl, and carbinol proton in the same plane. L1 is shielded
in the (RYMPA ester and L2 is unaffecteaind the opposite effects are observed with
the (S})MPA esters. The phenyl group lies on the opposite side of the CO plane with
respect to the MTPA esters. For this readdmvalues are defined by a different
formula O &dR-dS). The choice of using the MPderivate, instead of thenore
traditional MTPA derivatewas due to the larger anisotropic chemical shift changes
observed for secondary alcohols using this chiral agéguile 3.19. The MPA
derivative was chosen due to the larger anisotropic cheshdalchanges observed

in secondary alcohols relative to the more traditional MTPA derivative.
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Figure 3.19 Conformers fo(R)-MPA (35) and (S)MPA (36) esers

Thus, theanalysis oft h eR® (@il g)tvaluesin the'H spectrunof two esers(35
and 36) of phosphoeleganiallowed us to assign the configuration a8Gs &
(Figure 3.20

H H
,,,,, WL, (A5>0) (9LnicHg0H
HO HO
L, (A5<0) CoH12COOCH;
o OH

H H

H :

HO e
o OH

Figure 3.2Q &> ( &l 9)ivaluesin the'H spectrunof two esers(35 and36).

The absolute stereochemistry at €156 was determined through ddeib
derivatization method 23 with a chiral auxiliay reagent developed by Rigugra
which is based on the use of polystyrdmoeind chiral derivatizing agents (CBA
resins) spci ycally desi gn eykld tormmati@ncohtheecovalent h e
linkages (amide or ester bonds) between the substrate and the chiral auxiliary within

the NMR tube, without the need for other manipulations, on a microscale level and in
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a short timeWe first removed the phosphate group from the moledulugh an

alkaline phosphatassmdh en we used Ri(GogueB2)0s approach.

OH OPO3H" OH OH
OH SAP (fosfatasi alcalina) OH
soluzione tampone pH=9
OR, ORy
w
4 OR
H b
a am e /J‘
B b -
gt -~
= 3
¥ o
-
OH :‘HE =1 OR;
;Ii"‘:i; ",
'5.. H"\.
F T

OR;

OR OR

Figure 3.21 Determination othe absolutetsreochemistry at C1616.

A consistent distributioof positive and negativ@ dvalues around C1&16 allowed
the assignment of-configuration andR-configuration atC15C16 respectively.
(Figure 3.2

In conclusion, the configuration analygisrformed on phsphoeleganin allavas to

determine the stereostructure of the moletalbe one of the alternative structures
19aand19b (Figure 3.22
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Figure 3.22 Alternative structure$9aand19b of phosphoelegani(il9)

3.2.4Conclusions

Although modern developments in spectroscopic techniguailethe identification

of the structures of microgram samplescooimplex small molecules, there is no
general solution to the absolutenfiguration (AC) of a compound, those even
containingonly one or a few stereocenters; absolute stereostructureslesg on a
caseby-case basisThe above examples demonstrate the execution of complete
solutions to stereocomplex marine natural products using modern NMR/CD
instrumentation, often augmented by synthesis, requiring only a few milligrams or
even micrograms ofa natural productNatural productsare a significant and
important source for new small molecule drug ledds deficit in new drugs for
treatments for many disease conditions, make it likely that natural products will
continue to provide leads to suppbypelines of drug discovery. The foregoing
examples illustrate the power of integrated structure analysis by spectroscopic
techniques and chemical methods augmented by rational asymmetric synthesis.
Reliable solutions to their structures are likely toréiined as current needs remain

and new rare chemical entities are discovered.
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3.3 NATURAL QUINONES AS LEAD COMPOUNDS IN DRUG
DISCOVERY PROCESSES

Naturally occurring prenylated Xjgenzoquinones and hydroquinones are commonly
found in a variety of orgasms and play important roles in several metabolic
processes, such as photosynthesis and electron traff8g8rExamples of these
compounds have been isolated from marine sources, mostly from tunicates belonging
to the order of Aplousobranchiata (fayniPolyclinidae), such as ascidian$ the

genus Aplidium. They show a wide array of different structures, originated by intra
and intermolecular cyclizations and/or rearrangements of the original terpene
hydroquinone/quinone skeleton, thus giving maccbcyor polycyclic structures;

they are often linked to amino acids or taurine residifés® Recently, the ascidian
Aplidium conicumhas been investigatenhd this study yielded a largeogip of new

115

prenylated quinones named conicaquingnés thiaplidiaquinones |, and

aplidinoneq37i 39).1° (Figure 3.23)

Aplidinone A (37)

Aplidinone C (39)

SO,H

Figure 3.23 Structures of aplidinones-& (37-39).

These compounds are structurally quite different, but they share the presence of an
unusual 1,idioxo-1,4thiazine ring fused to a quine moiety. As for the
aplidinones, the whole of the NMR dateere not enough to unambiguously define

the structure of the heterocycling; an uncertainty still remained about the relative
position of the sulfur and the nitrogen position in the ring. Theported

regiochemistry was assigned as suggested for aplidin@B&) by comparison of its
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experimentaf*C NMR chemical shiftsvith those predicted by GIA® shielding
calculations for regioisomersodels Al 40) and A2 41). (Figure 3.24)

\\//

] ]

//\\

A1 (40)

n=7 B1(42) n=7 B2 (44)
n=13 C1 (43) n=13 C2 (45)

Figure 3.24 Synthetic analogues of aplidinone A

Successively, yithetic studies havebeen performedin order to validate the
structuralassignment of aplidinone A made by theoretical meansimple and
versatile synthetic strategy has been designed in order to producentbdel
compounds Al and ARFigure 3.24) andto confirm the proposed regiochemistry.
Heterocyclic systems like aplidinone A, having a -didxo-1,4-thiazinic ring
condensed witha benzoquinone ring, are not commionliterature. This kind of
compounds has been synthesifed the first time in 1988° by condensation of
hypotaurine withnaphthoquinone using the known conjugate addition reaction of
amines and sulfinic acids with aphthoquinonéd® to give substituted
naphthoquinones. Later, Harada et al. worked out the syntifesitociaquinones A
and B using the same protoc81.Although this route has the disadvantage of being
not regioselectivéFigure 3.25), we recognized itas a simple and versatieay to
synthesize in relatively few steps aplidinone A derivatives, starfiogn an

appropriate benzoquinone derivative
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Figure 3.25 General synthetic protocol.

In addition, the designedorocedure has beeadapted to prepare furthguinone
analogues42-45. (Figure 3.24) Both aplidinone A and its synthetic analoguese
shown to possess interesting cytotoxic effeBl8R studies revealed thdd is the
most potent cytotoxic and pwpoptoticagent against several tumor cell lines and
also inhibits TNFainduced NJB activation in a human leukemia T cell line.

This study well exemplifies the potential of a natural product to qualifylessl
structure for medicinal chemistry campaigns, affordangplified analogues with

better bioactivity and easier to synthesize

3.3.1 Synthesis of structurally simplified analogues of aplidinone B

On the basis ofthe results obtainefbr the aplidinone A and its analogues,ew
decided to synthesise some anaksywof another meroterpene isolated from the
ascidian Aplidium conicum,the aplidinone B (38), both to fully confirm the
regiochemistry of its heterocyclic structure, and to investigate itedical activity.

In addition,this study also helped us to umstandif this activity depended on the
size of the hydrocarbon substituent as noted in the past amoraplitieone A
analogous*?*

Il n coll aboration with t he dighilymedfiedithey of
syntheticpath designed fothe syntlesis ofaplidinone A analogues. Also in this
case, the key step of the synthesis was reaction between hypotaurine and a
suitable benzoquinorte give the dioxothiazinering.

The 2,5dimethoxyaniline (46) has been chosess starting compound, because i
already contains the amino group and it is a cheap prodbet.frst performed
synthetic stepScheme3.1) was the transformation of the amino group into an amide

function by treating46) with pivaloyl chloride. We chose this chloride because the
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lack of alfahydrogens ensured a better stability during the next reactions. The amide

(47) was obtained with a very good yield.

Scheme3.1
OCH; OCH;
—-
NH» NH-Piv
OCH; OCH; -
2. 5-dimethoxybenzenamine N-( 2 5-dimethoxyphenylpivalamide

The reaction of47) with n-BuLi and DMF afforded selectively the benzaldehyde

(48) because the carbon between theslinked to amide and methoxy group was

the most reactive even if the direct alkylation by BuLi and alkyl bromides, analogous

reaction to that performed in theplidinone A synthesi¥! gave the alkylation

product only in little quantity. The obtainirgf the compound4@) was supported by

the presence in it4-NMR spectrum of the two justrtho-coupled aromatic protons

signals (two doublets, 6.74 and 7.12 ppm respectiveB,3Hz) as well as that of the

aldehyde function (singlet, 1H, 10.38 pp{8theme 3.2)

Scheme3.2
OCH; OCH;
= e ACHO
A I
|

H4 Pi -

OCH; Fiv OCH3Piv o
N+ 2.5-dimethoxyphenylpivalamide N-(2-formyl-3.6-dimethoxyphenyl)pivalamide
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The aldehyde48) is a key intermediate for the obtainingaplidinone B analogous

with hydrocarbon chains having different length; in fact the Grignard reaction
between 48) and any alkylmagnesium iodide always afforded the cooretipg
benzylic alcohol 49) with a very good yield(Scheme 33). The 'HNMR spectrum

of 49 showed the characteristic signal of the benzylic methyne proton (multiplet
centered at 4.96 ppm) coupled both with the vicinal methylene aliphatic protons and
alsowith the geminal alcoholic group (doublet, 3.60 ppm).

Scheme 3
OCH, OCH, OH
49a R= - CH;,
CHO R N-(2-(1-hydroxyethyl)-3,6-
dimethoxyphenyl)pivalamide
R —
NH NH 49b R= - (CH,);CH;
| | N-(2-(1-hydroxypentyl)-3,6-
OCHj Piv OCHj3 Piv  dimethoxyphenyl)pivalamide
49¢ R= - (CH,)yCHj;
N-(2-formyl-3,6-dimethoxyphenyl) N-(2-(1-hydroxyundecyl)-3,6-
pivalamide dimethoxyphenyl)pivalamide

The subsequent easy hydrogenolysis4®) py using PeC (10%) as catalyst gave

the compound50) with the desired hydrocarbon chain, whds¥NMR spectrum
shows the signals of the two aromatic protons (two very close doublets between 6.67
and 6.73 ppm), those of the aliphatic protons of the chain (benzylic protons signals at
2.58ppm) and the singlet (9gtons, 1.34ppm) of the pivaloggsidue (Scheme3.4)

Scheme3.4

OCH; OH OCHj,3 50a R=- CHj
N-(2-ethyl-3,6-dimethoxyphenyl)
R R pivalamide

- 50b R= - (CH,);CH;
NH NH  N-(2-pentyl-3,6-dimethoxyphenyl)

OC FI’ OCH I|3 pivalamide

Ha Piv 3TV 50¢ R=- (CH,)sCH;
N-(2-undecyl-3,6-dimethoxyphenyl)
pivalamide
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The quinone{1) was obtained by the oxidation &0j with a large excess of CAN
(molar ratio 8:). The steps from49) to (51) do not require any intermediate

purification, so simplifying the carrying oof the whole synthesi&cheme3.5)

Scheme3.5

OCHj, 0] 51aR=-CH;,
N-(2-ethyl-3,6-dioxocyclohexa-1,4-
R R dienyl)pivalamide
E— 51b R=- (CH2)3CH3
NH NH N-(2-pentyl-3,6-dioxocyclohexa-1,4-
I l dienyl)pivalamide
Hs Piv o Piv
OCH, 51¢ R= - (CH,)CH;

N-(2-undecyl-3,6-dioxocyclohexa-1,4-
dienyl)pivalamide

19 Also in

The quinone §1) was treated with hypotaurine as reportediterature
this reaction the two regioisome&2@nd53) form in different amount. ThHHHNMR

specta of the two regioisomers are very similar, the main difference lying in the
chemical shift value of the signal of the more deshielded heterocycle methylene
group, 4.07ppm in the spectrum of natural regioisomer and 3.31ppm in the spectrum
of non natural ne. The values here reported are relative to gbledinone B
analogues with ethylic lateral chain, those of other analogous are very close to these.

(Scheme3.6)
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Scheme3.6

52a R=- CHj;
o) N-(6-ethyl-1,1,5,8-tetraoxo-3,4,5,8-tetrahydro-2 H -
H benzo[b][1,4]thiazin
N -7-yl)pivalamide
R 52b R=- (CH2)3CH3
N-(6-pentyl-1,1,5,8-tetraoxo-3,4,5,8-tetrahydro-2 H -
//S\\ l}lH benzo[b][1,4]thiazin
0 O 0 0 Piv -7-yl)pivalamide

52¢ R=- (CHz)gCH3
N-(6-undecyl-1,1,5,8-tetraoxo-3,4,5,8-tetrahydro-2H -
R . + benzo[b][1,4]thiazin
-7-yl)pivalamide
I oo O 53a R=- CH,

\\S// N-(7-ethyl-1,1,5 8-tetraoxo-3,4,5,8-
[ R tetrahydro-2H-benzo[b][1,4]thiazin
-6-yl)pivalamide
53b R=- (CH2)3CH3
H I N-(7-ethyl-1,1,5,8-tetraoxo-3,4,5,8-

O Piv tetrahydro-2H-benzo[b][1,4]thiazin
-6-yl)pivalamide
53¢ R=- (CH2)9CH3
N-(7-ethyl-1,1,5,8-tetraoxo-3,4,5,8-
tetrahydro-2H-benzo[b][1,4]thiazin
-6-yl)pivalamide

A large number of quinones, both synthetiad amaturally occurring, have been
screened for their antitumor activity; particularly, it has been shown that they lead to
oxidative stress by means of an increase of oxygen reactive species (ROS) and the
depletion of reduced glutathione (GSH) amdtfrandthis action has been related to

the beginning of apoptost§>*2*

In previously works it has shown thhtaplidiaquinones 3 and 4 induce generation of
ROS and apoptosis in the Jurkat cell line.16 On this cell line we have now
investigated the cytotoxictivity of aplidinone A 87), as well as that of its synthetic
analoguest0-45. Aplidinone A induced cytotoxicity with an kgabout 45mM; the
cytotoxic activity was enhanced with the modifications introduced4igiCso ~ 20

nM) and decreased #0i 42, 43, and45

On the basis of the results oefed the analogues of aplidinone A and B have been
tested on human microvascular endothetells (HMEC)Compound52a resulted

the most cytotoxic of the series with an,d@bout 1.507M.
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3.3.2. Potential of quinones as antialarial agents

There is an urgent need to discover new antimalarials, due to the spread of
chloroquineresistance and ¢hlimited number of available drugé& number of
qguinones have been shown to be effective antimalarials. In addition some have been
shown to have oxidant effects on gluc@sphosphate dehydrogenadeficient red

cells. The mitochondrial respiratory chais an effective target for antimicrobial
agents directed againd®?. falciparum Differences between respiratory chain
enzymes of mammals and pathogenic organisms have been exploited to develop
compounds used for drug therapy such as atovaquone. Atovagsore
hydroxynapthoquinone active against different piia diseasesncluding malaria

and toxoplasmosis, Atovaquoighibits the activity of thébcl complex activity, a
central enzgne of the respiratory chain

Antiplasmodial activity of quinone struces of marine origin has been reported.
Examples are xestoquinone and halenaquinone, their derivative orlagquinone, and
ketoadociaquinonesisolated from Xestospongiasponges, and thiaplakortones,
isolated fromPlakortis lita. It has been also evidenced tththe presence of a
dioxothiazine moiety enhances the antiplasmodial activity. Based on these reports,
synthetic derivatives of the na#dr aplidinonesA and B, isolated from the
Mediterraneantunicate Aplidium conicumhave been tested in vitragainstD10
(chloroquinesensitive) and W2 (chloroquisresistant) strains of Plasmodium
falciparum,in collaboration withDipartimento diSanita pubblica, Microbiologia
Virologia of University of Milan.

Using the pLDH assayhe synthetic analogues of aplidinoeand B fFigure 3.26)

were assayed against D10, S&Ftrainand W2, C@R strain ofP. falciparum.
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40 R =-OMe; n=1 41 R =-OMe; n=1
42 R =-OMe; n=7 44 R =-OMe; n=7
43 R=-OMe; n=13 45 R=-OMe; n=13
52a R = -NHCOC(CHj;);; n=1 53a R =-NHCOC(CH;);; n=1
52b R =-NHCOC(CHs);; n=4 53b R =-NHCOC(CH3);; n=4
52¢ R =-NHCOC(CH3;)3; n=10 53¢ R =-NHCOC(CHjs);; n=10

Figure 3.26. Structures of synthetic analogues of aplidinones A and B

The synthetic derivatives have shown a signifitapharmacological activity and
many structural reqeements, crital for their activty, have been evidencddable
3.10.

Table 3.10. In vitro antiplasmodial activity compoundsl® against the cloroquireensitive
(D10) and the cloroquineesistant W2) strains ofP. falciparum and cytoxicity against

human microvascular endothelial (HMEG cells.

Compound D10 W2 HMEC -1
IC 50 (MM) IC 50 (MM) IC 50 (MM)

40 >28 >28 >100
41 2,4 2,4 110,29
42 >28 >28 >100
44 0,8 0,8 5,52
43 >28 >28 >100
45 1,7 1,3 4,41
52a 0.39 0,58 1,60
53a 6,15 6,31 102,72
52b 1,56 2,70 0,90
53b 6,93 7,87 41,45
52c¢ 0,56 1,06 0,44
53c >11 >11 6,87
CQ 0.04 0.54 >100

In particulay for metoxy derivatives it has been evidenced that:
A Compounds4l, 44 and45 show a very good antiplasmodial activity which do

not depend on the cloroadgpe sensitivity of the straitested. the compound2 is
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completely inactiveindicating that the regiochemistry of the dioxothiazine ring
showed for1, 44, and 45is critical for the activity

A 44 is the most potent in the series, with a potent antiplasmodial aqiv@y
nM); however, it resulted significantly cytotoxi,52m).

A The activity depends on the lenght of the side chain; it increased with the
number of carbon atoms fro#1 to 44 and then decreased frat to 45,

A Compound 41 is not cytotoxic (>100nM) though keeping a good
antiplasmodial activity (2,4M)

Whereas for the ammido derivatives series it has been evidenced that:

A Compound 52a was inactive and unstable, thus the ammipootected
derivatives were tested.

A The ammido derivatives were all active, although the activity depends on the
thiazine ring regiochemistry: compoundS2a 52b, and 52¢ sharing the same
regiochemistryyesulted more @ive than the relevant compound in the other series
of regioisomers.

A The change in the regiochemistry seems to affect more the ctytotoxicity than
antiplasmodial activity, especially in the absence of a side chaavé. 539).

A The activity depends on tHenght of the side chain; it decreased with the
number of carbon atoms froBRa53a (2 C) to 52/53b (5C) and then increased
from 52/53b (5C) t052d53¢c(11C)

A 52ais the most potent in the series, with a potent antiplasmodial activity(0,39

nmM) but it resulted significantly cytotoxi¢1.6 mivl).

The interesting aspect is that this antimalarial activity is due to the interaction
between the quinone structures and some oPtHalciparumenzyme targets, such

as protein farnesyl transferase (PFTasi) and HFfimasel, thus implying a
mechanism different from that showed by other antimalarial aggated o these
considerations our compounds have been tested on a platform of kinasaese, but
correlation was seen leten the observed activititesoth the anplasmalial effects

and cytotoxicity)and kinase inhibitiofTable 3.1J).
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Table 3.11 .Results from protein kinase assays

Compound CDK5/p25 CDK9/cyclinT CK1 CLK1 DYRK1A GSK3
41 102 92 97 88 93 73
44 105 102 91 107 90 68
45 105 92 88 108 93 84
52a 106 84 86 91 93 89
53a 109 90 83 111 90 79
52b 97 82 115 101 100 100
53b 86 80 105 101 108 85
52¢ 102 93 92 98 94 110
53c 125 102 95 111 97 96

3.33 Conclusions

Interesting conclusions can be drawn by comparing the cytotoxic effects with
antimalarid ones.Compounds2ais the most active in thseries, with a very potent
antiplasmodial activity but also strongly cytotox@@ompound44 is also very potent

as antiplasmodial agent, also cytotoxic but with a better therapeutic index.

Compound41lis verypotent as antiplasmodial agent and not cytotokab(e 3.10.
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3.4 FROM THE MACROSCOPIC TO THE MICROSCOPIC
WORLD: THE HABITAT OF MICROORGANISMS

3.4.1. History of microbial drug discovery

The chemistry of marine bacteria has received increasing atteatier the past

twenty years. Principal reasons for this interest are their abundance and
phylogenetical diversity, as well as the capacity of most of them to survive in
extreme environmental conditions due to the unusual enzymatic and metabolic
adaptatios. | n t he | at e 193060s, ot pemaillin &y e d by
Alexander Fleming, terrestrial microorganisms became the focal point for one of the
most prolific drug discovery efforts ever recognized. The discovery of penicillin and

later actinomycinn ed t o the MAGreat Antibiotic Erac
drugs for the reatment of infectious diseasesancer, elevated cholesterol,
immunomodulation and others. From the period from 1950 to 1990 most of the
pharmaceutical companies invested higawvi microorganisrrbased drug discovery

The intensity of these explorations led to discoveries of hew microorganisms from
virtually all accessible terrestrial environment from arctic, and cold temperate
regions to tropical environment® Interestinglya | t hough the worl dés
more than 70% of the surface of the Earth, this massive resource was never explored.
Convinced by some that the ocean was a simple repository for terrestrial strains, and
that cultivation of true marinanicrobes was difGult if not impossible, this
component of planet Earth never received serious consideration. However, in 2009
microorganisms are no longer the focus of most drug industries, even though marine
researchers are now demonstrating the enormous drug discovtegtia of
microorganisms isolated from this sourc@iven the growth in this field, it is
important to emphasize the unambiguous criteria that separate marine
microorganisms from their terrestrial counterparts. Three such traits that help define
some ofthe more distinctly marine microorganisms are their ability to display
barophily (adaptation to high pressure), halophily (adaptation to high salt
environments), and chemoautotrophic growth (ability to use &Ca carbon source

and derive energy from cherals rather than light) properties. One tdloat has

been essential to define distinctions between marine and terrestrial microbes is the
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use of 1& ribosonal RNA analysis (163RNA). Many true mene microorganisms

from oceanic environments contain pasly unobserved 16S signatures; this is
especially true in the case of invertebrate microbial symbionts, as the phenomenon of
symbiosis is prevalent in the ocean. Given the aforementioned properties, it remains
difficult to prove whether a microorganistollected from an oceanic environment is
truly Omarined or whether it is simply a
ocean. Over decades of study, one most simply illustrate that microbes are regularly
found in the ocean and not in terredtremvironments For example, fungi are
cosmopolitan organisms that are incredibly adaptive to new environments. Several
investigators nstakenly label fungi collectedr om t he oceanThiss A mar |
label is unwarranted until it is demonstrated thaungal species has an obligate
requirement for life in the sea. Until more can be learned, a more appropriate label is
Aimardenrei ve & ungi o.

One very important aspect of these microorganisms is their capacjpyotduce

secondary metabolitesut little is known about the origin, diversity, and role that

secondary metabolites fulfill in their surrounding microenvironments.

3.4.2 Cytotoxic quinazolinone isolated from the fungus penicillium sp
endogenous with the mangroruguiera gymnorrhiza

Marine microorganisms, especially marderived fungi, are widely recognized as
emerging sources of secondary metabofitds§! Mangroveassociated fungi, the
second largest ecological group of the madeeved fungi, have been reported to
produce a wid variety of structurally unique and biologically active compodfids

In particular, many fungi were recently isolated from the mangmueguiera
gymnorrhiza Chemical investigation of these fungi led to the isolation of an already

known cytotoxic quinaalinone54. (Figure 3.27)"33

OH

S

NH

O
Figure 3.27. Structure oR-(1-hydroxyethyl}4(3H)quinazolinone54).
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During my PhD I have been involved
project IRSES 7° Framework.During my stag & Institute of Materia Medica
(SIMM), Shanghai, | started the chemical analysis of a fungal $2emicillium sp,
isolated from the Chinese mangroruguiera gymnorrhizacollected from
Zhanjiang.

The whole culture oPenicillium sp was extractetvith CH;OH and CHCJ and then
partionated betweelktOAc and HO and n-BuOH and HO. Separation of he
EtOAc-solublematerial (0.6 g) was achieved by gradient silica gel MP&iGefY
ethyl acetateY dichloromethan® methanol). Tenfractions were obtained. The
fraction eluted withrEtOAdether 1:1v/v (10,0 mg)was chromatographed by HPLC
on a SiQ column (Luna & % 3.60 mm) eluting with hexan&tOAc 4.6 vl/v,
yielding the compoud 54 (4.9 mg). Figure 3.28).

| Etraction with CH;OH and CHCI

| Ripartibon H20/A:0ET and H20Bw0H

|
1

WS

EtDAc-soluble material (0.6 2

MPLC ether — AcOET — CH,C1,—CH.OH
i

|

- ™
Fraction eluted with
E t0Ac/ather 1:1 v/v (10,0 mg))

H
%H\ \
' HELC hexans EtDAc 46w+

4.9 mg

Figure 3.28 Isolation procedure of compoubd
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The analysis of the 14NIMR spectrum (CBOD) and HMBC data allowed us to
identify the compound54 as the already known cytotoxic alkaloi®-(1-
hydroxyethy)-4(3H)quinazolinongTable 3.12).2%3

Table 3.12 NMR data CDs;0D) of compoundb4

Pos. Uy (mult., Jin Hz) Uc HMBC

2 161.6 ;

4 164.3

5 122.2

6 149.6

7 7.66 127.5 122.2,127.8
8 7.79 135.9 127.2,149.6
9 7.49 127.8 122.2,127.2
10 8.18 127.2 135.9, 149.6
16 4.73 68.6 22.4,161.6
26 1.53 224 68.6, 161.6
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CHAPTER 4

EXPERIMENTAL .

4.1 Aplidium conicum

Extraction and Isolation Procedures Specimens ofA. conicumwere collected in
November 2007 at Porto Cesareo (Lecce, Italy). They were frozen immediately after
collection and kept frozen until extraction. A referencecgpen is deposited at the
Dipartimento di Chimica delle Sostanze Naturali, University of Naples. The fresh
thawed animals (6,7 g of dry weight after extraction) were homogenized and
extracted twice with methanol and then twice with chloroform (4 x 200. fih¢
combined extracts were concentrated in vacuo, and then partitioned bety@en H
and EtOAc and, subsequently, betweel®thndn-BuOH. Separation of the EtOAc
solubl e materi al (2,24 g) was achieved
Et OAc Y  MeeHraction diuted with EtOAc 100% (v/v) was
chromatographed by HPLC on a Silumn (Luna 5mm, 250 x 4.60 mm) eluting

with EtOAc/hexane 75:25 (v/v), yielding a fraction (4.2 mg) which has been further
purified by reverse HPLC on a Luna@n PFP 1 Quén, éluting with
MeOH/H,O 8:2, thus affording conithiaquinones A (1.2 mg) and B (0.7 mg) as pure

compounds.

Conithiaquinone A (1) Colorless amorphous solidal]p®™ = + 3.2 (c=0.11 in
methanol).'H NMR (700 MHz, CROD) and**C NMR (175 MHz, CRQOD): see
Table 3.1. HRESIMS (positive ion mode, MeOH): calcd. foridEl,sNOsSNa
[M+Na]* 418.1295; found 418.1298H NMR (700 MHz, CDCJ): d6.56 (H, br s, 4
NH), 5.16 (16H, d, J = 9.1 Hz), 4.06 (3H, m), 3.65 (H, br s, OH), 3.29-gH, m),
3.23 (133H, s), 2.04 &Hp, m), 1.84 (6eH,dt, J= 13.6 and 9.1 Hiz1.68 (?Hp, M),

1.60 (9aH,dd, J= 13.6 and 9.1 Wz1.49 (#H, m), 1.42 (123H, s), 1.41 (&H,

overlapped), 1.22 (18H, s), 1.21 (148H, s).
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Conithiaquinone B (2) Colorless amorphous solidal]p®® = +9.5 (¢0.06 in
methanol)."H NMR (700 MHz, CROD) and**C NMR (175 MHz, CRQOD): see
Table 31. HRESIMS (positve ion mode, MeOH): calcd. for
CooH27NOgSNa[M+Na]432.1451; found!32.1449.

Computational calculations DFT calculations were performed on a Pentdim
processor at 3.0 GHz using the Gaussian03 package (Multiprocessor). DP4 NMR
prediction analysis was carried out as described by Smith and Goddeasian 03

was used to calculate both the carbon and proton GIAO NMR shielding tensors at the
mPW1PW91 funtonal and €631G(d,p) basis set, using as input the geometry
previously optimized at the mPW1PW9136G(d) level. For these calculations, the
IEF-PCM solvent continuum model, as implemented in Gaussian (methanol solvent),
was used. TDDFT calculations wenan using the functional B3LYP and the basis
sets TZVP including at least 30 excited states in all cases, and uskRCIEFRor
MeOH. ECD spectra were generated.

Cell cultures and microcultures bioassay Biological activity was investigated on
tumour MCF7 human breast adenocarcinoma cells andtnorour HaCahiuman

skin keratinocytes purchased from ATC®{American Type Culture Collection,
Manassas, Virginia, USA). HaCaT cells were grown in Dulbecco's modified Eagle's
medium (DMEM, Invitrogen, Paisley, UK)oataining high glucose (4.5 g/l), while
MCF-7 cells were grown in RPMI 1640 medium (Invitrogen, Paisley, UK). Media
were supplemented with 10% fetal bovine serum (FBS, Cambrex, Verviers,
Belgium), L-glutamine (2 mM, Sigma, Milan, Italy), penicillin (100itsiml, Sigma)

and streptomycin (10@g/ml, Sigma), according to ATCC recommendations. All
cells were cultured in a humidified 5% g&mosphere at 37°Eor bioactivity and
cytotoxicity studiescells were seeded in a-@gicrowell culture plates at dengiof

10" cells/well. Cells were allowed to grow for 24 h, then the medium was replaced
with fresh medium and cells were treated for further 48 h with different
concentrations of the tested compounds. In déiath compoundslj and @) were
dissolved indimethyl sulphoxide (DMSQSigma) and 1 or 2 pL of DMSO solutions
were added to cell culture medium to give various concentration ranging from 1 to
250 uM; 1 or 2 pL of DMSO alone (vehicle) were added into control cells (0.5 and

1% v/v final concentrationsrespectively). Positive control for cytotoxicity was
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performed usingisplatin (CDDP, Sigma)Live/death cell number was determined

by the trypan blue dye exclusion test. After the treatments, the medium was removed
and the cells were washed twice witlB$ buffer solution (Sigma) and then
incubated with a trypsinEDTA solution (Sigma) at 37°C for 5 min. Trypsine was
inactivated by resuspending the cells in medium containing 10% FBS (Cambrex).
The cells were pelleted at 250 x g and resuspended in PBBle\gells, cells that
excluded 0.4% trypan blue (Sigma), were then counted with a Burker
haemocytometer chambe€oncurrently, cell viability was evaluated with an MTT
assay procedure, whigheasures the level of mitochondrial dehydrogenase activity
using 3(4,5dimethyl2-thiazolyl}2,5diphenyt2H-tetrazolium bromide (MTT,
Sigma) as substrate. The assay was based on the redox ability of living mitochondria
to convert dissolved MTT into insoluble formazan. Briefly, after treatments with the
test compoung] the medium was removed and the cells were incubated with 20
pL/well of an MTT solution (5 mg/mL) for 1 h in a humidified 5% g@cubator at

37°C. The incubation was stopped by removing the MTT solution and by adding 100
pL/well of DMSO to solubilize te formazan. Finally, the absorbance was monitored

at 550 nm by using a PerkiEEimer LS 55 Luminescence Spectrometer (PeBtmer

Ltd, Beaconsfield, UK. The calculation of the concentration required to inhibit the
net increase in the 48 h cell count andbility by 50% (IGy) is based on plots of
datacarried out in triplicates and repeated three tini€g, valueswere obtained

using a dose response curve by nonlinear regression using a curve fitting program,
GraphPad Prism 5.@nd are expressed as meaSEM.
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4.2 Ciona edwarsii and Aplidium elegans

Extraction and Isolation Procedures Specimens ofA. eleganswere collected at

T40 m depth in the aut umBacad)fandXdptOfidzen n t he
until used. The freshly thawed tunicate was homogenized and extracted at room
temperature with methanol (3 x 1 L) and, subsequently, with chloroform (3 x 1 L)

(31.8 g dry weight of the tunicate after air drying). The combined extracts were
concentratedin vacuo to give an aqueous suspension that was subsequently
partitioned initially with EtOAc and then with-BuOH. The butane$oluble material

obtained after waporation of the solvent (4.1 g of a dark brown oil), was
chromatographed on a RIB silica gel flash column using a gradient elution

(HO/ Me OH 90/1Me H 70/3Me ®H 1LO/IMe ®H 3: 7Y Me OH
100%Y MeOH® CHEI Me OH7 CHYCI Me OH1 CHYCI| LHCI
100%). The fractions eluted with,8/MeOH 1:1 were rechromatographed by HPLC
onanRPL8 column (Luna, 3 & pQ/MeQHs7 cdntaidng6 0 mm)
TFA 0.1% as the eluent (flow 0.5 mL/min). This separation afforded pure compound

10 (1.2 mg) and pure compouril (1.0 mg) Specimens ofC. edwardsii were

coll ected at 175 m depth in the autumn o
meter in Meta di Sorrento Punta Gradelle) and kept frozen until used. The freshly
thawed tunicate was homogenized and treated at room temperature with methanol (3

x 1 L) and, subsequently, with chloroform (3 x 1 L) (21.9 g dry weight of the
tunicate after aidrying). The combined extracts were concentratedacuoto give

an aqueous suspension that was subsequently partitioned initially with EtOAc and

then withn-BuOH. The butanesoluble material obtained after evaporation of the

solvent (5.4 g of a dark bwn oil), was chromatographed on a-B®silica gel flash

column using a gradient elution {81/ Me OH 90/1Me GHH 70/ MeOH H

1: 1% /HMeOH 3: 7Y MeOH 10:0%Y YMev@eHYHZ HCEHIC |
MeOH/CHCE 1 : 1Y £180%0). The fractions eluted with,&8/MeOH 37 were
rechromatographed by HPLC on an-RB8 c ol umn ( Luna, 3 &m, 1
using HO/MeOH 72:28 containing TFA 0.1% as the eluent (flow 0.5 mL/min). This
separation afforded 2.4 mg of pure compo(2ad
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Compound 10: colorless amorphous solifia] p>> = +2.5 € = 0.002, CHOH). ESF
MS (negative ion modejn/z= 51 1 [, WNRESIES (negative ion modeh/z=
511.1987; the molecular formula@EsNa®S, requires 511.2006'H-NMR and
13C-NMR data (CROD, 500/125 MHz) are reported Trable 33.

Compound 11:colorless amorphous solifla]p®>> = +3.4 € = 0.002, CHOH). ESF
MS (negative ion modejn/z= 4 9 7 [, WNRESIES (negative ion modeh/z=
497.1825; the molecular formula;dElssNaQyS,' requires 497.1849'H-NMR and
13C-NMR data (CROD, 500/125 MHz) a reported iffable 3.3.

Compound 12 Colorless amorphous solif(]]p* = +1.8 € = 0.002, CHOH). ES}
MS (negative ion modem/z= 37 9 T ESFNSa(positive ion mode)m/z =
403 [M+H]"; HRESIMS (negative ion mode)n/z = 379.2522; the molecular
formula CH300sS requires 379.2513'H-NMR and *C-NMR data (CROD,
500/125 MHz) are reported in Tal8e3.

Cell Culture: J774A.1 cell line (BALB/c murine macrophages) was cultured in

Dul beccods modified Eagleds medium ( DMEM)
(HyClone), penicillin (100 U/mL), streptomycin (10@/mL), 2 mM glutamine, 25

mMHepes, 130 ug/mL Na pyruvate and 10% foetal calf serum (FCS) (Hy Clone).

The rat astrocyticglioma C6 cell line was cultured in DMEM supplemented with

10% FCS, penicillin (100 U/m),. streptomycin (100rg/mL), and Lglutamine 2

mM. All cells were cultured in plastic tissue culture flasks and kept at 37 °C under

5% CQ atmosphere.

Cytotoxicity Assay: cytotoxicity studies in both tumour cell lines were performed in

a 96well plate >4 J774A.1 were mecharitly scraped, while C6 cells were
enzymatically detached. The cells were plated 12.5%n&l (J774A.14) or 2.5 x
10%well (C6) to a final volume of 2061L. After 4 h J774A.1, cells were incubated
with compounds10i 12 at increasing concentrations (1@0 niM) for 22 h;
conversely, after 3 days C6 cells were incubated with compol®id (10i 300

uM) for 22 h. Then, 251 of 3-(4,5dimethylthiazoi2-yl)-2,5-diphenyltetrazolium
bromide (MTT, 5 mg/mL) was added in each well, 3 h later the cells were lysated
with 100 of lysis buffer (20% SDS and 50% DMF, pH 4.7). After an incubation
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of 22 h at 37 °C the optical densities (& for the serial dilutions of both
compounds were compared with the OD of the control wells to assess the
citotoxicity’ LCs for eachcell line was obtained by statistical computer program.

Data Analysis data are reported as mean = SEM values of three independent
determinations. All experiments were performed at least three times, each time with
three or more independent observatioBsatistical analysis was performed by

ANOVA test, and multiple comparisons were made by Dunnett

4.3 Phallusia fumigata

Collection, Extraction, and Isolation: specimens ofPhallusia fumigata were
collected in April 2008 at in the bay of Pozzuoli (Naptily). The samples were
frozen i mmediately after collection and
specimen is deposited at the Dipartimento di Farmacia, University of Naples. The
fresh thawed animals (424 g of dry weight after extractiomevi®mogenized and
extracted twice with methanol and then twice with chloroform (4 x 200 mL). The
combined extracts were concentrated in vacuo, and the resulting aqueous residue was
extracted with EtOAc and subsequently witBuOH. Separation of the EtOAc
solubl e materi al (1,04 g) was achieved
Et OAc Y MeOH). The fraction eluted with
chromatographed by HPLC on a Siflumn (Luna 5mm, 250 x 4.60 mm) eluting

with hexane/EtOAc 55:45 (v), yielding a fraction (3.3 mg) which has been further
purified by HPLC on a Si©column (Luna 5mm, 250 x 4.60 mm), eluting with
hexane/propai-ol 93:7, thus affording phallusiasterol A (2.0 mg) and B (1.1 mg) as
pure compoundsSeparation of th®uOH soluble material (2,0 g) was achieved by
reversegphase silica gel (RP18) MPLC, wusing a gradient elution
(HOY Me OHY CH Che fraction eluted wittH,O/MeOH 3:7 vlv, (170.4 mg)

was chromatographed by HPLEn a Synergi #hPolar-RP 80 U (250 x 4.60 mm)

colum, eluting with MeOH/HO 65:35 (v/v) and 0.1 % ofrifluoroacetic acid

yielding a fraction (40.6 mg) which has been further purified by HPLC on a Synergi
4mHydro-RP 80U (250 x4.60 mn) column, eluting with MeOH/bD 7:3 (v/v) and
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0.1 % of trifluoroacetic acid, thus affording phallusiasterol C (4.7 mg$ pure

compound.

Phallusiasterol A (15):colorless amorphous solidJp* -3.5 € 0.1, CHC);

HRESIMS (positive ion mode, GB®H) mvz 545.2858 ([M + Nal, calcd. for
CoH47SOsNa," 545.2889);*H and *C NMR (CsDsN): see Table 34 'H NMR

(CDCly): 14.33 (1H, m, H3), 3.96 (1H, br s, ), 2.34 (1H, ddJ = 13.1, 10.5Hz,

H-4b), 2.02 (1H, m, H7b), 1.99 (1H, overlapping, Ha), 1.98 (1H, overlapping, H
12b), 1.90 (1H, m, H2a), 1.83 (1H,ddd,J=13.6, 9.5, 3.7H-16a), 1.74 (1Hqd, J =

12.0, 4.3Hz, H-8b), 1.68 (1H,dt, J=13.4, 4.2 HzH-1a), 1.60 (1H, overlapping, H
7a), 1.57 (1H, overlapping , 42b), 1.57 (1H, overlapping ,H5a), 1.54 (1H, m, H

9a), 1.51 (1H, m, H25), 1.48 (1Hddd, J= 13.4, 4.5, 2.3-1b), 1.41 (1H, dg,) =

14.1, 3.8, Hl1la), 1.37 (1H, m, H20), 1.351.33 (2H, overlapping, ¥22a and H

23a), 1.29 (1H, overlapping,-Hib), 1.28 (3H, s, M€l9), 1.26 (1H, overlapping,H
16b), 1.25 (1H, m, Hl4a), 1.24 (1H, overlapping, +23b), 1.18 (1H, m, H2a),

1.151.10 (3H, m, H17, H24a, and F24b), 1.07 (1H, m, H5b), 1.00 (1H, m, H

22b), 0.91 (3H, dJ = 6.5 Hz, Me21), 0.87 (3H, dJ = 6.6 Hz, Me26), 0.86 (3H, d,
J = 6.6 Hz, Me27), 0.67 (3H, s, Md8).*C NMR (CDCE) : 84.2 (G5), 75.8 (G

6), 67.8 (C-3),56.0 (G17), 55.8 (G14), 46.0 (C9), 42.8 (G13),41.3 (G4),39.8 (G

10 and G12), 39.6 (C24), 36.2 (C22), 35.8 (C20),34.0 (G7), 33.6 (C1), 30.5 (C

2), 30.4 (G8),28.2 (G16), 28.0 (G25), 24.0 (C15), 23.8 (C23), 21.3 (C11), 22.7
(Me-26), 22.5 (Me27), 18.8 (Me21), 18.2 (Mel9), 12.1 (Mel8).

Phallusiasterol B (L6): colorless amorphous solidJp® +7.9 € 0.1, CHC);
HRESIMS (positive ion mode, GBAH) m/z 545.2870 (M + Na]+, calcd. for
CoH47SOsNa™ 545.2889);'H and *C NMR (GDsN): see Table 3.4 'H NMR
(CDCL) : U 4. 0-8),3(84 (#H, dJab.4, HH6), 2.25 (1H, t] = 13.2,H-4b),
1.99 (1H, dt,J = 12.4, 3.4 H-12b), 1.96 (1H, m, H7b), 1.67 (1H, ddJ = 13.2, 2.1,
H-4a), 1.8%1.84 (3H,overlapping H-2a H-7a H-8b H-16a), 1.68 (1H, ddJ =
13.1, 4.7H-9a), 1.561.54 (3H, overlapping, Ha H-2b and H15a), 1.51 (1H, m,
H-25), 1.£-1.41 (2H, m, H-1b and H1la), 1.37 (1H, m, H0), 1.33 (2H,
overlapping, H22a and H23a), 1.30 (1H, overlapping,-Hib), 1.28 (3H, s, M€l9),
1.271.24 (3H, overlapping, H4a H-16b, and H23b), 1.12 (1H, m, H2a), 1.20
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1.11 (3H, m, H17, H-24a, and F24b), 1.07 (1H, m, H5b), 1.00 (1H, m, H22b),
0.91 (3H, dJ = 6.5 Hz, Me21), 0.87 (3H, dJ = 6.6 Hz, Me26), 0.86 (3H, dJ =
6.6 Hz, Me27), 0.70 (3H, s, Md8).*C NMR (CDCE) : .8 (G3)767.3 (G3),
63.5 (G6), 56.4 (G17), 55.6 (C14), 46.1 C-9), 42.9 (G13), 41.6 (G4), 40.2 (G
12), 39.6 (G24), 39.4 (G10), 36.1 (G22), 35.8 (G20), 35.2 (G7), 32.6 (G1), 30.6
(C-2), 29.7 (G8),29.1 (G16), 27.9 (G25), 24.0 (C15), 23.8 (G23), 21.1 (Gl11),
22.7 (Me26), 22.5 (Me27), 18.5 (Me21), 18.2 fle-19), 12.0 (Mel8).

3b, 6b-diacetate5a-cholestanb5a-yl sodium sulfate (L7): to a stirred solution of

0.5 mg of purel5in 0.5 mL of dry pyridine was added 0.3 mL of /8¢ After the
mixture was stirred for 12 h at room temperature, evaporation under vacuum gave
0.7 mg ofl7 asa white solidHRESIMS (positive ion mode, GOH) nvVz 629.3089

(IM + NaJ*, calcd. for GiHs:SO:Na,* 629.3100) *H NMR (CsD¢): d 0.61 (3H, s,
Me-18), 0.94 (6H, dJ = 6.6 Hz, Me26and Me27), 0.98 (3H, dJ = 6.6 Hz, Me21),

1.14 (3H, s, Mel9), 1.52 (3Hs, COMe), 1.70 (3H, s, COMe), 5.43 (1H, br s64&),

5.72 (1H, m, H3a); **C NMR (GsD¢): d 11.9 (G18), 17.2 (G19), 18.5 (G21), 20.1
(COMe), 20.4 (COMe), 22.4 (26 and G27), 69.9 (C3), 75.1 (C6), 168.8 (CO),
169.4 (CO).

Phallusiasterol C (18): colorless amorphous sojitHRESIMS (negative ion mode
CHs0OH) nm/z 567.2064 [MNa'] ; calcd. forCogHioNa:S, 567.2062. ESIMS: 465
[Mi NaSQ] , 447 [Mi NaHSQ-Na'] , 272 (double charged species).

Transactivation Experiments. HepG2 cells were plated in a -klls plate, at
5x10'cells/well, and transfected with 75 ng of pSBER, 5 ng of pSGERXR, 125

ng of pCMV-b-galactosidase, and with 250 ng of the reporter vector
pCYP3A4promoteiTKLuc, using Fugene HD transfection reagent (Roche). At 24

hours postransfection, cells were primed with Rifaximit, 16and18( 1 0 ¢ M) or
with thecombinationof Ri ax i mi n ( 10 ¢ M) 15,dA6andd8 (c500mpsoMi)n.d s
After treat ment s, cell s were |I-phaspghdte i n 10
pH 7.8; 2mM DTT; 10% glycerol; 1% Triton-X00) and 20 pL cellular lysate was

assayed for Luciferase actiyiusing the Luciferase Assay System (Promega).
Luminescence was measured using an automated luminometer (Glomax 20/20,

Promega). Luciferase activities were normalized for transfection efficiencies by
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di viding the Luciferasegaleadcattosviedalsieghatc tuir
expressed from cells dor ansf ect ed wi t h pCMVbgal . A
performed in triplicate.

Cells culture, RNA extraction and ReaiTime PCR: HepG2 cells were maintained

at 37 °C in EMEM supplemented with 10% FBS, 1%-dlutamine and 1%
penicillin/streptomycin. To evaluate PXR target genes expression, serum starved
HepG2 cells were stimulated for 18 h with Rifaximinand compalfdl6and 18
(10eM). Tot al RNA was extracted using the
the genomic DNA by DNAase | treatment (Invitrogen) and random reverse
transcribed with Superscript Il (Invitrogen). 10 ng template was amplified using the

foll owing reagents: 0. 2 eM of each prim
Universal qPCR Kit (KAPA BIOSYSEMS). All reactions were performed in

triplicate and the thermal cycling conditions were: 3 min at 95 °C, followed by 40

cycles of 95 °C for 15 s, 58 °C for 20 s and 72 °C for 30 s. The relative mRNA
expression was calculated and expressed‘@® Pimers used for qRIPCR were:

hGAPDH: GAAGGTGAAGGTCGGAGT and
CATGGGTGGAATCATATTGGAA;

hCYP3A4: CAAGACCCCTTTGTGGAAAA and CGAGGCGACTTTCTTTCATC;
hMDR1: gtggggcaagtcagttcatt and tcttcacctccaggctcagt.

Statistical Analysis al values are expressed as means *dsteth error (SE) of n
observations/group. Comparisons of two groups were made withraayfNOVA
with post hoc Tukeyds test. Di fferences

values ofP < 0.05.

Computational Details: molecular docking of phallusiterol A in the three
dimensional Xray structures of the PXR LBD (PDB codes: 3hvl, 1nrl and 1m13)
without the cecrystallized inhibitor and waters were carried out using the AutoDock
software package (version 4.2). Ligands and receptor structures weertednio
AutoDock format files using the ADT software, and the Gestdignsili partial
charges were then assigned. A box around the binding pocket has defined the

docking area and grids points of 48x40x38 with 0.375 A spacing were calculated
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within the his area for all the ligand atom types using AutoGrid4. For each ligand,
100 separate docking calculations were performed. Each docking run consisted of 25
million energy evaluations using the Lamarckian genetic algorithm local search
(GALS) method. Otherige default docking parameters were applied. The docking
conformations were clustered on the basis of themm#n square deviation values
(rmsd tolerance = 1.5 A) between the cartesian coordinates of the ligand atoms and
were ranked based on the AutoDadoring function.
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4.4 Sydnium elegans

Collection, Extraction, and Isolation: Specimens of5. elegansvere collected at
Capo Caccia (Alghero, Italy). They were frozen immediately after collection and
kept frozen until extraction. The fresh thawed ansn@9.7 g of dry weight after
extraction) were homogenised and at room temperature with methah@0(B mL)

and then with chloroform (3 300 mL). The combined extracts were concentrated in
vacuo and the resulting aqueous residue was extracted with E#DW¢
subsequently, witm-BuOH. Then-butanotsoluble material was chromatographed
by MLPC over a €18 column followed using a gradient elution
(H20A MeOHA CHCIlg). The fractioneluted with MeOH:HO 7:3 (v/v) wasfurther
purified by RRHPLC (Synergi RFMAX 4 mm column, MeOH/HO 8:2 and 0,1% of
trifluoroacetic acid) and yieldgghosphoeleganifiL9) (80.0 mg) in a pure state.

Phosphoeleganin (19): HRESFIMS (negative ion mode):m/z =668.3832,
CaHsaNO11P requires668.4049 *H and **C NMR data (CBOD and DMSQ: see
Table3.6.

Preparation of acetonide A solution of phosphoeleganin (3.5 mg) in 2,2
dimethoxypropane (1.5 mL) was treated with Dowex 508H"* form, 20 mg), and
the mixture was stirred at room temperature for 3 h. The resin was removed by

filtration ard the solvent from the filtrate was dried obtaining comp@&#h@t.5 mg).

Periodate degradation phosphoeleganin (6.3 mg) was dissolved in 2 mL of 0.012
M NalO, and stirred at room temperature for 3 h. Then the solution was cooled to 0
°C, excess amount ®faBH,; was added and kept for 1 hr. The reaction solution was
partitioned between water and butanol. The butanol exctract was purificated by
reverse phase HPLC (Luna C1813MeOH/H,O 8:2 with 0.1%TFA vyielded

compound®2 and23in the pure state.
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4.5 Axinella Polypoides

Collection, Extraction and Isolation: specimens oA. polypoideswere collected in

the Bay of Calvi (Corsica, France), frozen immediately and kept frozen until
extraction. A reference specimen was deposited at the Dipartimento di Chetieea
SostanzNat ur al i, University of Naples fAFeder
g dry weight after extraction) were homogenized and extracted twice with MeOH
and, then, twice with CHEIl (4 x 500 mL). Extracts were combined and
concentrated; theesulting aqueous residue was then partitioned betweg®raHdn-

BuOH. Separation of the organic phase (13.0 g) was achieved by repbessd

silica gel (RP18) MPLC, using a gradient elution,@H¥ Me OH Y CH deén
fractions (A L) were obtained, each of themwas subjected to a rapitH-
NMR/ESIMS-basedanalysis. Fraction B, eluted with,&/MeOH 9:1 v/v, (3.4 Q)

was rechromatographed under medium pressure on a RP18 column eluting with a
linear gradient of MeOH (from 2% to 100%) in®i thus affording twelve &ctions

(21 12). Fraction 8 (219 mg), eluted with,®/MeOH 92:8 v/v, was separated by
HPLC on a Synergy PolRP 4 em column (250 x 4.60 mm) eluting with
H,O/MeOH (98:2, v/v) and 0.1% TFA, to give compour3@22.3 mg) an81 (4.0

mg). Fraction 10 (58 mg, eluted with HO/MeOH (85:15, v/v) was separated by
HPLC in the same conditions as above, to ¢#2(7.8 mg) and33 (4.8 mg).
Fractions C and D, both eluted with®MeOH 7:3 v/v, were combined (524.5 mg)
separated by HPLC on a Synergy Pétt 4em column (250 x 4.60 mm) eluting

with  H,O/MeOH (98:2, wvl/v), to give axityrosinium 24, 52.0 mg),
axiphenylalaninium 25, 19.2 mg), polyaxibetaine2§, 6.0 mg) and compoun®9

(9.1 mq).The hydrophilic extract (42.7 g) was subjected to Droplet Counter Current
Chromatography (DCCC), using a mixture of Bu@detoneH,O (3:1:5) as the
solvent, in the ascending mode. The flow rate of the mobile phase was adjusted to 25
mL/h; a total of 150 fractions of 8 Imeach were collected and, as for the organic
extract, analyzetly "H-NMR/ESIMS for the rapid detection of PIABractions 4D

50 were combined, the solvent was evaporated, and the residue (300 mg) was
chromatographed by HPLC on a Synergy R&& 4em column (250 x 4.60 mm)
eluting with HO/MeOH (98:2, v/v) and 0.1%HA, thus affording pure8 (16.4

mg).
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Compound 28: [Up +7.59 MeOH, ¢ = 0.005; HRESMS (positive ion mode): m/z
= 210.1130[M+H] ", 232.0950 [M+ Na]; *H and **C NMR data (CROD) are
reported inTable3.8.

Compound 3L [Up +1.70 MeOH, ¢ = 0.003); HRESMS (positive ion mode): m/z
= 283.0673 [M+H], 265.0567 M1 ,6H+H]";: *H and**C NMR data(ds-DMSO) are
reported inTable3.9.

Computational Details: A preliminary conformational search for one of the two
enantiomers of28 was performed by Simulated Annewdi in the INSIGHT Il
package. The MeOH solution phases were mimicked through the value of the
corresponding dielectric constant. Using the steepest descent followed by quasi
NewtonRaphsonmethod (VAO09A) the conformational energy was minimized.
Restrained ismulations were carried out for 500 ps using the CVFF force field as
implemented in Discover software (Accelrys, San Diego, USA). The simulation
started at 1000 K, and then the temperature was decreased stepwise to 300 K. The
final step was again the engrgninimization, performed in order to refine the
structures obtained, using the steepest descent and theNegwdsnRaphson
(VAQ9A) algorithms successively. Both dynamic and mechanic calculations were
carried out by using 1 (kcal/mol)/A2 flat well distan restraints. One hundred
structures were generated. To simulate the solvent chosen for NMR analysis, a
distancedependent dielectric constant set to the value of M&B2#3) was used
during the calculations. All optimizations were performed with theansge package
Gaussian 03, by using the DFT functional RB3LYP and the basisZEE@l). The
B3LYP/6-31G(d) harmonic vibrational frequencies were further calculated to
confirm their stability Rotatory strength values for the electronic transitions fiwen t
ground state to the singly excited states for all conforme&2&were obtained by
TDDFT calculations RB3LYPA31G(d,p) with Gaussian 03. The rotatory strength
values were summed after a Blvdluezwesenn st a
calculated g forming sums of Gaussian functions centered at the wavelengths of the
respective electronic transitions and multiplied by the corresponding rotatory
strengths. The ECD spectra that was obtained wasdJkécted and compared with

the experimental one.
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4.6 Synthesis of quinone derivatives

General experimental procedures*H and**C NMR spectra were recorded with a
Varian Gemini 200 MHz or a Varian Mercury 300 MHz or a Bruker Avance 400
MHz.

Reagents Sigma Aldrich. Solvents: Carlo Erba. TLC: Silica Gel 6254 (plates 5

x 20, 0.25 mm) Merck. Preparative TLC: Silica Gel 60 F254 plates (20 x 20, 2 mm).

Spots revealed by UV lamp then by spraying with 2 N sulfuric acid and heating at
120 AC. 60Aci dicd silica gel was fNepared
HCI for 24 h, washing with water until the chlorine test was negative, activating for

48 h at 120 °C, then equilibrating with 10% of water. Anhydrous solvents: Bigma

Aldrich or prepared by distillation according to standard procedures.

Syntesis of compund 47 To 25 mL of dichloromethane/water 1:1, 3 g (19.6 mmol)

of 46 and 5 g (47 mmol) of N&O;, were added under stirring 2.5 mL of
pivaloylchloride (0.02 mmol) were then added dropwise and the mixture was stirred
for 3 hours at room temperature (thel erf the reaction was checked by TLC, eluent:
hexane/ethyl acetate 7:3). The dark liquid was then poured into cold water and
extracted three times with dichloromethane. The combined organic layers were
washed with brine, dried with sodium sulfate and rdte solvent removal under
reduced pressure afforded ga¥/&(4.38 g, 95%) sufficiently pure for the following
reaction®H NMR 200 MHz (CDC}): i 1 . 3 1-C(CH)b);,3.75(3H, s;OCH);

3.84 (3H, s;OCHg); 6.55 (1H, Dd, J= 8.8 Hz, =2.8 Hz, H4); 6.78 (1H, d, J =

8.8 Hz, H3); 8.17 (1H, d, J = 2.8 Hz,-H).

Synthesis of compound 484.00 g (16.88 mmol) o047 were dissolved in 60 mL of

anhydrous THF and 32.0 mL of aBuLi 1.6 M solution (50.64 mmol) were added,

under argon atmosphere at 0 @ mixture was stirred for 2 h. Then, 5.12 mL of

DMF (65.84 mmol) were added dropwise and the mixture was left under stirring for

16 h (the end of the reaction was checked by TLC, eluent: hexane/ethyl acetate 9:1).

The mixture was poured into cold watdi5Q0 mL) and extracted three times with

ethyl acetate. The combined organic layers were washed with brine, dried over

sodium sulfate, and filtered. The solvent removal under reduced pressure gave crude

product48 (4.1 g), which were purified by chromatognay on O6aci di c0 s
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(SiOJ/crude 3 50:1; eluent: hexane/ethyl acetate 9:1) to give48.(8.064 g, 11.56
mmol, 68.5%)."H NMR 300 MHZ (CDC}): i 1.32 (9H, s;C(CHa)a); 3.83 (3H, s;
OCHg); 3.85 (3H, s;0CHg); 6.74 (1H, dJ = 9.3 Hz, H5); 7.12 (H, d,J = 9.3 Hz,
H-4); 9.20 (1H, bs, NH); 10.38 (1 H,<«CHO).

Synthesis of compounds 49a: To a suspension of 73 mg of Mg powder (3 mmol)

in 2 mL of anhydrous diethyl ether, 2.28 mmol of iodoalkane (0.14 ml of
iodomethane or 0.44 ml of iodobutane2dd5 ml of iododecane respectively) in 5 ml

of anhydrous diethyl ether were added slowly under stirring at room temperature.
After completion, the reaction mixture was refluxed for 1 h and then a solution of
compound48 (150 mg, 0.57 mmol) in anhydrousethyl ether (10 mL) was added
dropwise. The reaction was refluxed for 4 hours (the end of the reaction was checked
by TLC, eluent: chloroform/ethyl acetate 9:1) and quenched with 6 ml of saturated
NH4CI. The mixture was poured into water (20 mL) and ex&cdchree times with

ethyl acetate. The combined organic layers were washed with brine, dried over
sodium sulfate, and filtered; solvent removal under reduced pressure gave products
49a(158.6 mg, 99%)49b (182.5 mg, 99%) as a colorless crystals suffityepure

for the following reaction and crude produi&c (400 mg), which were purified by
chromatography on silica gel (Siorude 3 50:1; eluent: hexane/ethyl acetate 6:4) to
give pure49c(174.3 mg, 75%).

'H NMR 300 MHZ (CDC4) 49a Ui 1.32 (9H, s;C(CHs)3); 1.58 (3H, dJ = 6.6 Hz,
-CHOHCH5); 3.65 (1H, dJ = 8.7 Hz,-OH); 3.75 (3H, s;OCHs); 3.83 (3H, s
OCHs): 4.96 (1H, m;CHOHCHy); 6.75 (2H, s*, H4 and H5); 7.32 (1H, bs, NH).

'H NMR 300 MHZ (CDC}) 49b: &1 0.85 (3H, t,J = 6.8 Hz,-(CHy)sCHa); 1.15-
1.44 (13H,-CH(CH,),CHs and-C(CHs)s); 1.74- 1.97 (2H, m,-CHOHCH,-); 3.55
(1H, bs,-OH); 3.74 (3H, s;OCHs); 3.78 (3H, s;OCH); 4.80 (1H, m,-CHOH-);
6.73 (2H, s*, H4 and H5); 7.42 (1H, bs, NH).

'H NMR 300 MHZ (CDC}) 49¢ 110.87 (3H, tJ = 6.5 Hz,-(CH,)sCHs); 1.141 1.30
(16H, -CHy(CH2)sCHas. 1.32 (9H, s,-C(CHg)3); 1.77- 1.99 (2H, m,-CHOHCH,-);
3.30 (1H, bs;OH); 3.75 (3H, s;0CHg); 3.81 (3H, s;0CHg); 4.79 (1H, m-CHOH-
); 6.75 (2H, s*, H4 and H5); 7.34 (1H, bs, NH).
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Synthesisof compounds50 a-c: to a suspension of 38 mg of 10%-&dcharcoal in

EtOH (5 mL) and HCI conc. (0.2 mL) under atmosphere o{lidlloon) at rt, 0.31

mmol 0f49 (87 mg of49a 100 mg o#9b, 126 mg o#49¢) were added. After stirring

under the same conditis for 2.5 hours (the end of the reaction was checked by
TLC, eluent: hexane/ethyl acetate 7:3), the hydrogen atmosphere was replaced by a
argon atmosphere and then the mixture was filtered through a fluted filter paper
washing the catalyst several timegh EtOH (total volume 100 mL). The filtrate

was concentrated under reduced pressure and 20 mL of saturated Nedh@iOn

were added to the residue and extracted three times with ethyl ether. The ethereal
solution was washed with brine, dried over sadisulfate, and filtered. The solvent
removal under reduced pressure affor8@d (80 mg, 97%)50b (91.5 mg, 96%) and
50c(112 mg, 92%) sufficiently pure for the following reaction.

'H NMR 300 MHZ (CDC}) 50z 11.08 (3H, tJ = 7,5 Hz,-CH,CHa); 1.34 (9H s, -
C(CHy)s): 2.58 (2H, gJ = 7.5 Hz,-CH,CHs): 3.74 (3H, s-OCHs); 3.78 (3H, s/
OCHy); 6.67 (1H, dJ = 9.0 Hz, H5); 6.73 (1H, dJ = 9.0 Hz, H4); 6.87 (1H, bs,
NH).

'H NMR 200 MHz (CDC$) 50b; 110.87 (3H, tJ = 7.5 Hz,-(CH,)4CH3); 1.18- 1.49
(15H, s,-CHx(CH,)sCHs and-C(CHy)3); 2.54 (2H, m-CH2(CH,)sCHa): 3.74 (3H, s,
-OCHs); 3.76 (3H, s;OCHs); 6.68 (1H, dJ = 9.0 Hz, H5); 6.74 (1H, dJ = 9.0
Hz, H-4); 6.87 (1H, bs, NH).

'H NMR 300 MHZ (CDC#) 50c 1 0.88 (3H, t,J = 7.5 Hz,-(CH5)1CHs); 1.25-
1.45 (27H, s;CHo(CH2)sCHs and -C(CHs)s); 2.54 (2H, m,-CHx(CH,)sCHz); 3.74
(3H, s,-OCHg); 3.77 (3H, s;OCHs); 6.68 (1H, d,J = 8.7 Hz, H5); 6.73 (1H, d,) =
8.7 Hz, H4); 6.86 (1H, bs, NH).

Synthesis of compound$1 a-c: 0.91 mmolof 50 (240 mg of50a 280 mg of50b,

356 mg of50¢) dissolved in 50 mL of acetonitrile were added dropwise to a solution
of CAN (1.5 g, 2.72 mmol) in water (16 mL) at rt. The mixture was stirred for 5
minutes at room temperature (the end of the reactiaolacked by TLC, eluent:
chloroform/ethyl acetate 7:3). The orange liquid was then poured into 100 mL of
cold water and extracted three times with ethyl acetate. The combined organic layers

were washed with brine, dried over sodium sulfate, and filt8red.solvent removal
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under reduced pressure affordgth (210 mg, 99%)51b (250 mg, 99%) andlc
(326 mg, 99%) sufficiently pure for the following reaction.

'H NMR 300 MHZ (CDC}) 51a 1i1.07 (3H, tJ = 7.5 Hz,-CH,CHa); 1.32 (9H, s;
C(CHs)s); 2.47 (2H q,J = 7.5 Hz,-CH,CH3); 6.73 (1H, dJ = 9.9 Hz, H5); 6.77
(1H, d,J = 9.9 Hz, H4): 7.66 (1H, bs, NH).

'H NMR 400 MHz (CDC4) 51b: 110.86 (3H, t,J = 7.0 Hz,-(CH,)4CHs); 1.25- 1.45
(15H, m,-CHy(CH.)sCHs and-C(CHs)s); 2.48 (2H, m,-CH(CH,)sCHs); 6.73 (1H,
d,J = 9.9 Hz, H5); 6.76 (1H, dJ = 9.9 Hz, H4); 7.62 (1H, bs, NH).

1H NMR 300 MHZ (CDC}) 51c i 0.86 (3H, t,J = 6.6 Hz,-(CH,)1cCHz); 1.15-
1.42 (27H, m,-CHz(Cﬂz)gCHg and -C(CH3)3), 2.47 (2H, m,-Cﬂg(CHg)gCHg); 6.72
(1H, d,J = 9.9Hz, H5); 6.76 (1H, dJ = 9.9 Hz, H4); 7.62 (1H, bs, NH).

Synthesis of compound$2 ac and 53ac: 0.53 mmol of quinon&1 (125 mg of

51a 147 mg of51b, 192 mg of51¢9 were dissolved in 7 mL of a mixture of
EtOH/CHCN 1:1 and heated in a water bathden stirring; then, a solution of
hypotaurine (173 mg, 1.59 mmol) in 8 mL of water was added in portions. The
mixture was stirred for 5 minutes at room temperature (the end of the reaction was
checked by TLC, eluent: ethyl acetate/hexane 10:3). The yedtution became
orange/red. Most of the ethanol was removed in vacuo and the residue was poured
into water. The mixture was extracted with ethyl acetate (three times) and the organic
phase was washed with brine, dried over sodium sulfate, and filteredsolant
removal under reduced pressure afforded a crude mixture of the isoPnamsl 53

(157 mg of52a/53a 159 mg of52b/53h 270 mg of52¢/539 which were separated

by chromatography on o6acidicbé silica gel
(SiOy/crude 50:1; eluent: ethyl acetate/hexane 5:1) to give pza€14.5 mg, 8%),

52b (3.9 mg, 2%)52c¢(8.9 mg, 3.6 %)53a(28 mg, 15.5 %)53b (8.1 mg, 4%) and
53c(27 mg, 11%).

IH NMR 300 MHZ (GDgO) 52a Ui 1.01 (3H, tJ = 7.4 Hz,-CH,CHs): 1.30 (9H, s;
C(CHs)s); 2.39 (2H, g, = 7.4 Hz,-CH,CHs): 3.31 (2H, m:CH, NH-); 4.07 (2H, m,
-CH, SO»-); 8.40 (1H, bs;NHCO").
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3 NMR 300 MHZ (GDgO) 52a i181.53 (C86); 176.78 (CB5
146.82 (C4ad6); 139.21 (C706)(;C2163)3;. 8460 .(9C58 a(d
40.92 (C2); 27.55 (3C3):; 21.20 (C166); 11

'H NMR 300 MHZ (CRXOD) 53a Ui 1.04 (3H, tJ = 7.5 Hz,-CH,CHs); 1.28 (9H, s,
-C(CHy)3); 2.46 (2H, g,J = 7.5 Hz,-CH,CHg); 3.35 (2H, m,-CH, NH-); 3.95 (2H,
m, -CH, SO-).

3 NMR 300 MHZ (CD:OD)53a 1181. 23 (C806); 178.29 (CE
150. 40 (C4ad):; 146.70 (C60); 136 (C8ad):;
40.88 (C2); 28.05 (3C3); 21.30 (C166); 13

IH NMR 400 MHz (CROD) 53b: i 0.89 (3H, m-(CH,).CHz): 1237 1.48 (15H,
m, -CHz(Cﬂ2)3CH3 and -C(CH3)3), 2.45 (2H, m,-Cﬂz(CH2)3CH3); 3.36 (2H, m,-
CH, NH-): 3.96 (2H, m;CH, SOy-).

%C NMR 400 MHz (CQOD) 53b: i181. 12 (C86); 178.47 (CE
149. 44 (Cd4ad6); 146.71 (C69)731Q@C201U; (£B8aD
40.28 (C2); 33.21 (C166); 29.30 (C20606 or
C366 or C4060); 23.42 (C20606 or C€C300 or C40
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CHAPTER 5

SUPPORTING DATA

5.1.General methods

This paragraph describes the chromatographic and spectroscopic methods
employed for the execution of the research. This techaibage been applied for
all the projects.

Low and high resolution ESWS spectra were performed on a LTQ Orbitrap XL
(Thermo Scientific) mass spectrometer. Optical rotations (gHre measured at
589 nm on a Jasco-Z00 polarimeter using a 10 cm micedl. UV spectra were
measured on a Thermo Scientific (mod. Nanodrop 2000c) instrument. CD spectra
were registered on a Jasc@1D spectropolarimeter (Jasco, Tokyo, Japan) with J
710 for Windows software (JascOM (700 and 500 MHz) antfC (175 and 125
MHz) NMR spectra were measured on Varian Unity Inova spectrometers.
Chemical shifts were referenced to the residual solvent sighkBlsN: Uy 8.71,
7.55, 7.19,0c 149.9, 135.5, 123.5; CD€lly 7.26, Uc 77.0; GDe: Uy 7.15, Uc
128.0 CD;OD: Uiy 3.31, lic 490; d6-DMSO: iy 2.50, tic 39.0. *H connectivities
were determined by homonuclear COSY experiment. Threpgle 'H
connectivities were evidenced using a ROESY experiment with a mixing time of
500 ms. Ondond heteronucleatH-"*C connectivitieswas determiad by the
HSQC experiment; twoand threebond *H-*C connectivities by gradient 2D
HMBC experiments optimized for &% of 8 Hz. Medium pressure liquid
chromatography was performed on a Buchi apparatus using a silica getQ@30
mesh) column. HPLC werachieved on a Knauer and Shimazu apparatuses
equipped with a refractive index detector and Synergy fRfadn(250 x 4.6
mm), LUNA 5m(Phenomenex) Sikor C18 (250 x4 mm)Y, una 3-1&(m50R P
x 4.60 mm)and Synergi RMAX 4 mm columns.
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5.2.Mass spetra
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HRESI MS spectrum of compouri®
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HRESI MS spectrum of phallusiasterol Bo|
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HRESI MS spectrum of phosphoelegariif)(
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5.3.NMR spectra

'H NMR spectrum (700 MHz) of conithiaquinone &) {(n CD;OD

COSY 2D NMR spectrum (700 MHz) of conithiaguinonel)if CDsOD
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HSQC 2D NMR spectrum (700 MHz) of conitijisnone A () in CDsOD
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N

ROESY 2D NMR spectrum (700 MHz) of conithiaquinonelAift CDsOD
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13C NMR spectrum (125 MHz) of conithiaquinone A)in CDs;OD.
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HSQC 2D NMR spectrum (700 MHz) of conithiaquinone2Bif CD;OD
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HMBC 2D NMR spectrum (700 MHz) of conithiaquinone® in CD;OD
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ROESY 2D NMR spectrum (700 MHz) of conithiaquinone2Bii CDsOD
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COSY 2D NMR spectrum (500 MHz) of coumpout@in CD;OD

HSQC 2D NMR spectrum (500 MHz) of coumpoutflin CDsOD
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HMBC 2D NMR spectrum (500 MHz) of coumpouf@lin CDsOD
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COSY 2D NMR spectrum (® MHz) of coumpoundl1in CDsOD
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HMBC 2D NMR spectrum (500 MHz) of coumpoufd in CDsOD
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COSY 2D NMR spectrum (500 MHz) of coumpalt? in CD;OD
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HMBC 2D NMR spectrum (500 MHz) of coumpouféin CD;0D
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13C NMR spectrum (125 MHz) of phallusiasterol 26§in CsDsN
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HSQC 2D NMR spectrum (700 MHz) of phallusiasteroll&)in CsDsN
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ROESY 2D NMR spectrum (700 MHz) of phalasterol A 15)in CsDsN

'H NMR spectrum (700 MHz) of phallusiasterol B6fin CsDsN
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COSY 2D NMR spectrum (700 MHz) of phallusiasterollB)in CsDsN
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HMBC 2D NMR spectrum (700 Mz) of phallusiasterol B16) in CsDsN
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ROESY 2D NMR spectrum (700 MHz) of phallusiasterollB)(in CsDsN
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13C NMR spectrum (125 MHz) of phallusiasterol 26(in CDCl
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HSQC 2D NMR spectrum (700 MHz) of phallusiasteroll&s)in CDCl
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ROESY 2D NMR spectrum (700 MHz) of phallusiasteroll&Xin CDCl;
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'H NMR spectrum (700 MHz) of phallusiasterol B5fin CDCl
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'H NMR spectrum (700 MHz) of compourd in CDs
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13C NMR spectrum (700 MHz) of phallusiasterol 8)in CD;OD
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HSQC 2D NMR spectrum (700 MHz) of phallusiasteroli8)in CD;OD
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ROESY 2D NMR spectrum (700 MHz) of phallusiasteroll8)in CDsOD

'H NMR spectrum (700 MHgzof phosphoeleganiri9)in CD;OD
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