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Abstract

This thesis describes the isolation and identification of marine natural products from five zoantharian
species collectedff the Marine Protected Area El Pelado located in Santa Elena, Eckadador is

one of the countries witthe greatesterrestrialand marinadiversity in the worldand relatively few

studies havbeernperformedn themarine ecosysteifh e Gal apagos | sl and has
spot o of bi odi v sestsdies have hemmhdertakesntthe érthipelagan 2015, a
Nati onal P r o Characterizaton tof the diddiverdity of microorganisms and

invertebrates from the Marine Protected Area El Peladoat the taxonomic, metabolomic and
metagenomic level, and their applications for animal and human health was f unded
Secretary oHigher Education,Science andrechnology (SENESCYT) with the aim of describing the
existingmarine biological and chewal diversity. Therefore, the fitsinspection of the biodiversity in
theMarinePr ot ect ed Ar ea f EI| foeused andmarine ifvetelvbie®. Brhongatlze s
invertebrates observed this areazoanthariansvereone of the most representativegansmswith
eight specieselongirg to four families Zoanthuscf. sociatus and Zoanthuscf. pulchellusfrom the
family ZoanthidaeTerrazoanthus patagortias, Terrazoanthusf. patagonichusandTerrazoantusp.

from the family HydrozoanthidaeParazoanthus darwinand Antipathozoanthus hickmaifiom the
family ParazoanthidaandPalythoacf. mutukibelonging tothe family SphenopidaeTwo species of

the Parazoanthidae family. darwiniandA. hickmaniseems to be endemic of this ecoregion escth
are no repos of the presence of these zoanihnsin other marine ecosystemimterestingly,no
chemical studies have been reported fromddiigese speciemhabiting the Ecuadorian coast including
the Galapagos Island$herefore thisthesiswas aimedto study for thdirst time thechemical diversity

of: Terrazoanthus patagonichug¢formerly known asT. ono), Antipathozoanthus hickmani

Parazoanthus darwiniZoanthuscf. pulchellusand Terrazoanthugf. patagonichus

A new family of 2aminoimidazole alkaloids named terrazoanthide€ were identified from
Terrazoanthus patagonichu$errazoanthines Aand B are characterized by the presence of the 2
aminoimidazole ring fused to a cyclohexaielditionally, two zoanthoxathin derivatives named
zoamides Eand F were isolated from the sister speciesrazoanthusf. patagonichusThen, bur
ecdysteroids derivatives named ecdysonelactones otainedfrom Antipathozoanthus hickmani
These compound§ e a t u-ladonearig fused to ring A of the ecdysteroid skeleton. Further
investigatiors on this orgarsm led to the identification of four halogenated tyrosine derivatives named
valdiviamidesA-D andcharacterized by the presence of iodine and breratoms in the phenolng.

The bioactivity study revealed valdiviamide B to have moderate activity against the liver cancer cell
line (HepG2) with an I value of 7.8 uM.Additionally, two halogenated tyramine derivatives

containingiodine and bromine atomwere dentified from Parazoanthus darwiniThe chemical

by



investigation ofZoanthuscf. pulchellusallowed the identification of twonembers of the bioactive
family of zoanthamine alkaloidS hese compounds revealedi-inflammatory activityin microglia
BV-2 cellsused in neuroinflammatory studiegth high inhibitory effects in reactive oxygen species
(ROS) and nitric oxide (NO) generation.

Overall, hechemical studies of these zoanthariastotheidentification of24 secondary metabolites,
from which 17 are new natural productthe presented reks canfirm this overlooked group of
invertebratess a rich sourcef diverse natural products with unique skeletand diverse biological

activities.
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Chapter 1 Introduction

1 Introduction

1.1 The marine environment asa rich source ofbio and chemo
diversity

The ocearrepresentsiaout7 0 % of t h e eandisibhhbied bymare thaa 2.2 million of
marine speciefrom which only 9% have been reportdsicomingthe ecosystenwith the largest
biodiversity in the worldand @&cording to the World Register darine Species (WORMS), there are
233,260accepted marine specifs 2]. Furthermore,he firstinternationalcensusaimed to determine

the diversity, abutiance and distribution of marine life from intertidal teglseazones wagarried

out between 2000 and 20[%). The resultof the censusevealed that at leaS0 to 90 %of marine
species are still unknowo scienceln Addition, themarinemicrobial diversity could reachundreds

of millions of speciesandaccording to th@cean exploration genonpeojectin 2003, more than 1.2
million of new genes and the double of protein sequemcesr e added i n k[3.e NI HO
Moreover,the marine environmeiso contributeso awide range otnique chemical diversity with
complex scaffold44]. Marine organismsespeciallythoseliving in benthicareas havedeveloped
mechanism to tolerate the extreme sea conditions such as strong cuardtsediments, nutrient
availability, light, temperature, pressure gmédatorgo ensure their survivahroughtheir capacity to
biosynthesize different secondary metabolifgs8]. These secondary metabolitatso known as
fiMar i ne Nat u(MaPs)pRy diverse ecolagidal roles such as mechanism of chemical
defense interspeciesignalingto find mates or to surpass competitors for substrate or food, fouling
preventionandarealsoinvolvedon the benthic and pelagic community structure of an ecosystem

6]. Thefirst studies on MNPs was focused on organisms that could be ealddlgtedfrom shallow
waters (less than 50 m) whigielded several compounds with unique structural features. Latar, w
the advancements of collection methods like -Belhtained Underwater Breathing Apparatus
(SCUBA) in 1970s to the use of Remotely Operated Vehicles (ROVs) in 1990s, allowed the
accessiliity to a great diversity of samples such as sponges, algae, ascidians, octocorals, tunicates,
other invertebrates and cyanobactdr@n 0 to 10,898 m dgth [9]. These advances in sampling
collection has allowed the discoveryr@fw speies associatedith uniquechemicakcaffolds, different

from those found on terrestrial organisf@s 10]. The originality of these natural products increased
the interest of researchersuaveil the chemical treasures hidden in the. Sdeerefore,Leal et al,
suggestan adequate and organize sampling collection system which consist in the folleyviog:
explore remotayeogaphicalecosystems ank) to investigate organisms that have been overlooked
[11]. The mentioned system will enhance the opputies of uncovering new species of organisms

with unprecedented chemical archetypédthough most of the marine natural products are

1



Chapter 1 Introduction

continuously being reported from known sources and previously studied ecoregmesfforts
should be made to exparitie biological and chemical exploration to other untapped ecosystems which
can be located through the Global Positioning System (GPS).

1.2 Marine Natural Products (MNPs) assource ofdrugs

The marine environmei the source of bioactive substances thaelieeen used in folk medicine for
centuries. Some of the first reports are from 1600 BC by the Chinese and Japanese culture who used
seaweed rich in iodine to treat thyroid probldit2]. In Ireland for example, the red al@hondrus
crispusandMastocarpus stellatugrere used to treat cold, sore throatberculosis and if boiled with

milk or water was used for kidney problems dmarns. In addition, another red al§orphyra
umbilicalisprepared as a juice was used to treat cancer, particularly breast cangenssnalso used

in the Aran Islands to relieve indigestifi8]. The beginning of the marine natural produstaas a

source of new drugs started with the isolatas two nucleosidespongothymidiner AraT (1) and
spongouridineor AraU (2) from the CaribbeanspongeTectitethya crypta(formerly known as
Cryptotethya cryptg[14]. Chemicalmodificationof the sugar moietided to the discovery afynthetic
analoguesarabinosyl cytosine (Ar& or Cytarabing (3) and AraA or Vidarabine 4) (Figure 1).
Cytarabine3 (CytosarU®) wasfirst approvedby the FDAIn 1969 andused in the treatment atute
nonlymphdlastic, chronic myelocytic and meningeldukemiaand nonAHod gk i ndés . Itl y mp hon
suppresses theynthesis ofleoxyibonucleic acid DPNA) by spedically acting in the synthesis phase

(S phase) of the cell cyc[@5]. Vidarabine4 (Vira-A®) approved inl1976 wasused for its antiviral

activity againsherpessimplexand herpes zosté8ubsguentphosphorylatiorof 4 produ@dthe active

form triphosphatearaATP whichinhibits theviral DNA polymerase pragenting DNA synthesi[10,

16]. Recent studies suggest a bacterial origin ofwhenucleoside$17].
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Figure 1 Structures of spongothymidin&)(and spongouridine2f from the spongd ectitethya
crypta, and their synthetic analogues cytarabiBleafnd vidarabine4).

A toxic peptidex -conotoxin MVIIA (5) (Figure2) was first isolated from thacific fishkhunting snail
Conus Magnu$l6]. Its synthetic and structurally similar analogue ziconotfi#alt®), was approved
by the FDA in 2004 to treat severe and chronic pain in patients who reached inwoleratiter pain
medicationslt is compised of25 amino acid residuesth three disulphide bondmd itacs as ahigh
specificN-type voltagesensitive calcium channklocker, becominghe firstmarine peptidef its class
to be marketefl 7].

S| S
S

—W0

H-Cys-Lys-Gly-Lys-Gly-Ala-Lys-Cys-Ser-Arg-Leu-Met-Tyr-Asp-Cys-Cys-Thr-Gly-Ser-Cys-Arg-Ser-Gly-Lys-Cys-NH 5

S S

w-conotoxin MVIIA (5)

Conus magnus

Figure2P e pt i de s e g-ecoeotoxineMVDBA (5) isdflated from the marine sn&@lonus
magnus

Lovaz#, is a mixture of ethyl esterg-3 polyunsaturated fatty acids, primary composed by
eicosapentaenoic acid (EP{§) and docosahexaenoic acid (DHA)) isolated from different fish
(Figure3) [10]. It wasapproved by th&DA in 2004 for the treatment of hypertriglyceridemia. It helps
to reduce serum tryglicerides and VL{2holesterol levels and the riskcoronary aterosclerosis and
cardiovascular diseasékhere is no conclusive information of its mechanism of action, but it seems to
inhibit acy-CoA:1,2diacylglycerol acyltransferasghich increasemitochondrial and peroxisoméi
oxidation in the Wer reducinglipogenesis andncreasng the plasma lipoprotein lipase activity

3



Chapter 1 Introduction

Additionally, a combination of -3 polyunsaturated acids under the name Ep&haeae approveby
the FDA in 2013 for the same indications as LoVage/].

= = = OH

eicossapentaneoic acid (6) : docosahexaenoic acid (7)

Figure 3St r u c t u r-8 polyumdaturatédecids eicopentaenoic agjc(d

docosahexaaric acid ) isolated from fish.
Ecteinascidin 7488) knownasYondeli®, is a potent anticanceompound isolated from ti@aritbean
tunicateEcteinascidiaurbinata [16]. The structuref 8 was elucidated 30 years after its isolatzn
the semisynthesis of this product was achieved through fermentatidhe bacteridPseudomona
fluorescengo obtain its precursayanosafracin §8a) (Figured) [17]. It is used in the treatment of
advance oboft tissue sarcomamdin combinatorial treatment withegylated liposomal doxorubicil
(Doxil®) againstovarian cancerlt binds to theminor groove of theDNA affecting different
transcription factorand thereforepreventingecell division. It was first approved in Europe in 2007 and
by the FDA in 2015as a secoraty line therapyfor the treatment of metastatljpposarcoma
Additionally, an ecteinascidin derivativEéepsyré (lurbinectedin) 9) has been granted liye FDA as
Orphan Drugn 2018for the treatment of small cell lung cancer (SCLC). Both anticancer compounds
8 and9 have been developed by Pharmali&].

(0]

.l“\
HO

/ N

lurbinectedin (9)

cyanosafracin B (8a)

Figure 4 Structure ofecteinascidin 7438] isolatedfrom the tunicatd=cteinascidiaurbinata, its
precursorcyanosafracin Bda) andthe ecteinascidin derivative lurbinectedid)(
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The potent cytotoxic compour@lichondrinB (10) (Figureb), wasisolatedin 1986from themarine
spongeHalichondria okada&nd itinspired the synthesis of the simplifiadalogue eribulimesylate
(12) (Halaver?) [16, 19] It inhibits microtubulepolymerization causingdisrupton in themicrotutule
instability. It wasapprovedoy theFDA in 2010for the treatmenof breast cancer

H

halichondrin B (10)

Halichondria okadai

eribulin mesilate (11)

Figure 5 Structures of halisondrin B (LO) isolated from the marine sponglichondria okadai
and the synthetic analogue eribulin mesildts .

Dolastatin 10(12), a potent cytotoxic compmd was first isolated from the sea habmlabella
auricularia. Its synthetic analogumonomethyl auristatin BMMAE) was conjugated with an antibody
(chimeric humarmurine IgG1)to obtainthe anibody-drug conjgated brentuximabvedotin (3)
(Figure®6) [16]. The specific binding of the antibodytiamorcells expressing themornecrosis factor

receptorCD30, allows the drug to get into the cell, releasMYIAE causing microtubule disruption
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and apoptosidt wasapprovedas Adcetri§ by the FDA in 201&ndlater in 2015 in Europdt is used
in the treatmenagainst Hodgkin lymphom§L7].

dolastatin 10 (12)

Dolabella auricularia

by

07 “NH,

brentuximab vedotin (13)

Figure 6 Structure of dolastatin 1A.2) isolated from the sea habmlabella auriculariaand the
antibodydrug conjugated brentuximab vedotitg].

The most recentnarine derived druglitidepsin (L4) (Figure7), isolated from the ascidiafplidium

albicanswas approved by the AustratidRegulatory Agency (TGN 2018under the name @#idin®

for the treatment of relapsed/refractory multiple myelém@ombination with dexamethasofi®, 20}

It specifically binds to theslongation factor “alpha 2 (EF1A2) causing celtycle arrest, growth

inhibition andinduce apoptosisAplidin® was developed by PharmaMar amifl be marketed byhe

biopharmaceutical compar8pecialised Therapeutics Asia Pte, [2i].
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0 \( H
Aplidium albicans
plitidepsin (14)

Figure 7 Structure of plitidepsini4) isolated from the ascidiafplidium albicans
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Up to date, more than F®0 naturaproducts have been isolated from marine organisms (Marinlit) and
each year more than 1000 new compounds are reported in the annual review of Marine Natural Products
[22, 23] Table 1shows thecurrentnatural producton phase il clinical trials.

Table 1 Marine derived drugs in phase Il clinical trials

Pinabulin (NPI-2358) N/A Fungus Diketopiperazine| Antitumoral
_ _ Guanidinium _
Tetrodotoxin Hal neur Pufferfish _ Pain
alkaloid
Lurbinectedin ) ) _
N/A Tunicate Alkaloid Antitumoral
(PM01183)
Depatuximab Mollusk/ _
_ N/A _ ADC (MMAF) Antitumoral
mafodotin (ABT-414) cyanobacterium
Polatuzumab vedotin Mollusk/ _
N/A _ ADC (MMAE) Antitumoral
(DCDS-4501A) Cyanobacterium
Marizomib
(Salinosporamide A) N/A Bacterium b-lactonea-lactam| Antitumoral
NPI-0052

According to the National Cancer Institute, around 1% of marine samples have shown anticancer
activity in the preclinical cytotoxicity scregy comparing to 0.1 % of terrestrial tested samjgs

More than 50% ofhe currentmarketeddrugsare natural product®NPs)or NPs derivatives thdtave

been chemically modified tenhance the selectivity and efficacy of the parent natural prgadict
Somestudiesaiming to determing¢he dfferences betweesuccessful drug les withMNPshas been
achievedoy experimental and computational analysis of their physicochemical and structural features
to potentially determine drulike compoundg25, 26] Additionally, Hou and ceworkerscompaed

the physicochemical and structunatopertiesbetween MNPs and terrestrial natural products (TNPs)
(Table2), reveaing that MNPs (78%) are slightly more driike compounds than TNPs (76%ihd
solubility was considered ame of the most important factosdich is directly associated to the ADME
(Absorption, Distribution, Metabolism and Excretion) propertiea pharmaceutical compound
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Table 2 Differences of relevant physicochemical properties betWwéarneNaturalProducts(MNPs)
andTerrestrialNaturalProducts(TNPs)[24].

Physicochemical
: MNPs TNPs Outcome of MNPs
Properties
Difficult cell
Molecular Size Larger shorter permeation and
intestinal absorption
Lesssolubility
Molecular solubility Hydrophobic Hydrophilic Reduce success rat
for bioactivity
Less N, Halogen ang
Except O and F, all )
S than synthetic
Elemental other atoms are . . _
N _ _ _ Higher in O, F Cl compoundsDiverse
composition higher including\, _ )
biosynthetic
Br, S, |
pathways for MNPs
Higher rotaable, _ _
Higher aromatic o
Number of molecular stereo bonds and _ Increase flexibility
_ _ bonds and rings. .
bonds, chains and chains. _ and effective for
) ) Higher 4 to 7 _ _
rings Higher8to 10 _ chemical reactions
_ membered rings
membered ring
Difference of . . .
_ Diverse biosynthetic
fragments and Higher Lower
pathways
scaffolds




Chapter 1 Introduction

1.3 Other applications of Marine Natural Products

Despite the pharmacologicgbroperties MNPs hae alsobeen use as nutraceuticals, cosmetiesti
foulants,biofuels andasagrochemical agenf8, 27]. For examplenereistoxin(15), first isolated from
the polychaeta worniumbriconereis heteropoda 1934, isused as a precursor in the synthesis
cartap(16), ahighly effectiveinsecticideappliedin differentcultivations like orange, rice and sugarcane
to control plage [28]. Okadac acid (17) isolated from the dinoflagellatBrorocentrum limaand
responsiblefor diahrretic shellfish poisoning (DSH being usedas a toolto studythe regulatory
mechanisms oprotein phoshorilation in cellular processef29]. The UV protectantanycosporine
like amino acids (M\As) such asasterina330 (18) isolated from the sea stAsterina pectiniferaand
its analgueshave benconsidered as potentiattiveingredients in the developmentsin screening
products(Figure8) [30]. These compounds are characterized by thight UV-absorptionUV-A and
UV-B), photostability resistance to abiatistressand as natural antioxidanapable of inhibiting the
generation of reactive oxygen species (R(38)32]. These metabolitebavealsobeen reported from
terrestrial and marine organisnmgluding red algaezooxanthellaescleractiniacorals cyanobacteria
and zoanthariang he distribution of MAAs in theeytoplasm ofthe organisma and their superficial
localization reinforce their UV protective rd@3].

The bioluminescent calcium indicatoroteinaequorinisolated from théellyfish Aequoreavictoria is
usedto measure intracellulaza* [34]. The antifreeze glycoproteins isolated frofishes inhabiting

the polar oceanare beingstudiedto preserve tissues to be transplantec&stnhance fish production in
cold environmentsto increase the lifshelf of frozen foodhndto improve heat resistance dyg5].
Additionally, several species ofiarinemacro and micralgaehave been used in the cosmetic industry
due to the presence of compoundstsas phlorotannins, sulfated polysaccharides, tyrosine inhibitors,
pigmentsy -3 fatty acids, vitamins A, B, C, E and essential amino g8&lsPhlorotannins and sulfated
polysaccharides are the most promising compounds in the development of cosmetic products from
marine sources-or example, the extracts fragpecies othe micro algaé\rthospiraare used to repair
early skin agingind prevent sia formation while the extracts @hlorellavulgarisare usedo support
tissue regeneration through the stimulation of collagen synthesis in th§8gkimoth species are

commonly used commercial skin care products.

Within the food industry, species of microalgae and cyanobacteria sGtioaslla vulgaris Spiruling
Haematococcus pluvialisr Dunaliella salinaare commonlyused due to their rich bioactive natural
products composition including amino acids, proteins, peptides, lipids, fatty azspgecially
polyunsaturated fatty acids or PUFARB)arotenes and phycocyanobil{@8]. In recent years, several
researchers havmenfocused on biofuel production from species of microalgae due to their fast growth
and high oil content. Some species likghlorella zofingiensis Chlorella protothecoidsand

Schizochytrium limacinurbanaccumulate more than 50% oif dry biomasecomingan excellent
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source for producing babesel [39]. Several stdies for screening highipid content species and

methodologies to improve lipid production aarentlyundertakerj40, 41]

S \N—C:S
e . :> / S

nereistoxin (15)

HO NH

Okadaic acid (17) asterina (18)

Figure 8 Structures of nereistoxirlf), cartap {6), okadat acid(17) and asterinal@®).
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1.4 Marine Biodiversity from the Tropical Eastern Pacific
(TEP)

1.4.1 The Tropical Eastern Pacific

The Tropical Eastern Pacific (TEFigure9) is one of the 30 marinecoregionsextended from the

south of Baja California peninsula to the north of Peru including Revilldgjgeocos, Clipperton and

the Galapagos Island42]. Several authors have attempted to divide the TEP into biogeographic
provinces based on the different taxaribsition. For example, Briggst al, classified the TEP into

three provinces with coral reefs included; Mexican province (Gulf of California to Tehuantepec),
Panamanian province (El Salvador to Ecuador) and the Galapagos Islands. A classificatiom based o
decapod crustacean distribution by Boschi divided the TEP into two provinces; the Panamic and the
Galapagos Archipelago while Robertson and Cramer based on fish distribution classified the TEP into
three provinces; two coastal areas and the oceanicd$&i?]. Additionally, Spaldinget al., divided

the TEP in eleven ecoregions including Revillagigedos, Clipperton, Mexican Tropical Pacific, €hiapas
Nicaragua, Nicoya, Cocos lIslands, Panama Bight, Guayaquil, Northern, Eastern and Western
Galapagos Island43, 44] There are 32 Marine Protected Areas in the TP of them are UNESCO

World Heritage Sites including Gulf of Californialands (Mexico), Coiba National Park (Panama),
Cocos Islands (Costa Rica), Malpelo Fauna and Flora Sanctuary (Col@anfi@plapagos Islands
(Ecuador)45].

L30°N
Revillagigedos — « -20°N
Clipperton —1;‘- | 10°N
Tropical L Cocos.—..
. Malpelo—«
Eastern
g "x}?-
Pacific Galapagos "~~._
L10°5
N0'wW 85°W

Figure 9 The Tropical Eastern Pacific ecoregion [46]
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Additionally, the TEP is characterized by different ecosystems including sandy beaches, high cliffs,
mangrove forests, alluvial or deltas plains, estuaries, lagoons, rocky coasts an@l#petdis
ecoregion is alsmfluencedby two naturaturrents the Humboldturrentcharacterizety coldwater,
high-salinity and higknutrientavailability with a massive upwelling system, ati Panama current

with the warm surface layer and lesalinity concentrationThe periodically occurrence of the Elfidi
Southern Oscillation (ENSO) characterized by a fluctuation of the sea layer temperature (warm water
current) and the air pressure of the overlying atmospherecéhes®l variation of the community
composition and affluence of plankton affecting greatlyctimatic and oceanographic conditidas].

These currents arghapingthe distribution of marine organisms amfluencing the variability of

salinity, temperature and nutrient concentration. For example, the ENSO which occurs every four to
nine years, caused a massive coral bleachyntipd loss of their associated zooxanthellae leading to
coral death during the evenits19821983 and 19971998. In fact, the 883 ENSO event which lasted

from 10-20 months depending on the location, caused 70 to 90% of zooxanthellate coral deatth in Cos
Rica, Panama and Colombia, and more than 95% mortality was observed in the Galapagos Islands.
Coral mortalityoccurredfrom 1 to 20 m depth and few species sucR@dlloporasurvived at 23 m

[49]. The presence of very few coral reefs and coral development in the TEP has been limited by the
regular impact of the ENSO, however, not all the regions in the TEP have experienced the negative
effects of reduced coral communitiesdnyral bleaching50].

1.4.2 Marine Biodiversity in the Tropical Eastern Pacific

The first expeditions aiming to describe tharinebiodiversity in the TEP started in the late 1700s
through the coasts of Panama, Colombia, Costa Rica, Ecaad®eru. Since then, several studies
have been carried out to increase the knowledge of fiileeatit organisms inhabiting this ecoregion. In
1835, during one of the most important exploratjdghe voyage of Charles Darwin to the Galapagos
Islands, the absence of coral reefs in the WaPR first noticed45]. However, in 1870 Verril described

the presence of several species of corals in Panama and the Gulf of Cadrrdal In 1904, an
organized study of the biological species of the TEP was accomplished by the Eastern Pacific expedition
of the U.S National Museum of Natural Histaygthe U.S Fish Commission Steamer AlbatrzEy.

During this expedition, several biological species and zooplankton were collected througdsthaf co
Panama, Colombia and Ecuador. Other important expeditions that contributed to the description of the
rich marine biodiversity of the TEP includes: The Saint George expedition in 1927 to the Gorgona
Islands, the Allan Hancock cruises from 1931 to11@4th the vessels Velero Il and IV and the Askoy
expedition in 194153]. The results of those studies revealed a high level of endemism across the
countries in the TERt has been reported thaly the Gulf of California contains 852 endemic species
followed by the Galapagos Islands with 565 endemic pt§s Additionally, 70% of fish in the TEP,

41% of ahermatypic corals the Galapagos Islands and 29% of sponges in Mexicalssendemic.

12
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Nevertheless, theumbersof endemic speciesouldbe highetecause of thiack of marinestudiesin
other locations within tis ecoregion Cortezet al, compiled the information of thdistribution of
marine organissireported by different authors across the T£R. Earlier studies on coral reefs in the
TEP was pursued by local scientist in Mexico, Costa Rica, Paaad@olombig and in the last few
years researchers from Ecuador andleChktarted topay attention ancdcharacterize the marine
biodiversity in those territorie€Glynn et al, has strongly contributed with updated reports of the

biodiversity of marine organisms inhabiting the TEB].

It was noted that thecleratinian coralsin the TEP are strongly related to those of the 1Rdoific

except for the stony corBbrites lobatawhich is different from the Ind@acific population, suggesting

its development on local larval sources instead of gene distribution across the Eastern Pacific Barrier
[54]. The Eastern Pacificleratinian coralswerecharacterized as) small insize,b) highly dispersed,

¢) lack of reef flats or algal ridged) shallow development (<10 m deptle), thin skeleton andl)
composed by few species in comparison to those of theRadiic and Caribbean red#5]. The lack

of taxonomist in some countriefthe TEPhaslimited the identification oéndemic speciesTherefore

it is necessary to promote collaborations with l@sal internationaliniversities and research institutes

to fully characterize the marine biodiversity and protect those species in dahgeglobal warming
anduncontrolled fiseriesare becoming the main factors for the extinction of local spddig= et al,

reported a photographic guide of the most representative marine organisms in the TEP and the
respective locations where those samples were f¢bBd Members of the phylum Phaeophyta,
Chlorophyta, Porifera, Cnidaria, Nemertea, Annelida, Mollusca, Arthropoda, Echinodermata and
Craniata were included in the study. Among them, the phylum Cnidaria was the most abundant with 53
speciesAn updated inventory of thieiodiversity of marine invertebradef each country within the

TEP s requiredto protect the local species from invasive ones. One example is the presence of the
snowflake coraCarijoa riisei which has been reported in tbeast of Colombia, Mexico and Ecuador.

It has been observed overgrowing several species of octocorals shtiriesa, Pacifigorgia and
Leptogorgia and some of these are native species from thd9&B7] The identification of potential
invasive species will help local authorities to establish policies and protocols to protect the local marine

biodiversity frombecoming extinct.
1.4.3 Marine Biodiversity of the Ecuadorian coast

The Ecuadorian coast (4,4@81) is comprised by two areas; the continentastand the Galapagos
Archipelagoand it is located within the Tropical Easter Pacific, one of the most biodiverse and
overlooked ecoregion in the wor[88]. The continentatoasthas been sulddded in two marine
systems; the intertidal system characterized by mud, sandy rocky beaches and mangroves, while the
subtidal system is characterized by soft bottom, rock bottom, grave battdiworal reef bottom

Additionally, the continental coast aride Archipelago arnfluenced by different oceanic conditions;

13
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the warm and low salinity water from the Panama cuifrorth) and the cold and high salinity water
of the Humboldt currenPeru Oceanic Currenfjom the southThe zone between these tearrents

is called the equatoriaindercurrent (Crumwell Currerdnd it is characterized by a strong thermal and
salinity gradient which goes through considerable seasonal variatiigsre 10) [59].

California =
Current

North Equatorial

' Current

North Equatorial Countercurrent |

Panama
Current

" 4

Equatorial ... South f
Under- K¢ -\, _ Equatorial ; : .
current 3:-' Current ‘,’ Ecuador

3

Peru
Oceanic
Current

Peru Coastal Countercurrent

Peru Coastal Current

Figure 10 Currents affecting the Ecuadorian cofs].

The diversity of ecosystems, the oceanographic conditions, coast morphology and the geographic
location of Ecuador has contributed to the vast marine biodiversity existing ar¢b[60]. The study

of the marine biodiversity in the Ecuadorian coast started at the Galapagos Islands back in 1835 with
the exploration of Charles Darwin in tmdheVoyage
Archipelago inspired different scientist to continue exploring the rich biodiversity of the IslEmels
Galapagos is one of the most studied marine sgstemsn the world. It has been reported the presence

of 3089 invertebrates, 447 fish and Sfecies of these species are endddfit. Additionally, 316

species of macroalgae, 38 species of sponges, 12 species of octocorals, 23 species of hermatypic corals
and 872 species of reafsociated molluscs have been reported fromGhkpagos Despite the

diversty of marine organisms in the Islands, studies on coral species was given more attention because

of the negative impact caused by ENS@. It he early 197006s, the study
pioneer work of Gerard Wellington, a volunteer a harles Darwin Station located in Santa Cruz
Islands, Galapagdg5]. His research was foced on coral composition, biotic interactions and reef
structure. However, el Ko event in 19822983 destroyed up to 99% of shallow corals in combination

with the bio erosion activity caused by several species of bioeroders like sea urchins of the genus
Eucidaris, lithophaginebivalve molluscs, etc. Except from shallow water corals which experienced
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higher surface temperatures, coral communities populating below 14 m survived th@31BBES0O
event due to the cooler temperature and reduced light exposurexd&mple, two freéving corals
Diaseris distortaand Psammocora stellaterere observed on the north coast of Floreana Island after
the strong oceanic phenomer{ds, 49] Further monitoring showetthe recovery of 22 reported reef
building corals dominated by two genePRacilloporaandPavonaafter both 8283 and 9798 ENSO
events However heither ofboth corals werendemic to the Galapagtsdands On the contrary, 29%

of 43 species of ahermatypic corals are shailater endemito the Island$59].

On the other hand, studies of the marine biodiversity in the continental area of Ecuador sthged in

|l ate 6006s focusing on marine species of commerc
Some of these studies have been reported from Esmeraldas, Gulf of Guayaquil, Santa Elena, Manta bay
and Machalilla National Parl68]. Later, those studies were expanded to species ofcoommercial

value such as diatoms, phytoplankton, benthic mollusks, benthic polychaetas, pteropods and other
organismg58]. The number of nocommercial valuspeciesouldhave increasesincethose species

were reported frona few sampling locations while the number of species of cermial value could

have been reduced because of the uncontrolled exploitation. In 2011, Cruz investigated the benthonic
macrafauna of Manta bay reporting the presence of 41 species belonging to six differerf6phyla

The phylum Mollusk was the most representative with 31 species while the other 10 species where
distributed among the phylum Coelenterate, Platyhelmynthes, Arthropod, Sipuncula and

Echinodermata.

Machalilla National Park estabhied in 1970, is another important spot which inhabits a great diversity
of marine organisms. The first investigations in this area started in 1975 by Glynn and Wellington who
reported the presence of seven species of zooxanthellate corals, being $geotdoporathe most
dominant in the zonpl5]. However, during a coastal survey in 1991yds observed that most corals
were dead and eroded with great affluence of the sea Ub@ilema mexicanunThe massive coral

dead was the consequence of theBB2ZENSO event as occurred in the Galapagos Islandther
investigation of the diversity @orals and octocorals at Machalilla National Park revealed the presence
of 50 species including 19 scleractin corals, 29 octocorals and two black corals which were reported as
Myriophates panamensadAntipathes galapagensj62]. The presence oMyriopathes panamensis

has been reported from the shallow waters of Panama Bay (@ depth), Galapagos Islands and
Machalilla National Park in Ecuador, whikentipathes galapagensiwas first reported from the
Galapagos Islands and later throaghthe coast from the Gulf of California to Ecuador at different
depths between 3 to 76 m and from shallow waters in Costgd63taAdditionally, two new species

of octocoralsEugorgia ahorcadensisp. nov., and.eptogorgia mariarosasp. nov., were described

from thismarine protected ardg@4].
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The Marine Reserve EL Pelado (REMARE)gurell) is an important protected area located at the
Peninsula of Santa ElenBcuadorcomprised by an islet aralcoastal marine zonl 2015, the first
project aimed to characterize the biodiversity of microorganisms and marine invertebratéisefrom
REMAPE at the taxonomic, metabolomic and metagenomic level and their applicatinoimal and
human health was funded by the Ecuadorian Government throu@ecthetary oHigher Education,
Science and’echnology (SENESCYT)This project was also tHigst one that attempted to investigate
the chemical diversity from marine microargsms and invertebrategabiting the Ecuadorian coast

representing the first step in the developmenheffield ofmarine natural products the country
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Figure 11 Location of the Marine Protected Area El Pel§@®).

Rodriguez and cavorkers reported a quantitative assessment of tbgofilacea community describing
the presence of seventeen species from theiéaRilexauridae (8), Gorgoniidea (8) and Clavularidae
(1) [66]. The monitoring of this marine reserve togetiéth previous studies reported from the
Galapagos Islands and Machalilla National Park confirm octocorals as the most representhative
zoantharians as thesnd most representative grafpnarine invertebrasinhabiting the Ecuadorian
Marine ecosysterf63, 67] During this project,Thomas and cavorkers assessed the biodiversity of
zoantharians from thimaritime area reporting the presence of six species of zoanthf&n3he
diversity of zoantharians fom the Ecuadorian coast will be dissdixtow.
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1.5 Zoantharians and their chemical diversity

1.5.1 General

Zoantharians (Cnidaria, Anthozoa, Hexacorallia, Zoantharia) are sessile invertebrates commonly found
from shallow todeepsea environments throughout the Idelacific and Atlantic Oceaf68]. These
sessilénvertebratesre characterized by theiolor, soft bodied polypsvith two rows of tentacle®ne
siphomoglyh and nematocyst8/ost of these animals acemmonlyfound in coloniesbut species of

the genussphenopubave begr reported asolitary zoantlarian [69]. Zoantharians are divided in two
subordersBrachycnemina and Macrocnemiffable3). Members of the Brachycnenai subordeare
characterized bythe presence oplanktonic microalgaewhile they are absent in theuborder
Macrocneming70]. The taxonomydentificationof zoantharians at spesievel is still a difficult task

to accomplish due to different factors affecting their morphological analysis, their intraspecific variation
and the limited availability of accurate morphological markét$ Recent studies have suggested that
substate specificity is an important character being used for their taxonomical classification as a
complement to the genetic and morphological analjg8$. Some zoanthariansave beerfound
overgrowing other organissn For example,speciesbelonging to the genuslydrozoanthusare
associated with hydrozoansnembers of the genusAntipathozoanthsi are associated with
Antipatharians; the generaKualamanamana Zibrowius Hurlizoanthus Kauluzoanthus
CorallizoanthusandBullagummizoanthuareoftenassociated with deegea octocoralspecies ofhe
genusParazoanthusare associatedvith hydrozoansspongesand octocorals species ofthe genus
Savaliaare often associatedvith octocoralsand species of the genddanimayanthusnd Bergiaare
associatedavith spongeg68, 72, 73] However, the association between zoantharians and their host is
not always symbiotic and some studies have reported zoantharians to be a threat for reef environments
[74].

Despiteseveral reportsf zoanthariangrom the IndePacificand Caribbean regionsiew species are
still being describedrom all the oceang$75]. Kise et al, reported three new species of the genus
Antipathozoanthugentified asA. obscurusA. remengesawandA. cavernudrom theRed Sea, the
Maldives, Palau and Southern Jajpasy). While very few studie®f zoantharians diversityave been
carried out in ecoregions like the TERew genera and species are balegcribedfrom this area
Reimeret al, reported a new genus asdmenew species afoanthariangrom the Galapagos Islands

indicating the great potential of discoverisgecies that are stilinknown to scienc/7].
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Table 3 Taxonomy classification of the order Zoanthggiha

Introduction

Order Suborder Family Genus Species
Neozoanthidae Neozoanthus 3
Palythoa 132
Brachycneming  Sphenopidae Sphenopus 4
Protopalythoa 5
Acrozoanthus 1
Zoanthidae Isaurus 14
Zoanthus 43
Epizoanthus 105
Thoracactis 1
Epizoanthidae Paleozoanthus 1
Sidisia 5
Thoracactus 1
Zoantharia . Aenigmanthus 1
Hydrozoanthidae Hydrozoanthus 4
Terrazoanthus 5
Microzoanthidae Microzoanthus 2
Nanozoanthidae Nanozoanthus 1
Macrocneminal
Antipathozoanthus 5
Bergia 3
Bullagummizoanthu 1
Corallizoanthus 1
Hurlizoanthus 2
Isozoanthus 20
Parazoanthidae Kauluzoanthus 1
Kulamanamana 1
Mesozoanthus 2
Parazoanthus 22
Savalia 2
Umimayanthus 4
Zibrowius 3
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Order Suborder Family Genus | Species
Gerardidae
Zoantharia Macrocnemina ngaldae . taxonunder investigation
Parasitozoanthidae
Primnozoanthidae

1.5.2 Zoantharians in the Tropical Eastern Pacificand the Ecuadorian

coast

The diversity of zoanthanis in the TEP has beemly little documentedOne of the firsdescriptions
of zoanthariarspecies in the TEP wamdertakerin 1869by Verril et al, who reported thpresence
of Epizoanthuslongatusrom Peru and Panamg&pizoanthus humilifom Panama anBpizoanthus
crassusfrom El Salvadof78]. In the 1960, Cutressind Pequegnatompiled the informationrothe
diversity of zoantharians ithe TEP[79]. The reportedspeciescorresponded to the following;
Epizoanthus californicupk. humile E. gabrieli E. patagonichusPalythoa complanateP. ignota P.
insignis P. pazj P. praelongaP. rickettsj Parazoanthus elongatuB. fuegiensisZoanthus confertys
Z. danae Z. depressumandZ. nitidum Since thenthere has been amendments in tdseonomic
identification of somepeciesEven though, Fautiat al, observed the presence of zoanthariaribe
Galapagosslandsin 2007, it was not included in his report of sea anem@®@k Later in 2008Reimer

et al,, reported fortie firsttime the presence abanthariani the Galapagos Islan{&7]. Eight species

of zoantharianspresent inshallow water (<35 m)were collected for analysiseven of them
correspondedo the gener&Zoanthus Parazoanthusand Palythog while onespecie belongetb an
undescribed genus. The known species were reportedoasthuscf. sansibaricus Zoanthuscf.
vietnamensi&uroshiq Palythoacf. mutukj Palythoacf. tuberculosaand three undescribed species of
Parazoanthusp [67, 81] Further studies ithe diversity of zoantharians in ti&alapagosillowed the
identification of two new specie$errazoanthus patagonichypreviously known ag. ono) andT.
sinnigeri, corresponding to the new gentesrrazoanthusand two other new species belonging to the
Parazoanthidae familyAntipathozoanthus hickmaand Parazoanthus darwini77]. A non-parasitic
association has been observed betweatarwiniand some yellovorange spongesoweve, most of
the timeP. darwiniis found over rocky substratieater, during the study of black corals at Machalilla
National Park, the presence witt parasitizoanthidsAntipathozoanthus hickmaandTerrazoanthus
patagonichusvere reported growing ovehne black coral#\ntipathes galapagensandMyriopathes
panamensisespectively{63]. The parasitic behavior af. patagonichutas beembserved from the
Gulf of California to the Galapagos Islanidem 3 to 76 mdepth Additionally, the presence @oanthus

cf. viethamiensisn the coast of Ecuador, Galapagos Islands, Panama a@eént@tindo Pacific was

reported by Mateet al, in 2016[55]. Recently, within the National project aimed to characterize the
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Chapter 1 Introduction

biodiversity d marine invertebrates from the Marine Protected Area el Pelado (REM/ARSEY,
species of zoantharians wadentified. These speciesnclude A. hickmani(a), P. darwini(b), T. cf.
patagonichugc), Terrazoanthupatagonichugd), Terrazoanthusp. €), Zoanthuscf. pulchellus(f),
Z. cf. sociatus(g) and Palythoacf. mutuki(h) (Figure12). There are still other locations across the
continental coast of Ecuador that remain untapped to investigate the biodiversity of zoan#mdrians

other invertebrates

W. }::'e..
ne Protected Area El Pelado (REN

PN .

Figure 12 Zoantharian species identifed from the Mari
(© Karla Jaramillo).
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Aims of the Thesis

1.6 Aims of the Thesis

The aim of this thesis was to study the chemical diversity of the most representative species of
zoant harians inhabiting the Marine Protected Are
Ecuador, and their potential applications in aimnd human healtfhe specific objectives of this

study were the following:

V To develop the most efficient method for isolationnaitural products from the selected
samples

V To elucidate the structures of the isolatedtabolitesusing 1D and 2D NMR spgrum and
HRESIMS data.

V To assesthe biological activity of the isolated compounds.
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Natural Products from Zoantharians

1 Natural Products Isolated from Zoantharians

Zoantharians are the source aichn diversity of metabolitewith unique chemical scaffoldowever,
chemical studies of most species of this group has been overlooked. Helesaription of the natural
products isolated from zoantharians is preseritbis. information will beorgarized according to both
suborders This part of the thesis has been submitted in a review of the Chemical diversity of
zoantharians to Natural Products Reports.

[.I.I - Suborder Brachycnemina

Four main families of natural products have been described from spédigis suborder: sterols,
ecdysteroids, palytoxins and zoanthamines. The description of fatty acids is exdfltldsedtudy as it

was difficult to properly retrieve this information.

[.1.1.1 Sterols

Palythoa The first chemical investigation ofRalythoaspecies wapublishedoy Bergmanret al in
1951 on the Caribbed®alythoamammilosandit was focused on the sterol compositidithis species
As the physicochemical properties of the main sterol showféeratices from previously reported
sterols it was hamed palysterol. Comparison of its optical rotation with the sponge sterol haliclonasterol
indicated that palysterol would be a2@ ethyl sterol whereas haliclonasterol is th4Cmethyl
analogue, buthie authors mentioned it might should be a mix{@&®. Later, Gupta and Scheuer
analyzed the sterol fraction &alythoasp. from Tahiti andPalythoa tuberculosrom the Marshall
islandsby Gas Liquid Chromatography indicating similar sterol compositidA. déiberculosdo the
previously reported palysterol 8. mammilosg483]. The sterols fron. tuberculosavere identified
as cholesteroll), brassicasteroP(Q), 22,23dihydrobrassicastero2(), gorgosterolZ2), campesterol
(23) and b-sitosterol 24) (Figure 13). Chalinasterol 45 was reported as the unique sterol from
Palythoasp. The identification ofhe sterols was deduced by comparison ofifhandNMR data to
those acetate derivativaad standard€uinnet al analyzedhe sterol composition of eightawaiian
zoantharians including four species Balythoa as a preliminary taxonomi@assessmeni84].
Methyleneholesterol(25), also nameahalinasterglwas the only sterdioundin P. toxica like in
Palythoasp. from Tahiti reported by Gupsad ScheudB3], while thesterol mixtureof P. tuberculosa
P. psammophilisand P. vestitus(previously known as Zoanthus vestitysshowed similarsterol
composition The analysis @ the sterol composition oPalythoasp. collected from Okinawalapan
revealed the presence @iolestas,22(E)-dien-3b-ol (26), along with19, 20, 21, 22, 25 and traces of
23,24dimethylcholests,22E)-dien-3b-ol (27) (Figure 13) [85]. The sterol27, commonly found in
octocorals is consideregh intermediatento the biosynthesis oforgosterol(22). Three species of

Palythoawere later collected from different sitesf the Brazilian coastand studiedfor their sterol
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composition86]. Analysis of the male and sterile coloniedPofcaribaeorunrevealed the presence of
the same sterol compositionRsmammilosgreviously reported by Guptad ScheudgB3]. Analysis
of the femaleor hermaphrodite colonies &f. caribaeorumshowed higher concéation of 22 than
male coloniesHowever, no significanvariability with locationor sexwasevidencedexcept for one
sample CF72. The sterol mixture oboth Palythoa sp. from Tahiti and CF72 showed high
concentration 020 and small amountf 21 Interestingly, he zooxanthella isolated from &R had
the same sterol composition as its host and doubled the concentra&2®Tbé sterol composition of
P. variabilis showed similar sterol compositida P. tuberculosaeported by Guptat al, excep for
the higher concentration @fL and low concentration &2. The major sterols of GF2 were identified
asl9, 20, 21, 22. Sterols25, 26 and 24norcholestéb,22(E)-dien-3b-ol (28) were also identifiedhut in
lower amountg87]. In 1986, he sterol composition d®. dartevellej P. monodi P. senegalensiand
P. variabiliscollectedoff the coast of Senegal was similar to thBatythoaspecie reported by Gupta
et al, Kanazaweet al, and Keleconet al [88]. The study of thesterol composition oPalythoa
senegambiensisy the same grougevealed the presence 19, 20, 23, 24 but alsostigmastero(29),
fucosterol(30) andcrinosterol(31) (Figure13) [89]. The sterols we identified by compason oftheir
retention times ilGLC with thoseof standardsterols.After an absence of work on zoantharian sterol
for about 25 yearshe chemical study d®. tuberculosdrom the RedSea allowed the identification of
sevensterolsoxidized at position € and namegalysterolA-F (32-37) and 24methylenecholess-
en-1U0,3b,110+riol (38) (Figure 13) [90]. The structures were elucidatém NMR and MS data.
Compound32 exhibited cytotoxic activity against breast adenocarcinoma @vICénd human colon
adenocarcinoma (H29) with an IGovalues of 170 and 178 uM respectively anmdactivityon human
cervical carcinoma (HelLa) artde nortcancerous human cell line (KMSJ). Compound37 displayed
selective antitumoral activity against MGE HT-29, KMST-6 and HelLa with an l§values of 82,
122, 126 and 128 uM respectivekinally, two unusual ergostartgpe sterolg24R)-7U-hydroperoxy
ergost5-en-3pb-ol (39 and (24R)-6b-carboxyl-( 8 Y-BbpoergostaBb,5h-diol (40) were identified
along with Thydroxycampesterol 4(), 5U8U-epidioxycampesterol 42), 24(R)-ergost7-en
36,5U,60-triol (43), cholest4-en-3-one @4) and cholest8,5-dien-7-one @5) by GGMS analysis of the
hexane fractiof P. caribaeorunandP. variabiliscollected from the coast of Bragiigurel13) [91].
Compound40 exhibited moderated tgtoxic activity against human colorectamorcell line (HCT-
116) with and G values of 50 and 4pM after 24 and 72 h respectively

Zoanthus In 1951, Bergmanand ceworkersreportedchalinastero(25) as the major sterol present in
Zoanthugroteus[82]. The characterization of the sterol was deduced by melting point and comparison
with a standardCholesterol(19), brassicasterof20), campestero(23) and chalinasterol Z5) were
reported fromZoanthus confertugnow identified asZ. pacificu3 collectedaroundCoconut Island
Thailand by Gupta and Scheuer in 1968jure 13) [83]. The characterization of these sterols was

deduced based on their spectroscopy data, MS and by comparison of the GLC retention time with those

24



Natural Products from Zoantharians

of standardsA new sterol zoanthosterof) was isolated from the Brazilian zoanthariémanthus

sociatusalong with19 and 25 [92]. These sterols were isolated as their acetate derivatigsheir

structures deduced frodMR data and comparison with known analogues. Previous studies of the

sterol composition of dinoflagellates isolated from the Jamait@emthus sociatusevealed the

presence of severalnethylt5U-stanols suggesting6 is in factproduced by the associated algae.

Additionally, a local variationn the sterocomposition has been observed siti@esterol composition

of Z. sociatusrom Brazil contain mostly sterols witig* “?®double bond while those sterols are absent

in the associated algae isolated from the JanzaisaciatusSimilar variations were reported from the

symbionts associated to speciefafythoa[93]. Further analysis of the sterol compositiorzofanthus

sp. from the cast of Brazil led to the identification d¢iie sterol26 togetherwith 19, 20, 24 and 25

identified as their acetate salts.28 sterols were reported as the major componergpdcies of the

genusZoanthuq94]. The study of the sterol composition of the dinoflagellate isolated Zroamthus
sociatusallowed the identification oR6, 23-methyt22-dehydrocholesterol4{), 4U-methyk22E-

dehydrocholestanog) and dinosterol49) [95]. Their identification was based on interpretation of

their NMR and MS data.

cholesterol (19) R®
brassicasterol (20)
22,23-dihydrobrassicasterol (21)
campesterol (23)

[F-sitosterol (24)

chalinasterol (25)
cholesta-5,22(E)-dien-3p-ol (26)

23,24-dimethylcholesta-5,22(E)-dien-3 4ol (27) CH; CH4

stigmasterol (29)
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Figure 13 Structures of sterols from species of the suborder Brachycnemina.Falgthoa(Pal.),
ZoanthugqZ.).

[.I.LII Palytoxin analogues

The first reports of the toxicity exhibited lyPalythoasp. dates bado 1961 when Ciereszko and-co

workersexperiencedhe toxicity ofPalythoa caribaeorurrmmediately after crashing the dried material

with sore throats, chills anfver [96]. Later, the same group reported the high toxioityalythoa

mammillosaand Palythoa grandisPalytoxin(50), known as oae of the most potent natural and non

proteinaceousoxin for humanswas first isolated by Moore and Sheuer in 1971 from the Hawaiian

zoanthidPalythoa toxicg97]. This speciewas previously known by the Hawaiian native population

as ftrhakesHia n a O

whi ¢ h seaweedfsHand.&he dethal dose (LE) exhibited by

palytoxin wasmeasured a3.1ug/kg by intravenous injection and Qud/kg by intraperitoneal injection
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in mice.Based orNMR andcombustion datahe molecular weightf the toxin was estimated to be
about3,300 Da[97-99]. It was described to tstable inwaterbut aquick decompositiowasobserved

under acidic or alkaline conditions leading to a reduction of its toXit@9, 101] The structure and
stereochemistry gdalytoxin 60) wereelucidated a decade after the first report in 1981 by the work of

two indepadentresearch groups led by Mooamd UemurgFigure 14) [102, 103] Severalgroups

worked on thestereochemistry dhedifferent segments of the toxXih02-110]. Palytoxin(50) contains

both hydrophilic and lipophilic moietiedistributed amond.29 aliphatic carbon atoms, 40 secondary

hydroxyl groups, 64 chiralenters2 amides and 6 olefinic bondgith maximumUV absorbance &

233 and 263 nrfil03, 105]The t ot al synthesis of palytoxin was
several years of attemtsl1, 112].

The presence of palytoxin has been reported from several spedtadytifoasuch asP. toxica, P.
tuberculosaP. vestitus P. caribaeorum P. aff. margaritag P. canariensisP. heliodiscusandP. aff.
clavatdsakurajimensig84, 9799, 113118]. The concentration opalytoxin 60) in Palythoa aff.
clavatdsakurajimensiss one of the highest reported in the literature with 2.22 mg/g of wet sample
followed byPalythoaheliodiscusreported by Deedst al., with a concentration of 1 mg/g wet sample
and deoxypalytoxing4) was found at 3.51 mg/g wet samfld9]. Even though, the presence of the
toxin was thought to be exclusite the genu®alythog it wasreported fronZoanthus solandeand

Z. sociatus from Colombia, Zoanthus sp. from Hawaii Z. pulchellus from Netherlandsand
Parazoanthusp.from Germany[84, 120, 121]Additionally, this toxin has also been reported from
other organisms such #w red alga€hondria armatafrom various species of xanthid crabs from the
Philippines, the warty crakriphia verrucosa the trigger ish Melichtys viduathe flathead mullet
Mugil cephalusthe sea anemortadianthus macrodactyluthe sea urchiRaracentrotus lividusthe
rock shellStramonita haemastomand from the marine cyanobacteofathe genusTrichodesmium
[122-126]. Palytoxin analoguejomopalytoxin(51), bishomopalytoxin52), neopalytoxin(53) and
deoxypalytoxin(54) were reported fronP. tuberculosacollected in Okinawa (Figur&4) [98]. Two
palytoxinepimers; 4&-hydroxy-50S-palytoxin(55) and 45-hydroxy-50R-palytoxin(56) were isolated
from theHawaiianzoantharian®. toxicaandP. tuberculosaespectively{116, 127] Compoung 50
and55 wereevaluatedhgainst skeletal myotubesvealing an increased 6" at 6 nM The increase

of C&* could have occurred tbugh either arinduced activation of voltage calcium channels or by
activation of the NaC&* exchangef116]. These compounds also displayed cytotoxic activity against
human skin keratinocytes (HaCaT cgliéth an EGo values of 2.7 x 18 M for 50, 9.3 x 10° M for

55 and 1.0 x 18° M for 56 [127]. Rossiet al, reported a new analogue named palytoxin b from a
reference standard purchased to Wako chemicals GmbH (Neuss, Gefa®nyhe toxin was only
identified through LEESITo~MS analysis in positive modey comparison of the fragmentation
patterns to those &0. Compounds$50 and54 were reported for the first time from the cyanobacteria

Trichodesmiunmspp. collectedn New Caledonig126]. These toxins were identified through two

27



Natural Products from Zoantharians

biological methods including mouse bioassaguroblastoma cebased assay and H&@S/MS
analysis.Fragaet al reported for the first time the presence56fand 56 from the Atlantic coral
Palythoa canariensi§l28]. The identification of the toxins was achieved through UPLJoF-MS

and by comparisonf the fragmentation patterns to those of the standard palytbxig018, the
presence ob0 was reported at &igh concentradbn of 2.22 mg/g wet sample frofalythoa aff.
clavatdsakurajimensiscollected maintained inan aquarium in Indonesid18]. A potentin vitro
cytotoxicity was exhibited against A549 (lung carcinoma), Hs683 (glioma), U373n (glioma), 9L
(gliosarcoma) and B16F10 (melanoma) withsol@alues of 0.67, 0.580.56, 0.39 and 0.44 pM
respectively Palytoxinact through the Ng K* ATPase of cell membranes turning the pump into an
ion channel producing an Naflux, K* efflux, therefore causing a membrane depolarizatauling

cells toapoptosig129-131]. Additionally, a slight permeability of Gawas observed when palytoxin
binds the N4K* pumpand thepalytoxinCaZ* complex was determined through NMR and molecular
modelling analysig132]. Dermal, ocular and respiratory problems halso been caused by direct
exposure to some species of atharians being sold in home aquariums as these species are commonly
used for ornamental purposegl119, 133] Pdytoxin (50) displayed inhibition on human
immunodeficiency virus producing cells (MOKIHIVHTLV -IIIB cells) at 2.0 pg/mL[134]. An
increasing bioactivity was obse&d when a combination of a TRppe tumour promoter (teleocidin)
with a norTPA type tumour promoter (palytoxin) was used. The increase of bioactivity was suggested
to be due to the production of prostaglandinAgiditionally, Valverdeet al, reportedhe inhibition of
human intestinal cefroliferation(Cacae2) by 50 with an 1Go value of 0.1 nM135]. A potent activiy
against head and neck cancer cell lines observed fob0 with a LDso values between 1.5 to 3.5
ng/mL [136]. Also, compound50 killed tumour @lls in mice with a LIg, values between 68 to 83

ng/kg, with no tumour regression observed in control anifi8Bs].

28



Natural Products from Zoantharians

A 233 nm

AB n R' R?
palytoxin (50) A 1 H OH B
homopalytoxin (51) A 2 H OH 1 o
bishomopalytoxin (52) A 3 H OH
neopalytoxin (53) B 1 H OH m
deoxypalytoxin (54) A 1 H H
42S-hydroxy-50S-palytoxin (55) A 1 OH OH
42S-hydroxy-50R-palytoxin (56) A 1 OH OH

Figure 14 Structures of palytoxin analogues from specieRalfthoa

LI Ecdysteroids

Highly hydroxylated steroids featuring a conjugated ketone&a@d named ecdysteroids have been
found in most of the species of both gereatythoaandZoanthus

Palythoa: The chemical study of an unidentifi®élythoasp. from Vietnam allowed the idgfcation
of the firstecdysteroidnembers20-hydroxyecdysonesy), 2-O-acetyt20-hydroxyecdysones8) and
3-O-acetyt20-hydroxyecdysonebQ) (Figurelb) [137]. Theseecdysteroids were also reported from the
Brazilian zoantharianBalythoa variabilisandP. caribaeorunmand from the Taiwanege tuberculosa
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[91, 138] Palythoalone AgQ), palythoalone B §1), makisterone B&2) and inokosteronesB) with a
hydroxyl group at €7, were reported fronPalythoa australiaecollected off the coast of Okinawa
[139]. The structures were characterizédsed onfNMR data and the absolute configuration was
deducedisingelectronic circular dichroism (ED) data aftecchemical ddavatization.The antidengue
guided activity of the ethanolic extract of the Vietnantfealythoa mutukiet to the isolation 057, 58,
59 along with palythone A 64), 3-deoxy-20-hydroxyecdysone6b), 24-epimakisterone A §6), 2-
deoxyecdysteroné{) andU-ecdysoneg8) (Figure15) [140].

Zoanthus: The oxytocic activity of the methanolic fraction D6anthussp. collected off the coast of
Goat, India, leto the isolation of2-deoxyecdysteronés7) [141]. Compound67 showed oxytocic
activity in the oxytocin and PGk assays at concentration of 50, 100 and 200 pg/fitle new
ecdysteroid zoanthusterorg9j was isolatedalong withthe knownponasterone A7Q), viticosterone
E (71), integristeroné\ 25-acetate 12), ajugasterone C7@), dacryhainansteron&4), 57, 58, 63, 67
and 68 from an unidentified specie @oanthussp., collected off the coast of Sarrseen, Thailand
[142]. Analysis of the antdengue virus activity ofie ethanolic extract frordoanthusspp. collected
off the coast of Taiwan allowed the identificatioraafiew ecdysteroid®anthone AY5) together with
dehydromakisterone A 76), pterosterone 77), epkinokosterone 78), turkesterone 79),
dihydropoststerone8(), 57, 59, 63, 67 and68 [143]. Compoumls 75 and 77 exhibited activityagainst
dengue viruswith an EGp values 0f19.61and 10.05uM respectively. Additionally, compounds
displayed activity against three different dengue virus serotypes with arvé@es of 15.70 uM for
DENV-1, 9.48 uM forDENV-3 and 12.15 uM for DENM.
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20-hydroxyecdysone (57)
2-O-acetyl-20-hydroxyecdysone (58)
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Figure 15 Structures of ecdysteroids from species of zoanthariadgthoa(Pal.),ZoanthugZ.),
ParazoanthugPar.),Savalia(S.), AntipathozoanthuéA.).
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LIV Zoanthamine Alkaloids

A very original family of alkaloids called zoanthamines has been isolated only from the genus Zoanthus.
A review on the chemistry and biological activities of these metabolites was published i[12408

Previously, another review was published on alkaloids found in zoanthflrés)s

The first chemical investigation of axioc Zoanthusspecies started in 1984 by Rao andnaokers
when the spray ejected by colonies of an Indian specigsarithuscaused prolonged eye irritation and
pain [146]. Even though the zoanthariavas first identified agoanthus pacificysthis species was
thought to be endemic of the Caribbeardthe authors decided teeep the nam&oanthussp. They
were able to isolate and characteriparzthamine 1), the first member o& newfamily of alkaloids

of unknown metabolic pathweagndcharacterizedy uniquefeaturesof fusedrings culminating in a
rareazepane ringFigure16). The structure d81was elucidated by mass spectroscopy and NMR, and
the relative configuration was deduciedm crystallograpic and Xray diffraction analysis. Further
chemical studies on the same spgallwed the identification of zoanthenam(i®2) and zoanthamide
(83) [147]. These structures were elucidated by comparison dHled*C NMR signals to those of
8l They bot h-spirotaetane nng at @2. Dhis new lactone ring is probablyrifieed after
opening of the unstable hemiaminal&if, leading to the enamine but also the spirolactone following
cyclisation of the resulting carboxylic acid with the alcohol formed after oxidation of the meftyl C
CompoundB2 contains an additional heatietal that could be formed by addition of a primary alcohol
at G28 onto the ketone at20. While this ether ring is absentd8, opening of the second hemiaminal
couldleadt o a t 4actoné rm@ dnd an amide at/Cafter oxidative cleavage ofélresulting
enamine. The stereochemistry of these compounds was assumed to be the &graadshe first

biological studies on these alkaloids in mice revealediaftdimmatory activity.

Later, hesearch foantrinflammatorymetabolites from doantussp. collected off the Bay of Bengal,
let to the isolation of 28eoxyzoanthenamin@4) and 22epi-28 deoxyzoanthenamin8) (Figurel16)
[148]. Compoundd4 exhibited potent antinflammatory and analgesic activitgoanthaminone86)
together with81 and 83 were isolated fronZoanthussp. collected off the Arabian s¢d49]. The
structure of86 was determined by Xay diffraction, crystallographic and spectroscopic analysis
Recently, Liet al, reported the protective effect&fin Alzhei mer 6 s di sease through
neural stem cells and reducing the rRSilRxpressiofil50]. Norzoanthaminé87), oxyzoanthaminesg),
norzoanthaminoneBP), cyclozoanthamine9Q), and epinorzoanthamin®l) were reported from an
unidentified specie aZoanthuscollected off the Ayamaru coast of the Amami Islandaparn(Figure

16) [151]. Compounds87, 89 and 91 are the first zoanthamines without theethiyl at G26.
Zoanthamine 1) was proposed as a precursornofzoanthamine8() following oxidation of the

methyl G26 and decarboxylatioAll five metabolites displayed cytotoxic activity against P388 murine
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leukemia cells with an 1§ values of 24, 0, 1.0, 24 and 2.6 pg/mL respective@ne of the most
promising bioactivities displayed by these alkalo@le agaig osteopoosis anda reviewon this
potential activity was published in 2@by Uemura and cworkers[152]. Compound87 and its
hydrochloride analogughowed inhibitiorof Interleukin 6 (1l-6) at 13 and 4.7 pg/mL respectively. The
structureactivity relationship (SAR) 087 indicated the €5/G16 double bond and the lactone ring
plays an importanble in the activity of the natural prodyd63]. The potent antiosteoporotic effect of
norzoanthamine hydrochloride was confirmed by itheivo assay in ovariectomized mice and by
theoretical studies through molecular dynamics and docking investigations of roaetlzalogues
as matrix metalloproteinasésinhibitors[154, 155] Additionally, Kinugawaet al., reported tha87
increases the production of collageydroxyapatite composite, one of the major solid components of
bone tissue ypa nonspecific binding to the polyvalent binding sites of collaffs6]. Therefore, the
antiosteopmsis mode of action is suggested to be due to the collagepnanthamine supramolecular
association preventing collagen from a proteolytic cleavilge protective function d87 was further
confirmed by Genijet al Theystudied the distribution aforzoanthaminen Zoanthussp., revealing a
high concentration of the alkaloid in the epidermal tissue of the orgdfsrh Tachibana and eo
workers synthesized the bisaminal unit of norzoanthamine which exhibited similar collagen protection
as the parent compound. Tabsenceof the D ring lel to thehydrolisisof the bisaminalnducinga
decrease othe protective activity[158]. In 1998, @ioxyzoanthamine92), an isomer oB8 at G-19,
was isolated frorZoanthussp. collecteaff the Canary Island459]. An unusual deuterium exchange
was observed in the presence®D for the methylene signal at €1 in 87 and 92 as previously
reported for81. The deuterium exchange coudginate froman equilibrium between the lactone and

the enamie form in aqueous solution.

Later, zoanthenol 43), the first zoanthamine with an aromatized A riBghydroxynorzoanthamine
(94), 30-hydroxynorzoanthaming5), 11-hydroxynorzoanthamined6), and 1thydroxyzoanthamine
(97) were reported fromntoherZoanthussp. (Figure16) [160]. No deuterium exchangst G-11 was
observed foB6 and97 suggesting that the first step in the enamine formation would be an elimination
of H-11b. During the bioactivity studyagainst humarplatelet aggregation, a strong inhibitiof
collagen, thrombin and arachidonic agidluced aggregation was observed for compo@idmnd97

both at 0.3, 0.5 and 1 miA61]. The inhibitory effect caused by the zoanthamine analogues was
suspected to be induced by the stimulation of calcium inputhieteoell, activation of protein kinase C

or reduction of intracellular cyclic adenosine monophosphate Ie&elgnportant role is played by
thromboxane A (TXA2) and phospholipase ;APLA;) when platelet aggregation is activated by
arachidonic acid or clalgen respectively. Additionally, compoun#él4 and 95 selectively inhibited
platelet aggregation induced by collagen at 0.3 and 1 mM WRileas effective at 0.125, 0.5 and 1
mM [161]. Hirai et al., synthesized the AB@ng and CDEF&ing of 93to study itsSAR.The presence

of the hydrochloridesaltin the CEFGring is suggested to be the active pharmacophore to inhigit 1L
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producton [162]. Furthermore, a praggregan effect was observed &frat 1 mM and88 between
0.125 to 1.5 mMinterestingly, the bioactivity was enhanced in the presence of hydroxyl groups at C
3, G11 or G30 and the addition of a double bond at@C-11 of the norzoanthamine skelefd®1].

Two structurally different zoanthamine analogues, zoaran®) &énd zoarenon€9) were isolated
from an unidentified species @oanthussp. collected off the coast of Punta del Hidalgo, Tenerife
(Figure16) [163]. Compoundd8 is characterized by the absence of the-lidbond and the presence
of a G7/C-24 bond.The relative configuration was assigned by ROESpeexnent, coupling constant
values and confirmed through Gatgeependent Atomic Orbital (GIAO) NMR calculations using the
density functional theor{DFT) analysis andhe probabilistidOP4.Zoarenoneq9) is closely related

to 98 but the azepane ring hasen lostAdditionally, the sameaesearclgroup reported three oxidized
zoanthamine analogueshfdroxy-11-ketonorzoanthamide BLQQ), norzoanthamide B1Q1) and 15
hydroxynorzoanthaminel(2) from Zoanthussp. (Figure16) [164]. Kuroshine A (03) and kuroshine

B (104) werethenreported from the Taiwanese zoanthaZaanthuskuroshio[165]. Compoundl03

is characterized by the presence of an ethidgbbetween €10 and G28, while104 containsan eight
membered lactone ringetweenC-24 to G-26. These compounatid not show any activityagainst
human platelet aggregation, inflammatoyr cytotoxidaty. Further studies od@. kuroshioled to the
idertification of Kuroshines @5 (105-109), 3b-hydroxyzoanthenamide 1{0) and T
hydroxyzoanthenamidel{1) (Figure 16) [166]. Kuroshines GG contained thesamering systemas
103 while 110 and 111 share the same ether bridge as zoanthenaf@R)eThese compounds were
evaluated for their anthflammatory, antiviral, antimicrobial, antiosteoporosis and cytotoxic activity.
Only compoundL07 displayed weak toxicity against melanoma cell line B16 @aithG, value of 120
UM. Two halogenated zoanthamines analoguésio8ozoanthenaminel{2) and 11b-chloro-11-
deoxykuroshine AX13) were isolated fronZ. kuroshioalong with 18epikuroshine A {14), 70-
hydroxykuroshine E 1(15), 5U-methoxykuroshine E1(6) and 18epikuroshine E 117) [167].
Compoundsl14 and 117 are the firstzoanthaminesvith a cis A/B junction. The antinflammatory
analysis revealed a significant activity 0i2 at 10 puM.Finally, the first chemicaktudyof Zoanthus

cf. pulchellus collected off the coast of mainland Ecuador éd to the isolation of 3
acetoxynorzoanthamin&i8) and 3acetoxyzoanthamind {9) together with the know81, 87 and94
[168]. These compounds were evaluated for traitioxidant and anihflammatory activity in
microglia BV-2 cell line Compounds87 and 118 displayed doselependent activity on Reactive
Oxygen Specie$ROS) while the other compounds exhibited inhibitory activities on ROS and Nitric
Oxide generatio(NO).
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R' R? R® R* R® R® R’
Zoanthamine (81) H CHj3 H H H H H
Zoanthaminone (86) H CHs = H H H H
Norzoanthamine (87) H H H H H H H
Oxyzoanthamine (88) H CH,OH H H H H H
Norzoanthaminone (89) H H =0 H H H H
Epioxyzoanthamine (92) CH,OHH H H H H H
3-hydroxynorzoanthamine (94) H H H H OH H H
30-hydroxynorzoanthamine (95) H H H H H OH H
11-hydroxynorzoanthamine (96) H H OH H H H H
11-hydroxyzoanthamine (97) H CHj; OH H H H H
2-hydroxy-11-ketonorzoanthamide B (100)H H = OH H H =0
Norzoanthamide B (101) H H H H H H =0
3-acetoxynorzoanthamine (118) H H H H AcO H H
3-acetoxyzoanthamine (119) H CHj; H H AcO H H

R! RZ R®
Zoanthenamine (82) H H H
3B-hydroxyzoanthenamide (110) B-OH H H
7a-hydroxyzoanthenamide (111) H H a-OH
5a-iodozoanthenamine (112) H ol H

Zoanthamide (83)

28-deoxyzoanthenamine (84) epinorzoanthamine (91) thenol (93
22-epi-28-deoxyzoanthenamine (85) cyclozoanthamine (90) zoanthenol (93)
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RZ R® R*
Kuroshine A (103) OH H H H H
Kuroshine C (105) OH H OH H H
Kuroshine D (106) OH H H OH H
Kuroshine E (107) =0 H H H H
Kuroshine F (108) =0 H OH H H
Kuroshine G (109) =0 OH H H H
11 p-chloro-11-deoxykuroshine A (113) ACI H H H H
18-epi-kuroshine A (114) OH H H H H
7 a-hydroxykuroshine E (115) =0 H H H OH
5a-methoxykuroshine E (116) =0 H H OCH; H
18-epi-kuroshine E (117) =0 H H H H

s Kuroshine B (104)

Figure 16 Structures of zoanthamine alkaloids from speciesoainthus

...V  2-Aminoimidazole alkaloids

Other types of aromatic alkaloids containinear@inoimidazole rings are commnonly found in
zoantharians.

Palythoa During a survey of fluorescent bisguanidine aromatic alkaloids named zoanthoxanthins in
different zoantharians, Carielloet al reported the presence of zoanthoxanthih20,
parazoanthoxanthin D 121), parazoanthoxanthin F 122, epizoanthoxanthin B 13,
palyzoanthoxanthin AC (124-126), pseudozoanthoxanthiiZ7), homopseudozoanthoxanthih2g)
and dimethylpseudozoanthoxanthir2) in small amount fronfPalythoasp.collected inindonesiap.

mammilosan the Caribbean an. tuberculosafrom the Marshall Island@igurel7) [169].

Zoanthus Zoanthus sociatufrom the Caribbean and. aff. pacificuswere also screenetbr their
contentin pigment zoanthoxanthij$69]. The composition was different and for theanthusspecies
they found zoanthoxanthin 320), pamlezoanthoxanthin D 121), palyzoanthoxanthin A 1@4),

pseudozoanthoxanthin127), homopseudozoanthoxanthinl2@), parazoanthoxanthin A 180),

parazoanthoxanthin B181), parazoanthoxanthin G182, 3-norpseudozoanthoxanthirl33) and
epizoanthoxanthin Al34) (Figurel?).
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Linear zoanthoxanthins

HoN

Zoanthoxanthin (120)
Parazoanthoxanthin A (130)
Parazoanthoxanthin B (131)
Parazoanthoxanthin C (167)
Parazoanthoxanthin D (121)
Parazoanthoxanthin E (168)
Parazoanthoxanthin F (122)
Parazoanthoxanthin G (132)
Epizoanthoxanthin A (134)
Epizoanthoxanthin B (123)
Palyzoanthoxanthin A (124)
Palyzoanthoxanthin B (125)
Palyzoanthoxanthin C (126)

N-
N-

1

m
1

ethyl groups at position Genera
N-3 N-(C-2) N-(C-6)
1 2 Pal. Z. Par. E.
Z. Par.
1 Z. Par.
1 1 Par.
2 Pal. Z. Par.
1 1 2 Par.
1 2 Pal. Par.
1 1 Z. Par.
1 2 Z E.
1 Pal. E.
2 Pal.
2 2 Pal.
1 2 2 Pal.

KB343 (181) E.

Natural Products from Zoantharians

HzNa//Ng |-|N\\(2

N3

Angular pseudozoanthoxanthins

NH,

N-methyl groups at position Genera
N-1 N-3 N-9 N-(C-2) N-(C-8)
Pseudozoanthoxanthin (127) 1 1 Pal. Z. E.
3-norpseudozoanthoxanthin (133) 1 Z. Par. E.
Homopseudozoanthoxanthin (128) 1 1 1 Pal. Z.
Dimethylpseudozoanthoxanthin (129) 1 1 2 Pal.
Paragracine (169) 2 1 Par. E.
9-Methylparagracine (170) 2 1 Par. E.
171 1 2 Par.
172 1 Par.
173 1 1 Par.
174 2 Par.
175 1 1 Par.
176 1 1 Par.
H
N
r1 H | )—NH
\ N N \Rz
HN~<\ /
N
Terrazoanthine R’ R%2 Genera
A (182) B D T
B (183) B cC T
Os O
’ o]
1
R\ N o~
HN—C |
N 1
R’ Genera
Terrazoanthine C (184) B T.

Figure 17 Zoanthoxanthin derivatives from zoanthariaRalythoa(Pal.),ZoanthugZ.), Parazoanthus
(Par.),EpizoanthugE.), TerrazoanthugT.).
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[.I.1.VI Miscellaneous

Palythoa:In 1978, he watersoluble amino acid mycosporit&y (135) was isolated fronfPalythoa
tuberculosacollected in Japaand converted into the stable methyl ester for its characterization by
spectroscopyFigure 18) [170]. An ultraviolet protectie function was proposedn the organism
because of its high UV absorbance&tl0 nm.Palythine (L36), palythinol (L37), and palythenel38)

were isolated from the same species dmedé¢ compounds showhih UV absorption ae-310, 332

and 360 nm respectiveljl71, 172] Additional studies on U\absorbing compounds frorR.
tuberculosaled to the isolation of pwazine derivatives hameauhlythazine 139) and isopalythazine
(140), characterized by their spectroscopy data and chemical synfhé3jsin 1982, two glycerol
ethers namedhimyl alcohol (41) andbatyl alcohol 142) were identifiedalong with a mixture of other
glycerol derivatives from the ligroin fraction &% liscia[174]. Two prostaglandins PGA(143) and
PGB (144) wereisolatedin 2006isolated fromP. kochii collected off the coast of Okinawa, Japan
[175]. The structures were established based on their NMR data and by comparison to those of the
commerdal PGA. Compoundl43displayed cytotoxic activity and neuriéxtension inhibition (NGF
PC12 cell) with an les values of 70 and 20 uM respectively ghdantitubulin polymerization activity

at 100 uM. ThePGA, bioactivity of 143wascomparable toéhe one opaclitaxel (Taxol)out 144 was
found to be inactiverhe chemical study of the Brazilian zoanthafRxntopalythoa variabilisallowed

the identification of two lipidic U-aminoacids 2aminotriacontanoic acid 145 and 2
aminohentriaontanoic acid¥46) for the first time from natural sourcgk’6, 177] The mixture of the

two amino acidsl45 and 146 exhibited potent cytotoxicity against human colon cancer {8LT
melanoma (MDAMB-435), CNS glioblastoma (SE95) and leukemia (H60) with an 1G, values of
0.13, 0.05, 0.07 and 0.1 pg/méspectivelyFigurel18). In 2012, wo unprecedented sulfonoceramides
named palysulfonoceramide 247) and palysulfonoceramide B48) along withthe known ceramides

149 and150 were isolated fronPalythoa caribaeorunandPalythoa variabiliscollected offthe coast

of Brazil [178]. Remarkably, sulfonylated groups on ceramides have only been obtained through
synthesis beforelhese ceramides were tested against human colon adenocarcinoma 6)CGEll

line with no significant bioactivityThe DCM fration exhibited high toxicity in thertemia lethality

test with an LG value of 52.10 pg/mL. All fractionshowed low hemolytic and no antimicrobial
activity at 100 pg/mL179.

The antidengue apocarotenoid pigmeperidin (151) was isolated from the VietnameBe mutuki
(Figure18) [140]. The pigmenexhibiteda potent antiviral activity against all seygpes of DENV 14
with an EGo values of 7.62, 4.50, 5.84 and 6.51 uM respectively. Addition#i¥ showed inhibition
of DENV protease activity with an EE€value of 8.50 UM suggesting a potential asghgue virus
candidateAdditional pyrazine derivativasamed tiberazines AC (152-154) were isolateclong with

155, tyramine N-methylserotonin, phenethylamingobutylamine, isoamylamin&56, 58and59from

38



Natural Products from Zoantharians

the Taiwanese zoanthari& tuberculosgFigure 18) [138]. The absolute configuration 462 was
assigned through ECD analysisd ®mpoundl154 exhibited antlymphangiogenic activity in human
lymphatic endothelial celld ECs) with an 1Go value of 33 pg/mL.

The variability of themetabolomic profilingusing theMS/MS fragmentation pattern and the Global
Molecular Networking Analysis (GNPS) wassessedn two species of zoanthariaRscaribaeorum
andP. variabilis collected from different locationsf the coast of Brazi|180]. This new approach
deepens our knowledge on the metabolome of marine invertebratetudieevealed the presence of
mycosporindike aminoacids, ecdysteroids, phosphatidylcholine derivatives, indole diterpenes,
sulphonoceramides and zoanthamine alkaldid4982, he cytotoxic activity of the ethanolic extract

of Palythoa lisciacollected offthe coast of Mauritiused to theisolation of three peptidesnamed
palystatins 43 [181]. Palystatins 413 wereseparatedby gel permeation chromatography. Palystatin 1
which is suggested to be a suhit of palystatin 23, displayed cytotoxic activity againgt¢ murine PS

in vivosystemata concentration of 0.3 mg/K@dditionally, the bioactiity guidedpurificationof the
methanolic extract oP. liscia allowedthe isolationof four distinct peptides nameghlystatins AD

[182]. The molecular weights of palystatiA-D were determined by gel permeation and corresponded
to 4500, 4000, 3300 and 3000 Da respectively. PalystatiDsdisplayed cytotoxic actity against
murine lymphocytic leukemia (P388S system) with E€values of 0.0023, 0.020, 0.0018 and 0.022
pg/mL respectivelyThe biological study on the sodium channel of the low molecular weight fraction
of the Mexican zoanthariaR. caribaeorumallowed the isolation and identification of a new toxic
peptide cataining32 amino acid residues with a molecular weight,6#8 Da[183]. It is characterized

by an unusual \shapdJhelical structure with the presence of two cysteine residues and one disulphide
bridge unlike other seaanemone toxins that commonly possess three to fourpdidel bridges
Analysis of the transcriptome of the Brazili@rotopalythoa variabiligevealed the presence of several
putative toxierelated peptides with neurotoxic, hemorrhagic and memidengoting proteins activity
[184]. These peptidesre possibleelated to four neurotoxin families including turripeptide, ShK, three
finger toxin and a novel anthozoan neurotelie peptide. Furtheanalysis allowed the identification

and synthesis of two peptides; one related to the ShK/AurélinrkKchannel blockeshK/Aurelinand

the second one to the anthozoan neurotoxin family. Both peptides were synthesized by solid phase
chemistry forin vivo bioassays in zebrafish. The iDvalue of the ShK/Aureliike peptide for
zebrafishranges fronil5to 20 uM and exhibited potent neurotoxic activity at 10 uM. The anthozoan

neurotoxinlike peptide showed cytotoxic activity with a kdvalueof 3 - 30 M.

The pharmacological study of theucus of P. caribaeorumrevealed the presence of four
metalloproteases corresponding to 55, 63, 109 and 260[¥&3& The 109 and 260 KDa proteases
were more sensitive to higher temperatures than the smaller Bugbher analysis revealed a
hemagglutinating activity against all human erythrocyte tygemhibition of platelet aggregation was

observed at 2.3 ug, a pomagulant activity at 0.75 pg while higher concentration of the mucus between
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1.5 to 6 pg displayed anticoagulant activitjhree kunitzlike peptides (PcKuz-B) were described
based on the transcriptome sequencing from the BraBli@aribaeoruni186]. PcKuz3 is related to

the known snakéype kunitzlike toxin comprising between 50 to 60 amino acids, six cysteine residues
which could folddue tothe presence of three difide bridges aCC1-C6, C2C4, and C3-C5. The
proteinprotein docking was analyzédsilico and zebra fish was used as model forithévotoxicity
analysis. PcKuz3 showed high toxicity in zebra fish larvae with aaviBue between 10 to 20 pM,

and at 5uM the locomotion of the zebrafish vegnificantly reduced. Additionally, based on the
similarity to dendrotoxins, it was suggested that PcKuz3 blocks the potassium ion channels, and
thereforeit can beconsidered as neurotoxin. The Slike peptide (PcShK3) characterized by the
presence ofite ShK domain containing three dighitle bridges, was identified from the transcriptome
of P. caribaeorumthrough computational processing, structural phylogenetic analysis, model
prediction and dynamic simulation of peptigeeptor interaction. PcShKHgbited cytotoxic activity

with a LDsp value of 43.5 uM after 48h exposyte37].

The neurotoxic pospholipase APLTX-Pcbla was obtained frof. caribaeoruncollected off the

coast of Mexicg188]. It was isolated through cationic exchange column and size exclusion HPLC
column. This enzyme belongs to the secreted:Ripe enzymes (sPLAwithin the family of calcium
dependent PLAphospholipases. tiontainsl49 amino acid residues with a molecwlaight of 16,617

Da. The enzyme is characterized by the absence of the cdlaigling site and the histidine active site

as commonly found in other PkLAenzymes Based on thdow similarity with other sPS4 it is
suggested to be a member of a new grafyghospholipases 2PLA.. It displayed neurotoxic activity

in the primary motor cortex in rats by intraventricular injection ofAZ'X-Pcbla with a concentration

of 3.5 mg/mL.The peptide Pp \shapd+helical peptide (Pp¥) belonging to the sodium channexin

type was isolated frofRrotopalythoa variabilig189]. The peptide was synthesized by solid phase for
thein vivo bioassays and it is characterized by the presence of two cysteine residues. The peptide
protein doking analysis and dynamic simulation revealed its capacity to block the sodium channel. The
PpWexhibited a LR, valueof 10.88eM in zebrafishin the folded version and 21.231 in the linear

one, and their locomotion was also disturbed at concentratiars5.0 and 2.5M in the folded and

linear form respectively. Additionally, the folded peptide showed higher protective activity against
epileptic seizure at a concentration o€ and at 1M it inhibited totally the epileptic seizures in
zebrafish. Furthermore, both forms of the Bjprevented neuronal death with concentrations higher
than 1eM in the 6OHDA- induced cell death assay.

Zoanthus: The U-aminob-phosphonopropionic acid%7) was idetified from the aqueousthanolic
extract ofthe CaribbearZoanthus sociatuby Kittredge and Hughes in 19¢Bigure 18) [190]. The
identification of the amino acid was based on comparison with thiketimlabelled analogue by paper
chromatography, paper electrophoresis aneeixarhange chromatographp. 1997, lariamide 158), a

sulphated sphingolipjdvas isolated together wittb9 from an unidentified species @oanthussp.,
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collected offthe Indian coasfl91]. The antispasmodic & carotenoid pigment peridinol§0) was
isolated froma Zoanthussp., collected offthe coast of Goa, Indifd92]. Garciaet al, reported the
inhibition of insulin secretion via Gachannelin isolated rat pancreatitcells of the crude extract and

the low molecular weight fractions @banthus sociatusollected in La Habana, Culp93]. The MS
analysis revealed the presence of four major compounds with a molecular weight of 6397.7, 4179.1,
4874.7 and 2131.2 Da. The HPLC analysis showed similar retention times to those of insulin and
conotoxin GVIA, apotent inhibitor of neurondll-type C&" channels, suggesting similar structures

with a difference of 3.8 tokDa to¥ -conotoxin GVIA. Then vivotoxicity in mice of the low molecular
weight fraction from the Cubaf sociatusvasassesselly Antune<et al., revealingatoxic effect with

a LDso value of 79Z9g/Kg[194].

Furthermore, the identification of cyanotoxin microcydtR (MC-LR) from this fractiorwas reported

for the first time inZ. sociatusbased on masmatching against libraries of ngibosomal peptide
datdbase (NORINE) and confirmed by HPLC/MS analy4i85]. Two florescen proteins; ayellow-

like fluorescence protein (zFP538) angreenrlike fluorescence protein (zFP506) were identified from
Zoarthussp. [196]. These fluorescerproteins exhibited a maximum absorptiore&28 and 496 nm
respectively, and both proteig®ntain231 amino acid residues. A protective activity against solar
radiation has been suggested these proteinas ecological role iZoanthus especially for species
inhabiting shallow tropical waters. The YFP zFP538 shos@depotentialapplications folin vivo
labelling since its fluorescence remained stétdour weeks. A red fluorescence protein zoan2RFP
(AY059642) was reported fromnaunidentified speci&of Zoanthussp., along with the previously
reported GFP (zFP506) and YFP (zFPH38Y]. Here also, ahotoprotective activity of the fluoresden
proteinswassuggested. Further studies on these fluorescence proésmumnstratethat the amio acid
residus Tyr66 and Gly67 form the chromophore of GFP zFP506 while the amino acid Lys65 was the
main responsible for thgellow fluorescene of zFP538, suggesting that the fluorescence emitted by
both proteins are caused by two chemically different chrowmasfil98]. Consequently, the structure

of the YFP zFP538 chromophore was determined through crystallographgntidda molecular
replacement with the evolutionary programming for molecular replacement (EPMR) njg€8yd
200]. The synthesis ofthe zFP538 chromophowmas achieved by Lukyanove and his group in 2009
[201]. Pletnevaet al, determined the RFP zRFP574 chromophore structure through crystallography
studies and the thredimensional structure of the zYFP538, zRFP574 and zGF&ts0énophoredy
X-ray analysis vih a resolution of 1.8, 1.51 and 2.2 A respectiy202, 203]
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[.I.IIL Macrochemina

This suborder contains many more gerkaa the suborder Brachycnemibat only fve of them have
been chemically studie@®avalig ParazoanthusEpizoanthusTerrazoanthusandAntipathozoanthus
Two families of natural products have been usually identified in species of these genera: ecdysteroids

and zoanthoxanthirtsut other halogenatdgrosine derivatives are also present

LI Ecdysteroids

ParazoanthusIn 1979,Fedorovet al, reported for the first time the isolation2-hydroxyecdysone
derivatives57-69 from a Palythoasp. but also #arazoanthusp., collected in the coast of Vietnam
(Figurel5) [137]. The structures werdeduced frontheir NMR and MS data and by compariseith
thoseof previously reported analogues. The newehydroecdysterond§l) was isolated fsm the
AustralianParazoanthussp., together witlihe known 2€énydroxyecdysoné57) andajugasterone C
(73) (Figurelb) [204, 205] The relative configuration df61was assigned through coupling constants
analysisandnOe correlationsin in vivofeeding assay to test the protective role of ecdysteroids present
in marine irvertebrates was performed in the studg.protective role was observed with treatment up
to 1% ofecdysteroids. This findingas further confirmed by a palability study carried out by Fenical
and ceworkers[205]. No antifungal activity was found in the tested metaboliecently during a
deep chemical investigation of two morphotypedPofaxinellaein the Mediterranean Sedyet four
ecdysteroid$7, 58, 59 and71 were identified206].

Savalia In 1982, compoun@0-hydroxyecdysoné57) was isolated as the major component of the
Mediterranean zoanthari@erardia savaglignow Savalia savaglip(Figure15) [207]. The structure

was deduced by NMR analyses and comparigdth the commercially available ecdysterone.
Consequentlygerardiasteronel@2? and then ajugasterone (Z3) wereisolated fromS. savagliaby

Pi et r afR@8, 209 The gtructure ol62was established through its spectroscopic data and by
comparison to those of ecdysterone. Musthe first ecdysteroideported with four hydroxyl groups

at the side chain having the new OH group-23CTsubuki and cavorkers synthesizegerardiasterone

via a diastereoselective synthesis and the absolute configuration of the side chain was confirmed to be
20R, 22Rand BSJ[210, 211]

AntipathozoanthusOnly one chemical study Bdeen published from a specief\atipathozoanthus
Ecdysonelactones -B (163-166) were reported from the Tropical Eastern PaciHiantharianA.
hickmanj collected at the marine protected area El Pelado, Ecufiéigure 15 [212].
Ecdysonelactoneare characterized by the incorporation @lactone ring fused dahe C-2/C-3 bond
of ring A of the ecdysteroid skeleton. The structures were inféwattheir NMR and HRESIMS data.

The relative configuration was assigritadbughNOESY correlations, coupling constaatsalysisand
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comparison of the NMR data to thosededehydroecdysteroné§l). These compounds did not display
antimicrobial and cytotoxiactivity.

LLILN 2-Aminoimidazole Alkaloids
Parazoanthus The first alkaloids isolated from a zoantharian arearacterized by an unusual
heteroaromatic systensyclohepta[l,2d:4,5d"]diimidazole or cyclohepta[l;@:3,4dldiimidazole.
These alkaloids can beaskified depending on their skeleton type; zoanthoxanthin (linear system) or
pseudozoanthoxanthin (angular system). Within the zoanthoxanthin type, they are differentiated into
para and epi zoanthoxanthins depending on the methylation patterrthe imidamle ring. The
fluoresceh pigment zoanthoxanthir{120), was first isolatedin 1973 from the Mediterranean
zoanttarian Parazoanthuscfr. axinellae (Figure 17) [213, 214] The structure othis compound
featuring anew heterocyclic system was determined by spectroscopy data, chemical derivatization and
X-ray crystallographic of its chloro derivativ@ompoundl20displayed a nomwompetitive inhibition
of succinic oxidase activity of beef heart mitochondria with ag\@lue of 5.7 x 10 M [215]. Further
chemical studies on the sarReaxinellagled to the isolation oparaz@nthoxanthines A (130, 131,
167, 121) (Figurel7) [216]. Only compoundd.30and121 werefully characterized bgomparison of
spectroscopic data with thoseI#0 The structures di31and167 could not be fully elucidated due
to the small amount of isolatedaterial CompoundL30inhibits DNA synthesis at 2.7 x M andan
electrostatic bindingf 130to the daible-stranded DNA has been suggested amchanism of action
[217]. Compoundl30also showednticholinesterase activity with an inhibition constant valie)
of 19 and 26uM and inhibition of the nicotinic acetylcholine recepf@is8, 219] Screening of
zoanthoxanthin alkaloids in zoantharians led to the detectiaherf parazoanthoxanthin derivatives E
(168), F (122 and G (32 in P. axinellae(Figure 17) [169]. The histamindike activity of the
methanolic fractions of the Japanese zoantPédazoanthus gracilisallowed the isolation of a
yellowishgreen fluorescence compound paragraclie®)([220]. The structuref 169 was established
based on its chemical reactivity, spectroscopy data atwdyXcrystallography analysis of its
dehydrobromide trihnydrate derivative. Compoul®® exhibited a papaveridée activity and a
frequencydepended blocking action of tlsedium channgR21]. In addition to169, six paragracine
related alkaloids9-methylparagracinel{0), 171, 172, 173, 174 and127 weresubsequentlysolated
from the JapanesP. gracilis (Figure 17) [222]. A papaverindike activity was exhibited by these
compounds Earlier, andduring the chemical study of a Hawaiian zoanthafamazoanthussp.
collected ata depth of350 m, the pseudozoanthoxanthin analodé was also isolated by Scheuer
and ceworkers[223]. However, a following publication by the same gragmitted an uncertainty in
the taxonomyof the species that could also belong to the g&avwslia[224]. Further analysis of the
chemical content of this species allowed the characterizatibrii@nd another pseudozoanthoxanthin
derivative 175. The inhibition of acetylcholinesterase was med from the ethanolic extract of

Parazoanthus axinellaBom the Northern Adriatic Sea, leading to the isolatiorl'd8, even ifthe
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position of the methyl on either-€ or G6 was not confirmed25]. This fluorescence compound
displayed similar activityn vivo as the extract in mice and crabs with an inhibition constant (Ki) of 4
MM. The components of the extract could also be cholinergic agonist on the nicotinic and muscarine
receptors. The vivoresults on the rat phrenic nerd@aphragm with the isolated compound suggested

a possible binding to the acetylcholine recepfamally, a recent study of the same species led to the
identification 0f129and169 [206]. For the first time, noffully aromatic Damides AD (177-180) were
reportedin 1997from an unidentified black spesief Parazoanthusp. from the Philipmies(Figure

17) [226]. They feature an unprecedent acylation on both terminal primary amines.

Epizoanthus The first metabolites reported from a species of the geBpgoanthusare bur
zoanthoxanthin  derivatives; epizoanthoxanthin  A134), epizoanthoxanthin B (123),
pseudozoanthoxanthiiZ7) and 3norpseudozoanthoxanthiid9 isolated from the Mediterranean
Epizoanhus arenaceusollected off the Bay of Naple@igure 17)[227]. The structures of the
compounds were established by comparisdtn those of zoanthoxanthine derivatives previously
reported fromParazoanthus axinellaégn 1993, 9mehtylparagracinelf0) was isolated together with
120and169from an undescribed spesief Epizoanthugrom Namena Islands, Fij228]. Compound

170 displayed cytotoxic activity againstyo human colon adenocarcinoma (HCT8 and HT29), human
lung carcinoma (A549) and mouse lymphocytic leukemi8@&®8) with an IG, values of 1.61, 0.824,
2.38 and 1.77 pg/mL respectivelRecently, lhe bioactiveguided chemical study of the extract of
Epizoanthus illoricatusollectedin the Republic of Palau, allowed the isolation of KB3481}, an
unusual cyclic trigguanidine alkaloid229]. The relative configuration was deducitdm NOESY
correlatons and the absolute configuration was established thre@ghanalysis.Compound181
exhibited moderate toxicity against murine leukemia cell line (L1210), human tumor cell line (HelLa)
and model neuronal cell line derived from human bone marrowS®5¥) with 1Cso values between

2 and 5 M.

Terrazoanthus A new family of 2aminoimidazole alkaloids named TerrazoanthineS {82-184)
were isolated from the zoanthari@iarrazoanthus patagonich&rmerly known ad. ono) collected
off the coast of mainlahEcuadorFigure17) [230]. Thiswasthe first report on the chemical diversity
of a species oflTerrazoanthus The alkaloids182 and 183 feature a novel skeletorwith a 2
aminoimidazole ring fused to a cyclohexeaad they still contain the&-aminoimidazolesof
zoanthoxanthinsThe acylation is like the one observed for zoamidaso additional noffully
aromatized bisguanidine derivativesamideE-F (185-186) were isolated fronTerrazoanthusct.
patagonichu<ollected in the same area of the Tropical Eastern P§28i. They differ only from
the acyls substituted on both primary amines and the absolute configuratiercantral methyl was

proposed based on ECD calculation.
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l.LI.ILIT - Halogenated tyrosine derivatives

Parazoanthus A new class ohalogenated tyrosinalkaloids named parazoanthinesEA(187-191)
were reported from the Mediterranean zoanBradazoanthus axinella@igurel9) [232]. Theyfeature
arare3,5 disubstituted hydantoikaleton Even if he antitumoral and antimalarial assays did not reveal
significant activity for these compoundse Microtox® bioassay revealed th&a89 displayed highest
toxicity with an EG value of 1.64 uM. Later, parazoanthined BL.92-196) were ickentifiedby MS/MS
analysis otthe crude extract d®. axinellaefrom which parazoanthines-E were reported233, 234]
The structures were deduced by comparison of tlggrfeaitation pattern to those previously reported
analoguesand MS/MS spectra simulation of predicted compouiidi® absolute configuration was
assigned using an online UPLC/ECD systefmvo simple brominated and iodinated tyramine
derivativesl97 and198 were identified fromParazoanthus darwirgollected off the coast of Ecuador

(Figurel19) [231].

Antipathozoanthus Four halogenated dipeptides nameddiviamides AD (199-202) were isolated

from A. hickmanicollected off the coasof Ecuador(Figure 19) [231]. These compoundieature
bromine and iodin@atoms in theortho position of the phenol ring of a common tyrosine amino acid.
The relativeand absoluteconfiguration vere assigned by nOe correlations, ngearison of the
theoretical and experimental ECD datad DP4 calculationdased on*C NMR chemical shifts
Compound200 exhibited moderated cytotoxic activity against hepatocellular carcinoma cell line

(HepG2) with an IG value of 7.8 uM.

13
R2 2 = N ’6 8 H Br. R Br R

g NH, ’ H
®
. N @/ s, N N
Parazoanthine R R' R? Par. OH /I/i 7(\'?\ /I/i ) / \
A (187) H H H O
B (188) H H H S R I 0~ OH 0~ "OH
C (189) CHy H H a%8
D (190) CH; Br H Valdiviamide R A. Valdiviamide R A.
E (191) CH; Br H A5 ® A (199) Br C (201) Br
F (192) CHy H H N§ B (200) [ D (202) |
G (193) H Br H |
H (194) H Br H a5f R Par.
| (195) CH; Br Br 197 |
J (196) CHs Br Br %S 198 Br

Figure 19 Halogenated tyrosine derivatives isolated from the gelRarazoanthugPar.) and

Antipathozoarttus(A.)
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LLILIV Miscellaneous
A -mannosespecific lectin was isolated by affinity chromatography frammavagliacollected off the
Bay of kotor,ex-Yugoslavia[235]. The lectin was identified to be a dimer composétvo similar
subunits of approximately 1&L9 Da each. The specificitpf -mannose was determined by
electrophoreticScatchard blot analysis and by hemagglutinatidnibition studies. Additionally, the
-mannosespecific lectin exhibited a protective function of the H9 cells against human

immunodeficiency virus type | (HAL; strain HTL\AIIIB) at a concentration of 0.2 u236].
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2 Terrazoanthines, 2aminoimidazolealkaloids
from the Tropical Eastern Pacific Zoantharian
Terrazoanthuspatagonichus (formerly known as T.

onoi)

Terrazoanthus patagonich@® Karla B. Jaramillo)
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Terrazoanthines, 2Aminoimidazole Alkaloids from the Tropical
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ABSTRACT :The first chemical study of the common specie$errazoanthusonoi present off the coast of Ecuadoled to the
identification of a new family of 2aminoimidazole alkaloids namedterrazoanthines A-C (1-3). The homologuesl and 2
feature an unprecedented 6-(imidazol-5-yl)benzo[d]imidazole. The acyl substitution pattern as well as complete
configurational assignments were deduced from comparison between experimental and theoreticBlC NMR and ECD data
respectively. These compounds may represe key derivatives in the biosynthesis of zoanthoxanthins.

Zoantharians are a group of marine invertebrates (Cnidaria:
Hexacorallia) widely distributed in all oceans and especially
throughout the Indo-Pacific Oceans. While several studies
have described their diversity around the western part of
the Pacific, the Tropical Eastern part has been less
investigated. The descriptions of zoantharians in this
marine ecoregion were reported frst from the Galapagos
Islands but, overall, continental species have yet to be
studied.12 Interestingly, there is no chemical study reported
on species of this group in this marine region so far. In the
course of a national project setting up the basifor a first
inventory of the bio- and chemadiversity of the Ecuadorian
maritime area, zoantharians were found to be largely
present and distributed off the coasts of the Peninsula of
Santa Elena. After a taxonomic assessment of the main
species of this goup we undertook the chemical study of
one the most common zoantharian present in the marine
protected area El Pelado, identified a3errazoanthus onoi
Reimer and Fuijii, 2010t

To date, the main natural products reported from
zoantharians include ecdysteoids?5 a large family of
bioactive alkaloids named zoanthamine8/ aromatic
guanidine alkaloids®1® and some hydantoin peptidic
analogues!12 The chemical study ofT. onoiwas conducted
with two main objectives: i) to identify potential
chemotaxonomic markers useful for the classification of
zoantharians; and ii) to identify molecules with applications
in animal and human health. Gratifyingly, the first insight
into the chemical content ofT. onoiled to the isolation and
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structure elucidation of a newv family of 2-aminoimidazole
alkaloids named terrazoanthines AC (1-3) (Figure 1).
Compoundsl and 2 feature an unprecedented §imidazol-
5-yl)benzo[d]imidazole skeleton. We report herein the
isolation and structure elucidation of the three major and
related metabolites produced by this species. A biosynthetic
hypothesis is proposed to explain the formation of this
unique skeleton. No significant antimicrobial or cytotoxic
bioactivity was evidenced for these compounds through a
first biological screening.

R
4 \ 5 12-N_ " o

7H, 1 ] DpgNH 0.0 _N >\—®

o] ‘<N1| B H o 7a | \>*NH
HN— 3" N
T N3 0 s H
4 ~
Lo 0" 3a
R

Terrazoanthine A (1) CHj Terrazoanthine C (3)

Terrazoanthine B (2) H

Figure 1. Structureof terrazoanthine#\-C from Terrazoanthus
onoi.

After an organic extraction of a freezadried sample of T.
onoi the extract was submitted to a first fractionation
process through reversed phase vacuum liquid
chromatography. Because the methanolic fractions
revealed interesting chemical profiles by UHPLOAD-ELSD
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we undertook its purification by successive reversed Ipase
HPLC.

The (+)-HRESIMS analysis of compouritirevealed a major
ion peak atm/z 407.2187 which was consistent with the
molecular formula GzH27NeOz [M+H]* (3-z0.7 ppm). A first
inspection of the 'H NMR spectrum evidenced a benzoyl
moiety with signals at1+8.07 (d,J=8.0 Hz, 2H, H 6 Qh x
(t,J=80Hz, 2H, W6 q Al AJ=8D¢a 1H, Ephd q
together with a 2-methylbutyryl unit with methyl signals at

11 0.97 (t, 3H,J= 7.0 Hz, Hp 6 @& (d,d=87.0Hz, 3H, Hb 6 q
(Table 1). Both spin coupled systems were confirmed by the
expected COSY correlations. The two carbonyls were placed
on the basis of key HMBC correlations & 6 X# AJ A
VOEB 8 %OAT ELE OEA POBIQAHAA
12) suggested a second aromatic ring no clear conclusion
could be ascertained based on thtH NMR spectrum.

Table 1. *H NMR data forl-3 at 600 MHz in CROD: U+ in
ppm, multiplicity (Jin Hz).

no. 1 2 3
H-N1 8.402 a a
4 275 m 275 m 237t
(7.5)
236,brd(150)  2.36, brd
5 (15.0) 2.03,m
2.05 m 2.05 m
6 331, m 331, m 3.33,m
3.09,dd (150, 3.09, dd (15.0,
3.5) 3.5)
! 2.79,dd (150, 279,dd (150, 2'&M
10.0) 10.0)

H-Ng a a a
12 7.04,s 7.04,s 7.03, s
H-Np 5 11.58 a a
o0 2.53, sext (7.0)  2.72, hept (7.0)

1.78, dquint

i (14.0,7.0)

T0 1.56, dquint 1.25,d (7.0)

(14.0,7.0)
v b 1.23,d (7.0) 1.25,d (7.0)
05 0.97, 1(7.0)
H-l_\lp R a a a
To 8.07,d(80) 807 d(8.0) 8('§%')d
Lo 758, 1 (8.0) 7.58, 1(8.0) 7('85%)t
®o 7.69,  (8.0) 7.69,  (8.0) 7('86%)‘
HsCO
o 3.64,s
HsCGO
C7a 3.67,s
aIn DMSOds

The 3C NMR spectrum ofl revealed six additional
unsaturated carbons that could only be consistent with one
or two additional aromatic rings. Because no clear HMBC
correlation allowed connection of the first two SCS to these
rings, we focused on the last SCS containing saturated
carbons (Figure 2). The methylene at @ was COSY
correlated to the methine at G6 and then to two successive
methylene at G5 and G4. HMBC correlations with the two
terminal methylenes at G7 and G4 allowed closure of the
cyclohexene ring through a tetasubstituted double bond at
1¢122.9 (G7a) and 124.0 (G3a). Additional H6/C-8 and H
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6/C-12 HMBC correlations placed a trisubstituted double
bond at G6. Key information was obtained from a HL2/C-
10 HMBC correlation that was only consistent with the
presence of a Zaminoimidazole connected at €. This
proposition was confirmed by the observation of similar
chemical shifts described for dimers of pyrrole 2
aningimidazoles, a large family of metabolites produced by
sponges of the Axinellida or Agelasidargups.13

Table 2. 13C NMR data forl-3 at 125MHz in CROD:Ucin

ppm.

no. 1 2 3

I &2 A OEBH A0 AB94

3a 124.0 124.0 175.0
4 20.6 20.5 321
5 28.6 28.6 30.0
6 32.0 32.0 33.6
7 26.5 26.5 39.3
7a 122.9 122.9 173.7
8 134.4 134.4 133.4
10 140.9 140.9 140.6
12 111.7 111.8 113.0
¢ o 177.3 177.8

lolo} 43.7 36.5

106 24.2 19.3

v o 27.9 19.3

@06 11.9

¢o 167.5 167.5 167.5
go 133.0 133.0 133.0
T0 129.3 129.3 129.2
vo 130.0 130.0 130.0
) 134.6 134.6 134.6
HsQO

-C3a 52.2
HsQO

e 52.3

The presence of a second-aminoimidazole ring fused to
the cyclohexene was first inferred from the molecular
formula of 1 which indicated the presence of 6 nitrogens
Even if no HMBC correlation was visible involving the
quaternary carbon G2, a clear signal atjc 139.4 was
assigned to this last carbon.

O
12_N
R AL e
(’HN1'—<\ | 6 H
N

Figure 2. Key COSY (bold), HMBC (arrow from H to C)
correlations for 1. nOe correlations are indicated with doul#
arrows.

The next issue to be addressed was the location of the two
acyl groups around this bisguanidine core. We first
recorded the NMR spectra of this compound in DMS@ to
reveal the NH of the alkaloid. Gratifyingly, four new singlets
were observed n the deshielded region of the spectrum.
Both Hp &6 BE AT-gA8 AL ( ROESY correlations
unambiguously placed the 2methylbutyryl on one of the
two primary amines. This substitution pattern was
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confirmed by the chemical shift atyn 8.40 (s, 1H, Hp 6 Q
observed for the signal of this first secondary amide. Similar
chemical shifts were indeed observed for pyrrole 2
aminoimidazole named nagelamide&* Because no HMBC
was observed from all four HN signals we compared the
experimental and theoretical 13C NMR chemical shifts of all
possible substitution patterns. Choosing the location of the
2-methylbutyryl on one primary amine afforded two
possible substitutions for the benzoyl on the other
imidazole. Among the four possible substitutionpatterns,
the most probable locations of the acyls are shown in Figure
1 with 100% confidence (see supporting information)!s
Confirmation was obtained when comparing thel3C NMR
chemical shifts of 1 with those of zoamide B.

We next paid attention to theabsolute configurations of 1.
The experimental ECD spectrum revealed four successive
Cotton Effects (Figure 3). Theoretical calculation of the ECD
spectra of both enantiomers was performed using TDDFT.
As depicted in figure 3, a good agreement was obsex/e
between experimental and theoretical spectra with the 6
absolute configuration

S

<

'o
—

il 2
O ©
x E
> ©)
2,

(]
(@] = (6S)-terrazoanthine A (1)
|",' = = TDDFT spectrum of (6S,3'S)-1 - 6
AT = = TDDFT spectrum of (6S,3'R)-1
200 250 300 350 400

wavelengthi[nm]

Figure 3. Comparison between the experimental (line) and
theoretical (dashed) ECD spectra of two diastereoisomers
of latGo 6 8

Because the ECD spectra for the diasterecisomerS6R 6
and 631 8did not allow the determination of the absolute
configuration at Go &(figure 3), the use of the DP4
probability was also required for the determination of the
relative configuration of compoundl. As shown in figure 4,
the relative configuration was established as6Sy 6 With
81.8% of confidence (dia a).

0} : r:{%'\lH o=§”m N [ S
HN—& | H © HN—<\N | N a

a b

z7zT

b 13.2%

a (81.8%)

Figure 4. DP4 probabilities of 33C NMR data for both
diastereo-isomers of1.

The (+)-HRESIMS analysis of compound 2 revealed a major
ion peak at m/z 393.2043 which was consistent with the
molecular formula GiH24NeQz [M+H]*j 3 ¢80

PpbPi Qs
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molecular formula was consistent with the loss of a meth
ylene unit comparing tol. The!H NMR spectrum showed a
different pattern for the methyls. Unlike 1 with two methyl
signals, only one methyl signal of integration 6 was eb
served in the case of2. We then contuded that the 2
methylbutyryl substituent of the benzimidazole ring was
replaced by an isobutyryl in2 (Table 1). We assumed the
sameSabsolute configuration at C6 for 2.

The (+}HRESIMS analysis of compouriirevealed a major
ion peak at m/z 360.1556 consistent with the molecular
formula GisH2NsOs [M+H]*§ & m8¢ Db g8
formula suggested the absence of one of the two-2
aminoimidazole rings. ThetH NMR spectrum confirmed the
presence of the benzoyivhile the butyryl signals were ab
sent. New signals corresponding to methoxy groups stg
gested the presence of two methyl ester functions. They
were confirmed by H-7/C-7a and H-4/C-3a HMBC
correlations. The remaining imidazole ring was still located
at G6 after COSY, HSQC and HMBC interpretation.

Guanidine alkaloids are common in the marine
environment and especially in marine invertebrates like
spongesté Their biosynthesis is still subject of controversy
due to the difficulty to perform feeding experiments or to
isolate the biosynthetic genes of these compounds. The
presence of two 2aminoimidazole units in terrazoanthines
A and B is an important featurethese compounds share
with other marine natural products. They are clearly
related to a large family of fluorescent alkaloids named
zoanthoxanthins also present in several zoantharians. It is
important here to underline the pioneering work of Cariello
et al. who were the first to propose a 6N3 unit like arginine
as a precursor of zoanthoxanthing® This hypothesis was
later supported by some successful biomimetic syntheses
from the group of Biichil”18 Two decades later the group of
Horne was inspired by his hypothesis to conduct other
straightforward approaches towards the syntheses of these
pigments19.20|n their work they also proposed an alkylation
at G4 of 2-aminoimidazole derived from arginine as a
possible step towards the production of C2-
aminoimidazole key precursors. The structures of
terrazoanthines are of high biosynthetic interest as they can
be seen as a clue towards the hypothesis of a C5N3
precursor. Indeed, we can propose a dimerization process
of a key intermediate 4vinylimidazol-2-amine through a
Diels Alder type [4+2] cycloaddition. The key intermediate
may originate from arginine after an oxidation at ther
position of the arginine. Interestingly, the same type of
oxidation but with homoarginine was proposed in the
biosynthesis of pyrrole 2-aminoimidazole alkaloids!3 While
the existence of a natural DielAlderase was still a matter
of debate until recently, a report gave some conclusive
evidence of its occurrencé! The feasibility of this reaction
was confirmed by HartreeFock theoretical calculations
(see SI).

4EEO

4EEO
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Scheme 1. Proposed biosynthetic pathway for terraze

anthines 1 and 2, zoanthoxanthins and
pseudozoanthoxanthins
L INHa NH;
HN" SyH <
B-Oxydation o) HiN NH NJ\NH
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o i )" S
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[6+4] cycloaddition

As proposed earlier by the group of Blichi, the key-@mino-
4-vinylimidazole is in atautomeric equilibrium with a di-
azafulvene analogué? 18 This fulvene derivative can
undergo a [6+4] cycloaddition with the nonrisomerized
tautomer form leading to the sevemmembered ring after
subsequent oxidation and aromatization. These unusual
high order cycloadditions are of clear biosynthetic interests
as, according to the regioselectivity of theeaction, they can
lead to both zoanthoxanthins and pseudozoanthoxanthins.
For compound 3, we could suggest a hydrolysis of both
imines present in the berzimidazole ring leading to the loss
of the guanidine and the formation of a cyclohexa,2-dione.
This dione derivative would lead to the corresponding
dicarboxylic acid after an oxidative cleavage. Methylation of
these carboxylic acids could occur eitheraturally or during
the extraction process.

From a biological point of view these three compounds
were tested for their antimicrobial activities but also for
their cytotoxicity against the human liver cancer cell line
Heg2 but they were found inactive. Thesearch for
bioactivity will be extended towards the inhibition of
Acetylcholine Esterase as some zoanthoxanthin derivatives
have shown promising results for these target&?

The first chemical study undertaken on a common marine
invertebrate present in the coastal area of Ecuador has been
extremely positive. The zoantharianTerrazoanthus onoi
provided a new family of natural products named
terrazoanthines. Terrazoanthines A ad B feature a unique
bis 2-aminoimidazole attached around a central
cyclohexene. The benzoyl substituted on one primary
amine seems to be a common feature of this novel family of
natural product. These results show good promise in the
use of metabolomicsdr the classification of zoantharians as
guanidine alkaloids and ecdysteroids appear as common to
most species of this group.
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methods and biologicalassays. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Abstract: Two new zoanthamine alkaloids, namely 3-acetoxynorzoanthamine (1) and 3-
acetoxyzoanthamine (2), have been isolated from the zoantharian Zoanthuscf. pulchelluscollected off
the coast of the Santa Elena Peninsula, Ecuador, together with three known derivatives: zoanthamine,
norzoanthamine, and 3-hydroxynorzoanthamine. The chemical structures of 1and 2 were determined
by interpretation of their 1D and 2D NMR data and comparison with literature data. This is the first
report of zoanthamine -type alkaloids from Zoanthuscf. pulchelluscollected in the Tropical Eastern
Pacific. The neuroinflammatory activity of all the isolated compounds was evaluated in microglia BV -
2 cells and high inhibitory effects were observed in reactive oxygen species (ROS) and nitric oxide
(NO) generation.

Keywords: zoantharia; Tropical Eastern Pacific; Zoanthus pulchelluszoanthamine; inflammation

1. Introduction

Zoanthamines are a bioactive family of marine alkaloids featuring a unique chemical architecture
of fused cycles culminating in an unusual azepane ring. They have been isolated essentially from
marine zoantharians, particularly from the genus Zoanthus.The first alkaloid of this group was isolated
in 1984 from an unidentified species of Zoanthus collected off the coast of India by Faulkner et al. [1].
Following this first description, several studies on the chemical diversity of species of the genus
Zoanthushave led to the discovery of additional zoanthamine -type alkaloids, including zoanthenamine,
zoanthenamide [2], norzoanthamine, oxyzoanthamine, norzoanthaminone, cyclozoanthamine,
epinorzoanthamine [3], zoanthaminone [4], zoaramine [5], kuroshines [6], epioxyzoanthamine [7],
zoanthenol [8], hydroxylated zoanthamines and norzoanthamines [9], and two halogenated
zoanthamines [10]. This interesting family of alkaloids has been structurally classified in two different
groups based on the presence of a methylat C-19 (Type I) or its absence (Type Il), also called
norzoanthamines [10]. Due to the structural complexity of these natural products, the first total
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synthesis of norzoanthamine was accomplished by Miyashita et al. in 2004 [11], who also synthesized
other analogues [12,13]. Other research groups are now addressing this synthetic challenge through
alternative approaches [14t 16]. Up to date, 38 zoanthaminetype alkaloids have been reported from

zoantharian species essentially inhabiting the Central Indo-Pacific and these polycyclic alkaloids seem
to be chemical markers of zoantharians from the genus Zoanthus In addition, some members of this
family have displayed a wide range of biological activities against P388 murine leukemia cells [3] as

well as anti-osteoporosis, anti-inflammatory, and anti -bacterial activity, and have also been found to
inhibit human platelet aggregation [9,17]. The most promising therapeutic application is associated

with norzoanthamine in the treatment of osteoporosis, as it inhibi ts interleukin -6, a primary mediator

of bone resorption. Furthermore, an interesting study by Tachibana et al. suggested that the principal

function of norzoanthamine in Zoanthussp. is collagen strengthening [18].

In our continuous investigation of the bi o- and chemodiversity of marine invertebrates present in
the understudied Marine Protected Area El Pelado, Santa Elena, Ecuador, located in the Tropical
Eastern Pacific [19,20], we came across a massive substrate cover of the intertidal region by undescrix
fluorescent green zoantharians. A first taxonomic assessment of these zoantharian species led to the
identification of the main species as being closely related to Zoanthuscf. pulchellus previously described
in the Caribbean [21]. No chemical study of this species has been reported so far, and our first chemical
screening by UHPLC-HRMS revealed unknown masses related to the zoanthamine family as major
compounds of the extract. In this paper, we describe the isolation and structure elucidation of two ne w
zoanthamine alkaloids, namely 3-acetoxynorzoanthamine (1) and 3-acetoxyzoanthamine (2) (Figure 1),
along with the known zoanthamine [1], norzoanthamine [3], and 3 -hydroxynorzoanthamine [8] from
the Eastern Pacific zoantharian Zoanthuscf. pulchellus as well as their biological activity in cellular
pathways related to oxidative stress and neuroinflammation.

R
3-Acetoxynorzoanthamine (1) H
3-Acetoxyzoanthamine (2) CHj;

Figure 1. Structures of 3-acetoxynorzoanthamine (1) and 3-acetoxyzoanthamine (2), isolated from
Zoanthuscf. pulchellus.

2. Results

Colonies of the zoantharian Zoanthuscf. pulchelluswere collected by hand in the intertidal coast of
San Pedro, Santa Elena, Ecuador. The sample was freezaried and extracted with a mixture of solvents
CH3sOH:CH:Cl2 (v/v; 1:1). The extract was then fractionated through reversed-phase C18 Vacuum
Liquid Chromatography (VLC) using a mixture of solvents of decreasing polarity. The aqueous
methanolic fractions were analyzed by UPLC-DAD-ELSD, combined, and then subjected to
semipreparative RP-HPLC using a C18 column to yield two new zoanthamine-type alkaloids: 3-
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acetoxynorzoanthamine (1) and 3-acetoxyzoanthamine (2), along with the known zoanthamine [1],
norzoanthamine [18], and 3-hydroxynorzoanthamine [8].

Compound 1 was obtained as a brown amorphous powder and (+)-HRESIMS andyses revealed a
major molecular peak at m/z 540.2956 [M + H}, consistent with the molecular formula C 31H4NO~7 for
the neutral molecule. A preliminary inspection of the H and 3C NMR data revealed characteristic
signals of the zoanthamine family, as already speculated on the basis of the HRMS data: an olefinic
proton at ®+ 5.90 (H-16) along with four methyl singlets at »+ 0.97 (H-28), 0.99 (H25), 1.15 (H29), and
2.00 (H-27), ard a methyl doublet at u+ 0.87 (H-30) together with two ketone signals at uc 198.5 (G17)
and »c 209.0 (G20), one ester signal atye 172.3 (G24), and two olefinic carbons at uc 125.6 (G16) and
160.0 (CG15) (Table 1). The absence of a second doublet of anethyl present in zoanthamines was
indicative of a loss of the methyl CH326 at G19; therefore, the compound belonged to the
norzoanthamine -type. Unlike most studies on norzoanthamines, in order to make the NMR table more
homogeneous, we decided to keep he numbering of the zoanthamines especially for the methyls 27,
28, 29, and 30. Comparing with analogues of this type, we observed the presence of an additional
methyl singlet signal at #+ 2.11 corresponding to an acetyl moiety (Table 1). The presence ofhie acetyl
group on an oxygen at C-3 was evidenced by the deshielding of the signal corresponding to the methine
H-3 with # 4.62 and key H-3/C-tue WEDEwut w' , ! " wEOUUI OEUDPOOUS

Table 1. H and 13C NMR data in ppm for compounds 1 and 2in CDCls (500 MHz for *H NMR and 125
MHz for 13C NMR data).

1 2
No. yx, mult. (Jin Hz) Yc  u, mult. (Jin Hz) Ac
3.24,1(7.0) 3.24,1(7.5)
! 3.19, d (7.0 453 3.20, d (7.0) 455
2 458,brd(65) 756 4.59,d (7.0) 75.7
3 462,brt(3.0) 725 4.63, 1(3.0) 72.6
4 244, brsext (5.5) 26.0 2.43,brsext(6.0) 26.1
1.92, dd (12.0, 6.0) 1.95, dd (12.5, 6.0)

5 1.36,t (12.5) 403 1.37,1(13.0) 404
6 - 90.1 - 90.2
1.88, dd (12.5, 4.5) 1.90, dd (12.5, 4.5)

7 180 dt(125,35 2°8 180, dt(125 35 2>°
1.66, td (13.5, 3.5) 1.67, td (14.0, 3.5)

8 157, dt (13.5, 4.0) 237 1.57, dt (14.0, 4.0) 238
9 - 40.0 - 40.5
10 - 100.9 - 101.0

2.08, d (13.0) 2.11, d (13.0)
1 1.94,d (13.0) 418 1.93, d (13.0) 42.0
12 - 39.9 - 39.8
13 2.20,td (12.0,4.5) 53.1 2.41,td (12.0,4.5) 48.1
2.26, brs 2.24,brs
14 2.24,brs 320 2.22,brs 30.7
15 - 160.0 - 160.1
16 5.90, s 125.6 592, s 127.0
17 198.5 - 197.3

18 2.69,td (12.0,65) 464 2.66,dd (12.5 6.5) 48.2
2.62, dd (14.5, 6.5)

19 50 dd (145 100 224 302.da(70,65) 459
20 - 209.0 - 212.2
21 2.83,s 59.1 3.23,s 53.9
22 - 36.5 - 40.3
3.65, d (20.0) 3.68, d (20.0)
B 536d200 > 237,d@og) ot
24 - 172.3 - 172.4
25 0.99, s 21.1 0.98, s 20.8
26 - - 1.17,d(7.0)  13.9
27 2.00, s 24.4 2.01, s 24.6
28 0.97, s 18.5 0.99, s 18.5
29 1.15, s 18.4 121, s 18.4
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30 0.87,d (7.0) 16.3 0.89,d(7.0) 164
Ac - 171.2 - 171.4
211, s 21.1 2.14,s 21.2

We then addressed the question of the relative configurations of the different chiral centers. To the
best of our knowledge, this is the first occurrence of an acetoxy group at position C-3 for zoanthamines;
however, other analogues oxygenated at this position have already been described. First, 3
hydroxynorzoanthamine was isolated from an undescribed species of Zoanthusfrom the Canary Islands
in the Atlantic Ocean [8]. Later, kuroshines C and F as well as 3p-hydroxyzoanthenamide also possess
an hydroxyl g roup at this position [6]. All these four derivatives were shown to have a hydroxyl group
on the ¢-side of the polycyclic compound and this position was deduced from nOes between H -3 and
other protons of the azepane ring. In our case, and because both H3/H-4a and H-3/H-4b coupling
constant values were not fully conclusive, we relied on the key H -3/H-1b nOe correlation to place H-3
on the opposite side of the bridged oxygen (Y-side). Subsequently, the acetoxy group was located on
the ¢-side like for the other four 3-hydroxylated analogues. The very low coupling constant values of
H-3 with H -2 and H-4 were similar to those observed for all 3-hydroxylated compounds and in perfect
agreement with this relative configuration. Additionally, a previous study by Uem ura et al. assigned
the absolute configuration of norzoanthamine as 2R, 4S, 6S, 9S, 10R, 12R, 13R, 18S, 21S, and 22S and
suggest the same absolute configuration for all norzoanthamine-type alkaloids [22]. In our case, the
positive specific rotation obtained for 1 was in accordance with that obtained for 3-
hydroxyzoanthamine and therefore confirmed the same absolute configuration [8].

Compound 2 was isolated as an amorphous yellowish powder and the molecular formula
Cs2H4sNO~7 was deduced from HRESIMS revealing a major peak atm/z 554.3115 [M + HY; therefore, 2
is an homologue of 1. A quick inspection of the *H NMR spectrum evidenced the presence of the acetoxy
group at C-3 as in1. An additional methyl signal at w 1.17 (d,J= 7.0 Hz, Hs-26) suggested that2 is a
member of the zoanthamine-type alkaloids. The presence of the methyl at C-19 was confirmed by the
key H-19/C-26 and Hs-26/C-18/C-19 HMBC correlations. The ¢-position of the methyl 26 was then
inferred from the coupli ng constant value Ji-1s1-19 0f 6.0 Hz, reminiscent of an axial/equatorial coupling.
Because H18 is placed in an axial position, H-19 should be placed in an equatorial position; therefore,
the methyl 26 occupies the corresponding axial ¢-position at C-19. The ¢-position of the acetoxy at C-3
was deduced from the same coupling constant values of H-3 as for 1, and the absolute configuration
was supposed to be the same as that ofl, again because of similar positive specific rotations.

The compounds were tested for biological activity in the BV -2 microglia cell line, a cellular model
often used in neuroinflammation studies. The first step was to determine the effect of compounds on
cell viability. Five concentrations (from 0.001 to 10 uM) were investigated and after 24 h of incubation
no effects on cell viability were observed, which suggested non-toxic compounds. Microglia -mediated
inflammation is known to produce reactive oxygen species (ROS) and release nitric oxide (NO), and
thus induce oxidative damage [23]. Therefore, zoanthamines were checked as modulators within these
processes. B¥2 cells were activated with lipolysaccharide (LPS) to simulate neuroinflammatory
conditions. As shown in Figure 2, when cells were pre-treated with the same concentrations of
compounds for 1 h and then incubated for 24 h with LPS (500 ng/mL), a significant reduction in ROS
production was observed. As expected, the stimulation of BV -2 cells with LPS significantly increased
the ROS production, 50% ( < 0.001), while the compoundsalone did not induce any effect. However,
when cells were pre-treated with norzoanthamine and 1, a dosedependent inhibitory effect was
observed, while 3-hydroxynorzoanthamine, zoanthamine, or 2 were effective at all concentrations
tested, with 2 being the most potent ROS inhibitor. From these results, 0.1 and 1 uM were chosen to
investigate the effect on NO release (Figure 3). Zoanthamine alkaloids alone did not produce any effect
on NO production, while LPS treatment increased it by three times. In the p resence of this family of
compounds, NO release was significantly inhibited. The anti -inflammatory effect of zoanthamines was
previously investigated in neutrophils [10]. From our results in the BV -2 cellular model, zoanthamine
and derivatives show effective properties as protective drugs in neuroinflammation processes.
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Figure 2. Effect of zoanthamines on intracellular reactive oxygen species (ROS production in microglia
BV-2 cell line. Cells were pre-treated with 3-hydroxynorzoanthamine ( A), norzoanthamine (B),
zoanthamine (C), 1 (D), and 2 (E) at different concentrations (0.001, 0.01, 0.1, 1, and 10 pM) 1 h and then
stimulated with lipolysaccharide (LPS) (1 pg/mL) for 24 h. ROS production is presented as a percentage
of cells control, being the result of mean fluorescence intensity + SEM of three independent experiments.
The values are shown as the difference between cells treated with LPS alone versus cells treated with
zoanthamines in presence of LPS by ANOVA followed by posthogt U O &1 &s0*p £Dl08and *p <0.01,

and LPS-treated cells versus control cells ###p <0.001.
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Figure 3. Effect of zoanthamines on nitric oxide ( NO) production in BV-2 microglia cell line. Cells were

pre-treated with 3 -hydroxynorzoanthamine (3 -HNZ), norzoantham ine (NZ), zoanthamine (Z), 1,and 2

(0.1 or 1 pM) for 1 h and then stimulated with lipolysaccharide (LPS) (500 ng/mL) for 24 h. The values

are presented in percentage of cells control, being the result of mean £+ SEM of a minimum of three

independent experiments. The cells treated only with LPS were compared to cells treated with

compounds in presence of LPS by ANOVA followed by post hoc # UOOI OUzUw 01 UO
* p<0.05 and **p <0.01, and LPStreated cells versus control cells ### <0.001.

Ou

3. Discussion

The isolation of two 3-acetoxy derivatives of zoanthamine and norzoanthamine in Zoanthuscf.
pulchellusstrengthens the hypothesis that zoanthamines are markers of the genusZoanthus However,
another species identified as Zoanthuscf. sociatuswas found in the same area and did not present any
zoanthamine derivatives [21]. Nevertheless, even if these compounds should not be considered as
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taxonomic markers of the genus Zoanthus they are clear and characteristic features of some species of
Zoanthusand could facilitate a more precise classification of this group.

Interestingly, we first ran the NMR analyses of 1in a different solvent, CD sOD, and observed clear
changes for the signals surrounding the nitrogen atom. Especially, the signals corresponding to H -11
disappeared. This observation reinforced the conclusions on zoanthamine analogues reached by the
group of Norte [8]. In a highly polar and protic solvent, the opening of the lactone ring would give rise
to an iminium ion at C -11 in equilibri um with its enamine base that can be trapped by exchangeable
deuterium atoms provided by the protic deuterated solvent. This behavior signals the high reactivity
of this family of compounds at this particular position.

Because these compounds were isolatedafter a purification step involving acetic acid in the eluent
of the HPLC, we wanted to ascertain the presence of these compounds in the collected specimen. For
this purpose, we inspected the chemical profiles obtained before any contact with acetic acid and were
able to observe the masses corresponding to the new compoundsl and 2. These analyses rule out the
possibility of a transformation during the purification process.

Finally, the activity observed for all compounds highlights the potential of zoanth amine
derivatives as new ROS and NO modulators in neuronal processes, and we will continue our efforts in
the study of their mode of action in neuroinflammatory related diseases.

4. Materials and Methods
4.1. General Experimental Procedures

Optical rotation measurements were obtained at the sodium D line (589.3 nm) with a 10-cm cell at
20 °C on a UniPol L1000 polarimeter (Schmidt + Haensch, Berlin, Germany). The UV measurements
were obtained on a Cary 300 UV-Visible spectrophotometer (Agilent, Santa-Clara, CA, USA). NMR
spectra were recorded on an Inova 500 MHz spectrometer (500 and 125 MHz for *H and 1C,
respectively) (Varian, Palo Alto, CA, USA), and signals were referenced in ppm to the residual solvent
signals (CDCls, at us 7.26 anduc 77.16 ppm). HRESIMS data were obtained with a UHPLC-qTOF 6540
mass spectrometer (Agilent, Santa Clara, CA, USA) Purification was carried out on a HPLC equipped
with a PU4087 pump (JASCO, Tokyo, Japan) and a UV4070 UV/Vis detector (JASCO, UV, Japan).

4.2. Biological Mgerial

Specimens ofZoanthuscf. pulchelluswere collected by hand on rocks of the shoreline of San Pedro
located in the Santa Elena Peninsula, Ecuador. A sample with a voucher 161125S®1 is stored at
CENAIM -ESPOL (San Pedro, Santa Elena, Ecuador). Thispecies has been previously identified using
morphological and molecular data [21].

4.3. Extraction and Isolation

The freezedried sample of Z. cf. pulchellus(200 g) was extracted with a mixture of solvents
DCM/MeOH (1:1) three times (500 mL) at room temperature. The collected extract was concentrated
under reduced pressure to obtain the extract (10 g). The extract was subjected to C18 reverseghhase
VLC (LiChroprep® (Merck KGaA, Darmstadt, Germany) RP-18, 43 63 um, 1:25 ratio for the weight of
C18 used, funnel of 10 cm x 10 cm) using a mixture of solvents of decreasing polarity (1) HO; (2)
H20/MeOH (1:1); (3) H20/MeOH (1:3); (4) MeOH; (5) MeOH/DCM (3:1); (6) MeOH/DCM (1:1); and (7)
DCM using 500 mL of each solvent. The aqueousmethanolic fraction F3 was purified by reversed -
phase HPLC (Ultra AQ C18, 10 x 250 mm, 5 pm) using an isocratic method CHsCN:H 20:Acetic acid
(30:70:0.1) as a mobile phase with a flow ra¢ of 3 mL/min with detection at 1 254 nm for 20 min yielding
compound 1 (52.7 mg) and the known compounds norzoanthamine (6.3 mg) [3] and zoanthamine (6.6
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mg) [1] . The methanolic fraction F4 was purified by reversed -phase HPLC (Ultra AQ C18, 10 x 250 mm,
5 pm) using the following mobile phases: (A) CH sCN/Acetic acid 0.1%; (B) HO/Acetic acid 0.1%;
starting with an isocratic 0¢25 min with A 22, B 78; linear gradient for 25¢ 30 min until A 100; then

isocratic for 30t 60 min at a flow rate of 3 mL/min with UV d etection at4 254 nm to yield compounds 2
(12.3 mg) and the known 3-hydroxynorzoanthamine (2.7 mg) [8].

4.4, 3Acetoxynorzoanthamingl)

OOUxT OUUwal 00 ki ¢ @45 FCHOK) W YO  sOH) Mmax (log Q 237 (4.1) nm;H
NMR and 13C NMR data see Table 1; HRESIMS (+)n/z [M + H] +540.2956 (calc. for @H+NO7k KY 6 | Nkt  w
+ 0.0 ppm) (Spectra in the Supplementary Materials).

4.5. 3Acetoxyzoanthaming)

OOUxT OUUwal 000BP 6.7 oD BEEOH) OMIEZH HOH) HMmax PO OT WO A W + WwpK3 Yy
IH NMR and 3C NMR data see Table 1; HRESIMS (+)n/z [M + H]* 554.3115 (calc. for @&H4NO~
Kk K3t huhul . wHwWYd k wx x OAwm2 xI EVUUEWDPOwWUT 1T w2UxxOl Ol OUEUa w, E

4.6.Biological Assays
4.6.1. Cell Culture

The microglia BV-2 cell line was obtained from InterLab Cell Line Collection (ICLC) (Genova,
Italy), number ATLO3001. Cells were maintained in Roswell Park Memorial Institute Medium (RPMI)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and 100 pg/mL streptomycin
at 37 °C in a humidified atmosphere of 5% COz and 95% air. Cells were dissociated twice a week using
0.05% trypsin/EDTA.

4.6.2. Cell Viability

The 3-(4,5dimethyl thiazol -2-yl)-2,5-dip henyl tetrazolium bromide (MTT) assay was used to analyzed
cell viability as previously described [24]. Briefly, the microglia BV -2 cell line was grown in a 96-well
plate at a density of 4 x 16 cells per well. Cells were exposed to different compounds concentration
(0.001, 0.01, 0.1, 1 and 10 uM) for 24 h. Then, cells were rinsed and incubated with MTT (500 pg/mL)
diluted in a saline buffer for 1 h at 37 °C. The resulting formazan crystals were dissolved with 5%
sodium dodecyl sulfate, (SDS) and the absortance values were obtained using a spectrophotometer
plate reader (595 nm). Saponin was used for cellular death control and its absorbance was substrate
from the other data.

4.6.3. Measurement of Intracellular ROS Production

The intracellular ROS levelsinODEUOT OPEWEEUDY E U OO wHithdrbflwordsdgih OU O1 E wU

diacetate (DCFH-DA), as previously described [25]. Cells were pre-treated with different compounds

concentration (0.001, 0.01, 0.1, 1, and 10 pM) 1 h prior to the stimulation with LPS (50 ng/mL) for 24 h.

Afterwards, cells were rinsed twice with saline solution and incubated 1 h at 37 °C with 20 pM DCFH -

DA. Then, cells were washed and kept in saline solution for 30 min at

37 °C. Intracellular production of ROS was measured by fluorescence detection of dichlorofluorescein

(DCF) as the oxidized product of DCFH -DA on a spectrophotometer plate reader (495 nm excitation

and 527 nm emission).
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4.6.4. NO Determination

The NO concentration in the culture media was established by measuring nitrite formed by the
oxidation of NO, using the Griess reagent kit, according to manufacturer instructions. The detection
limit of this method is 1 uM. Briefly, microglia cells were seeded in a 12 -well plate at a density of 1 x
10 cells per well and pre-incubated with compounds (0.1 and 1 uM) for 1 h and then stimulated with
LPS (500 ng/mL) for 24 h. Thereafter, the following were mixed in a microplate: 150 pL of cells
supernatant, 130 pL of deionized water, and 20 pL of Griess Reagent, which was incubated for 30 min
at room temperature. The absorbance was measured on a spectrophotometer plate reader at a
wavelength of 548 nm.

4.6.5. Statistical Analysis

Results were expressed as mean = SEM of a minimum of three experiments, repeated twice orttree
UDOI UBw" OOXxEUPUOOUWPIT Ul uwebtrior@b @k Blwb UB Olu® U pdathéEO QU WU z U
analysis. p values <0.05 were considered statistically significant.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1 [: HRMS and NMR data
for compounds 1 and 2.

Author Contributions: Methodology and Formal Analysis, P.O.G., S.G., K.B.J., K.C.; Validation, E.A., A A, K.C.;
Writing -Original Draft Preparation, P.O.G.; Writing -Review & Editing, A.A., O.P.T.; Supervision, E.A., O.P.T.;
Project Administration, J.R., O.P.T.;Funding Acquisition, J.R., L.M.B., O.P.T.

Funding: The project is originally funded by the Secretaria de Educacién Superior, Ciencia, Tecnologia e
Innovacion (SENESCYT) in the framework of the PIC-14-CENAIM -001 Project Caracterizacion de la Biodiversidad
, PEUOEDPOOGI PEEwawEl w(OYI U0l EUEEOQUWETl wOEwW1i Ul UYEw, EUPOEW?$
Metagendmica para su Uso en Salud Humana y Animal. Part of this project (Grant-Aid Agreement No.
PBA/MB/16/01) is carried out with the support of the Marine Institute and is funded under the Marine Research
Programme by the Irish Government. P.O.G. and K.B.J. acknowledge NUI Galway for supporting part of their
Ph.D. scholarship. The research leading to the resits of the biological assays has received funding from the
following FEDER cofunded -grants: Conselleria de Cultura, Educacion e Ordenacién Universitaria, Xunta de
Galicia, 2017 GRC Gi1682 (ED431C 2017/01); CDTI and Technological Funds, supported by Ministrio de
Economia, Industria y Competitividad, AGL2014 -58210R, AGL2016-78728R (AEI/FEDER, UE), ISCIII/P116/01830
and RTC-201655072, ITC-20161072; European Union POCTEP 016Nanoeaters-1-E-1, Interreg AlertoxNet
EAPA-317-2016, and H2020 77806EMERTOX.

Acknowledgments: We acknowledge the support of Cristobal Dominguez (CENAIM -ESPOL, Ecuador) in the
collection of the sample and Frederic Sinniger (University of the Ryukyus, Japan) for his help with the taxonomic
identification of this species through the t raining of K.B.J.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publis h
the results.

References

1. Rao, C.B.; Anjaneyula, A.S.R.; Sarma, S.S.; Venkatateswar|lY.; Chen, M.; Clardy, J.; Rosser, R.; Faulkner, J.
Zoanthamine: A novel alkaloid from a marine zoanthid. J. Am. Chem. Socl984 106, 7984 7985,
doi:10.1021/ja00337a062.

2.  Rao, C.B.; Anjaneyulu, A.S.R.; Sarma, N.S.; Venkateswarlu, Y.; Rosser, R.M.; FaulkneJ. Alkaloids from a
marine zoanthid. J. Org. Chem1985 50, 375% 3760, doi:10.1021/jo00220a016.

3. Fukuzawa, S.; Hayashi, Y.; Uemura, D.; Nagatsu, A.; Yamada, K.; ljuin, Y. The isolation and structures of five
new alkaloids, norzoanthamine, oxyzoanthamine, norzoanthamine, cyclozoanthamine and
epinorzoanthamine. Heterocycl. Commurl995 1, 204 214, doi:10.1515/HC.1995.1:3.207.

64



Chapter 3

10.

11.
12.

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.

23.

Zoanthamines

Atta-ur-Rahman; Alvi, K.A.; Abbas, S.A.; Choudhary, M.l.; Clardy, J. Zoanthaminone, a new alkaloid from a
marine zoanthid. Tetraledron Lett.1989 30, 6825 6828, doi:10.1016/S004@039(01)93363.

Cen-Pacheco, F.; Norte, M.; Ferndndez, J.J.; Daranas, A.H. Zoaramine, a zoanthamirkke alkaloid with a new
skeleton. Org. Lett.2014 16, 2883 2883, d0i:10.1021/01500860v.

Cheng, Y-B.;Lo, |.-W.; Shyur, L.-F.; Yang, C-C.; Hsu, Y.-M.; Su, J:H.; Lu, M. -C.; Chiou, S-F.; Lan, C-C.; Wu,
Y.-C.; et al. New alkaloids from Formosan zoanthid Zoanthus kuroshioTetrahedron2015 71, 800% 8006,
doi:10.1016/j.tet.2015.09.023.

Daranas, A.H.; Fernandez, J.J.; Gavin, J.A.; Norte, M. Epioxyzoanthamine, a new zoanthaminetype alkaloid
and the unusual deuterium exchange in this series. Tetrahedron1998 54, 78947896, doi:10.1016/S0040
4020(98)00422.

Daranas, A.H.; Fernandez, J.J.; Gavin, J.A.; NorteM. New alkaloids from a marine zoanthid. Tetrahedrori999
55, 5539 5546, d0i:10.1016/s004@020(99)00192.

Behenna, D.C.; Stockdill, J.L.; Stoltz, B.M. The biology and chemistry of the zoanthamine alkaloids. Angew.
Chem. Int. Ed2008 47, 2365 2386, da:10.1002/anie.200703172.

Hsu, Y.-M.; Chang, F-R.; Lo, LW.; Lai, K-H.; El-Shazly, M.; Wu, T.-Y.; Du, Y.-C.; Hwang, T.-L.; Cheng, Y-B.;
Wu, Y.-C. Zoanthamine-type alkaloids from the zoanthid Zoanthus kuroshiaollected in Taiwan and their
effects on inflammation. J. Nat. Prod2016 79, 2674 2680, doi:10.1021/acs.jnatprod.6b00625.

Miyashita, M.; Sasaki, M.; Hattori, |.; Sakai, M.; Tanino, K. Total synthesis of norzoanthamine. Science004
305, 4953 499, doi:10.1126/science.1098851.

Takahashi, Y.; Yoshimura, F.; Tanino, K.; Miyashita, M. Total synthesis of zoanthenol. Angew. Chem. Int. Ed.
2009 48, 8905 8908, doi:10.1002/anie.200904537.

Yoshimura, F.; Sasaki, M.; Hattori, |.; Komatsu, K.; Sakai, M.; Tanino, K.; Miyashita, M. Synthetic studies of
the zoanthamine alkaloids: The total syntheses of norzoanthamine and zoanthamine. Chem. Eur. J2009 15,
6628 6644, doi:10.1002/chem.200900310.

Yoshimura, F.; Tanino, K.; Miyashita, M. Total synthesis of zoanthamine alkaloids. Acc. Chem. Re2012 45,
746 755, doi:10.1021/ar200267a.

Fischer, D.; Nguyen, T.X.; Trzoss, L.; Dakanali, M.; Theodorakis, E.A. Intramolecular cyclization strategies
toward the synthesis of zoanthamine alkaloids. Tetrahedron Lett. 2011, 52, 49234923,
doi:10.1016/j.tetlet.2011.07.054.

Nakajima, T.; Yamashita, D.; Suzuki, K.; Nakazaki, A.; Suzuki, T.; Kobayashi, S. Different modes of cyclization
in zoanthamine alkaloid system, bisaminal versus spiroketal formation. Org. Lett. 2011 13, 298G 2983,
doi:10.1021/01200486c.

Villar, R.M.; Gil -Longo, J.; Daranas, A.H.; Souto, M.L.; Fernandez, J.J.; Peixinho, S.; Barral, M.A.; Santafé, G.;
Rodriguez, J.; Jiménez, C. Evaluation of theeffect of several zoanthamine-type alkaloids on the aggregation
of human platelets. Biorg. Med. Cherm2003 11, 230% 2306, do0i:10.1016/S0968896(03)00107X.

Genji, T.; Fukuzawa, S.; Tachibana, K. Distribution and possible function of the marine alkaloid,
norzoanthamine, in the zoanthid Zoanthussp. using MALDI imaging mass spectrometry. Mar. Biotechnol.
201Q 81487, d0i:10.1007/s1012609-92025.

Guillen, P.O.; Calabro, K.; Jaramillo, K.B.; Dominguez, C.; GentaJouve, G.; Rodriguez, J.; Thomas, O.P.
Ecdysonelactones, ecdysteroids from the Tropical Eastern Pacific zoantharian Antipathozoanthus hickmani
Mar. Drugs 2018 16, 58, doi:10.3390/md16020058.

Guillen, P.O.; Jaramillo, K.B.; GentaJouve, G.; Sinniger, F.; Rodriguez, J.; Thomas, O.P. Terrazoanthine®-
aminoimidazole alkaloids from the Tropical Eastern Pacific zoantharian Terrazoanthus onoiOrg. Lett. 2017,
19, 1558 1561, doi:10.1021/acs.orglett.7b00369.

Jaramillo, K.B.; Reverter, M.; Guillen, P.O.; McCormack, G.; Rodriguez, J.; Sinniger, F.; ThomasQO.P.
Assessing the zoantharian diversity of the Tropical Eastern Pacific through an integrative approach. Sci. Rep.
2018 8, 7138, doi:10.1038/s4159818-250864.

Kuramoto, M.; Hayashi, K.; Fujitani, Y.; Yamaguchi, K.; Tsuiji, T.; Yamada, K.; ljuin, Y.; Uemura, D. Absolute
configuration of norzoanthamine, a promising candidate for an osteoporotic drug. Tetrahedron Lett1997, 38,
5683 5686, doi:10.1016/S0040039(97)01238.

Dumont, M.; Beal, M.F. Neuroprotective strategies involving ROS in Alzheimer disease . Free Radic. Biol. Med.
2011, 51, 1014 1026, doi:10.1016/j.freeradbiomed.2010.11.026.

65



Chapter 3 Zoanthamines

24. Sanchez, J.A.; Alfonso, A.; Leiros, M.; Alonso, E.; Rateb, M.E.; Jaspars, M.; Houssen, W.E.; Ebel, R.; Tabudragvu
J.; Botana, L.M. Identification of Spongionell@ompounds as cyclosporine A mimics. Pharmacol. Re2016 107,
407A 414, doi:10.1016/j.phrs.2016.03.029.

25. Leiros, M.; Alonso, E.; Rateb, M.E.; Houssen, W.E.; Ebel, R.; Jaspars, M.; Alfonso, A.; Botana, L.M.ré&cilins:
Spongionella-derived promising compounds for Alzheimer disease. Neuropharmacolog015 93, 285 293,
doi:10.1016/j.neuropharm.2015.02.015.

M © 2018 by the authors. Submitted for possible open access publication under theterms and

conditions of the Creative Commons Attributon (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

66






Chapter 4 Ecdysonelactones

4 Ecdysonelactoneskcdysteroids from theTropical
Eastern Pacific Zoantharian Antipathozoanthus

hickmani

Antipathozoanthus hickma(® Karla B. Jaramillo)

68



Chapter 4 Ecdysonelactones

Avrticle

Ecdysonelactones, Ecdysteroids from the Tropical
Eastern Pacific Zoantharian Antipathozoanthus
hickmani

Paul O. Guillen 12, Kevin Calabro 2, Karla B. Jaramillo 13, Cristobal Dominguez 1,
Grégory Genta -Jouve 4, Jenny Rodriguez 1* and Olivier P. Thomas 2*

1 Escuela Superior Politécnica del Litoral, ESPOL, Centro Nacional de Acuacultura e Investigaciones Marinas,
CENAIM, Campus Gustavo Galindo km. 30.5 via Perimetral, P.O. Box 0901-5863 Guayaquil Ecuador;
P.GUILLENMENAl1@nuigalway.ie (P.0.G.);K.JARAMILL OAGUILAR1@nuigalway.ie (K.B.J.);
cdoming@espol.edu.eqC.D.)

2 Marine Biodiscovery Laboratory, School of Chemistry and Ryan Institute, National University of Ireland,
Galway (NUI Galway), University Road, H91 TK33 Galway, Ireland ; kevin.calabro@nuigalway.ie (KC)

3 School of Zoology and Ryan Institute, National University of Ireland Galway, University Road, H91 TK33
Galway, Ireland

4 Laboratoire de Chimie -Toxicologie Analytique et Cellulaire (C-TAC) UMR CNRS 8638COMETE, Universit &

* Correspondance: jenrodri@espol.eduec (J.R.) olivier.thomas@nuigalway.ie Tel.: +353 (0)914935680.P.T.)
Received:3 January 2018Accepted: 8 February 2018;Published: date

Abstract: Despite a large occurrence, especially over the Pacific Ocean,te chemical diversity of

marine invertebrates belonging to the order Zoantharia is largely underexplored. For the two species

of the genus Antipathozoanthusno chemical study has been reported so far. The first chemical

investigation of Antipathozoanthus hickmardollected atthe, EUD O1 w/ UOUI EUI Ew Ul Ew? $0u
Elena, Ecuador, led to the isolation of four new ecdysteroid derivatives named ecdysonelactones. The

structures of ecdysonelactones AtD (1t4) were determined based on their spectroscopy data,

including 1D and 2D NMR and HRMS. The four compounds of t his family of ecdysteroids feature an

unprecedented wlactone fused atthe C-2/C-3 position of ring A. These derivatives exhibited neither

antimicrobial nor cytotoxic activities.

Keywords: ecdysteroids; ecdysonelactones trlactone; Zoantharia; relative configuration; Cnidaria

1. Introduction

Zoantharians (Cnidaria: Anthozoa: Hexacorallia) are sessile marine invertebrates widely
distributed in all oceans, and they can represent a high substrate coverin some shallow tropical coral
reefs and deep sea environments[1,2]. While marine sponges have been deeply studied in the search
for bioactive chemical entities, zoantharians are also known to biosynthesize a wide array of natural
products with unique structural features and interesting bioactivity , such aszoanthamines [3-5]. Other
families of natural products have also been isolatedfrom different species of zoantharians, such as
alkaloids [3,6-8] including zoanthoxanthins [9,10] and parazoanthines [11] isolated from the
Mediterranean zoantharian Parazoanthus axinellagrostaglandins such as PGA: [12], fatty acids or
palytoxin [13,14],one of the most toxic compounds, as well aseadysteroids [15,16]

Studies on the diversity of marine invertebrates present off the Ecuadorian coast have shown that
zoantharians are one of the most representativemarine invertebrates inhabiting thi s maritime area [17-
19]. The first records of zoantharian species in this maritime ecoregion were from the Galapagos
Islands, where four new species and one new genus, Terrazoanthushave been described.Within the
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context of a national project aiming at the description of the biological and chemical diversity of marine
invertebrates from the marine protected area El Peladoof the Peninsula of Santa Elena Ecuador, we
noticed the presence of several species okzoantharians, representing a high substrate cover. The first
inspection of the chemical diversity of one zoantharian of this ecoregion named Terrazoanthus
patagonichus(formerly known as T. ono) was very promising and revealed a new family of 2-
aminoimi dazole alkaloids named terrazoanthines [20]. A second species, commonly found in this area,
was identified as Antipathozoanthus hickmaniThe genus Antipathozoanthusbelongs to the family
Parazoanthidae and is composed by only two species so far: A. macaronesicuand A. hickmanj which
are only found to be associated with black corals [21,22] Antipathozoanthusickmaniwas first recorded
in the Tropical Eastern Pacificaround the Galapagos Islands and laker in Machalilla National Park,
Ecuador, where this specieswas found as an epibiont of the antipatharian Antiphates galapagensis
[17,19] Interestingly, no studies on the chemical diversity of both species have been recordedso far,
and we therefore decided to undertake the first chemical investigation of A. hickmani

Herein, we report the isolation and structure elucidation of a new family of ecdysteroids named
ecdysonelactones At D (11 4), featuring for the first time a five-membered ring lactone moiety fused at
the C-2 and C-3 positions of ring A (Figure 1). Three known compounds, including a lysine derivative
first isolated from the marine sponge Axinyssa terpnig237] and two ecdysteroids 20-hydroxyecdysone
[16] and polypodine B [24,25], were alsoisolated from this zoantharian.

Ecdysonelactone R!' R? R3
A(1) OH H OH
B@2 OH H H
C@3) H H OH
D (4) H OH H

Figure 1. Structures of ecdysonelactones A D (1t 4) from Antipathozoanthus hickmani

2. Results and Discussion

The frozen organism was first lyophilized, and the freeze-dried material was extracted with a
mixture of solvents CHsOH/CH 2Clz (v/v; 1:1) under sonication. The extract was first subjected to
fractionation through reverse d phase C18 Vacuum Liquid Chromatography (VLC) with solvents of
decreasing polarity from H 20 to CHsOH, until CH 2Cl2 was reached.The methanolic fractions disclosed
some interesting chemical profiles by UHPLC-DAD -ELSD and they were subjected to semipreparative
Reversed Phase (RP)HPLC using a C18 column, yielding pure compounds ecdysonelactones AtD (1t
4) along with the known compounds 20-hydroxy ecdysone, polypodine B, and a lysine derivative.

Compound 1 was isolated as a white powder and (+)-HRESIMS analysis revealed a major peak at
m/z 537.3070[M + H]+, consistent with the molecular formula C 20H440s. The fragmentation pattern of
the molecule indicated the loss of at least three molecules of water, suggesting the presence of three
highly reactive alcohols in the molecule. NMR data were recorded in CDsOD even if most of the
literature data are reported in CsDsN. Indeed, compounds were perfectly soluble in CD sOD with only
rare overlaps of the signals with residual peaks of the solvents that did not p revent the structure
elucidation of the compounds. The 'H NMR, 13C NMR, and HSQC analysesrevealed one ester function,
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one Y Gunsaturated ketone, five oxygenated quaternary carbons, two oxygenated methines, three
quaternary carbons, and five characteristic steroidal methyl signals. The ecdysteroid family was
inferred from the signal at w+ 5.88 (d, J= 25 Hz, 1H, H-7), corresponding to a trisubstituted olefinic
proton. The H-7/C-5, C-9, and C-14HMBC correlations confirmed the 7-en-6-one tetracyclic ring system
and therefore the ecdysteroid family . Compared with other usual ecdysteroids found in zoantharians
such as ecdysone 1 lacked the oxymethine in position C -2, while the *H NMR spectrum revealed a clear
AB system at u+ 2.74 (d, J=17.0Hz, H-l § &d w: 256 (d, J=17.0Hz, H-l ¢ @able 1). The structure
elucidation started with HMBC correlations from H 3-19, allowing the assignment of the signals at C-1.
Analysis of the HMBC spectrum revealed key H-l /€-1, G2, C-3 correlations showing that this
methylene was directly linked to the Aring at C-2. The presence of a tertiary alcohol at G2 was further
proposed based on the signal atyc 74.2 (qC, G2). Moreover, the HMBC spectrum revealed another key
H-l /€-hugorrelation with C-lue w E QU U1 U a®) é&tedifdnttian Ulizspite the lack of any other
correlation with the latter carbonyl group, closure into a lactone at C-3 was suggested by the
deshielding of the proton and carbon signals at the C-3 position of the A ring. This assumption was in
accordance with the molecular formula of 1. The presence of a hydroxy group at C-5 was then
evidenced by HMBC correlations starting from H 3-19, especially with another oxygenated quaternary
carbon at uc 77.8 (qC, G5). This oxidation pattern at C-5 is commonly found in ecdysteroids but more
rarely in those isolated from zoantharians [139]. Focusing now on the side-chain of the steroid, the
presence ofa tertiary alcohol at C-20 and a secondary alcohol atC-22 was confirmed by key Hs-21/C-
22and C-20HMBC correlation s. Finally, the presence of two terminal methyls and a tertiary alcohol at
C-25 was demonstrated by additional key Hs-26/C-24, C-25 and Hs-27/C-24, G25 HMBC correlations
and a complete set of COSY correlations starting from H -22.

Table 1. NMR spectroscopic data for ecdysoneO E E U O O [ 14#iuin GD#OD ¢600MHz for H NMR data
and 150MHz for 13C NMR data).

No. 1 2 3 4

yH, Mult. (Jin Hz) »c U+, Mult. (Jin Hz) »c yH, Mult. (Jin Hz) e yH, Mult. (Jin Hz) uc

1la 1.87, d (15.0) 38.4 1.85, d (15.0) 38.4 211, m 41.9 213, m 41.9
1b 1.71, d (15.0) 1.70, d (15.0) 1.09, d (15.0) 1.10, d (15.0)
2 - 74.2 - 74.2 - 74.0 - 74.0
3 450,brd(45) 825  4.49 brd(45) 825 4.40, br s 82.0 4.40,brs 82.1
4a  2.35,dd (16.0,4.5) 319 2.35,m 31.9 213, m 25.1 211, m 25.8
4b 1.91, m 1.92, m 1.93, m 1.93, m
5 - 77.8 - 77.8 2.10,m 52.1 211, m 52.1
6 - 203.9 - 203.9 - 205.3 - 203.7
7 5.88, d (2.5) 120.1 5.86, d (2.5) 120.1 5.83,d (2.0) 121.6 5.83,d (2.0) 121.6
8 - 169.2 169.2 - 169.3 - 169.2
9 3.91,m 39.2 3.90, m 39.2  3.80,ddd (11.5, 357  3.80,brdd (115, 357
6.5, 2.0) 6.5)
10 - 42.4 - 42.4 - 37.0 - 37.0
11a 1.93, m 223 1.92, m 223 1.93, m 21.4 1.93, m 214
11b 1.68, m 1.68, m 1.65, m 1.64, m
12a 2.14,td (13.0,45) 325 2.12,td(13.0,45) 32.6 2.15,m 325 2.14,m 325
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12b  1.83,td (13.0, 4.5) 1.81, m 1.84, m 1.84, dd (13.5, 3.5)
13 - 48.7 - 48.6 - 48.8 - 48.7
14 - 84.9 - 84.9 - 85.1 - 85.0
15a 1.97 31.9 1.94, m 31.9 1.98, m 31.9 1.93, m 31.9
15b 1.59, t (10.0) 1.59, m 1.59, t (10.0) 161, m

16a 1.98, m 21.5 1.97, m 21.5 1.98, m 21.5 1.99, m 21.5
16b 1.73, m 1.69, m 1.73, m 1.71, m

17 2.39, m 50.4 2.35,m 50.4 2.39,1(8.6) 50.5 2.34,m 50.4
18 0.90, s 18.1 0.88, s 18.1 0.89, s 18.1 0.89, s 18.1
19 0.86, s 16.7 0.85, s 16.7 0.93,s 24.1 0.93,s 241
20 - 77.9 - 77.9 - 77.9 - 77.8
21 1.19,s 21.0 1.16, s 21.0 1.19,s 21.0 1.21,s 20.9
22 3.32,m 78.4 3.33,m 78.0 3.33,m 78.4 3.59, m 77.6
23a 1.67, m 27.3 1.56, m 30.5 1.66, m 27.3 1.71, m 35.7
23b 1.28, m 1.21, m 1.28, m 134, m

24a 1.80, m 42.4 1.46, m 37.7 1.80, td (12.5, 4.5) 42.4 3.59, m 77.5
24b  1.42, td (12.5, 4.5) 1.22,m 1.43, td (12.5, 4.5)

25 71.3 1.56, m 29.2 71.3 1.69, m 34.1
26 1.19,s 28.9 0.91,d (6.5) 234 1.19,s 28.9 0.95, d (7.0) 19.4
27 1.20, s 29.7 0.90, d (6.5) 22.8 1.20, s 29.7 0.91,d (7.0) 17.0
hue 176.3 176.2 176.1 176.0
I &1 2.74,d(17.0) 475 2.72,d (17.0) 475 2.71, d (16.5) 47.1 2.70, d (16.5) 47.4
I el 2.56, d (17.0) 2.56, d (17.0) 2.50, d (16.5) 2.49,d (16.5)

For the relative configuration of the side -chain, the 1H and 3C NMR chemical shifts of the signals
from C-20 until C-27 for 1 were absolutely identical to those of 4-dehydroecdysterone reported by the
group of Molinski, especially the signals and coupling constants [27]. For this compound, NMR data
were also recorded in CD3OD, which allows a clean comparison, and the structure of the side-chain is
therefore identical to the 17S*, 20R*, 22R* relative configurations for this part of the molecule. The trans
C/D junction corresponding to 13 R*, 14S* was also confirmed by the comparison of NMR signals with
the same compound (Figure 1).

The relative configuration of the gamma lactone ring fused on the A ring then had to be assessed.
First, the signal H-3 appeared as a doublet with 3}s-1a 4.5 Hz, which was only consistent with a chair
conformation for ring A where the methyl H s-19 is placed in an equatorial position, like that already
found for ecdysteroids of this type [28]. The oxygen at G3 must then be ¢ orientated and of the
3ROEOOI PT UUEUD OOS w talivk of thé& d@ygdn @tlCuBEthe YnotéhUHES would be placed in
an axial position with a coupling constant of at least 10 Hz (See Supplementary Materials). For the
relative configuration at the quaternary carbon C -2, we relied on the nOes between the different protons
of the bicycle. The epimer with a cisjunction between the lactone and ring A was in accordance with
the observed nOes and the distances measured (Figure 2), especially for the nOes F9/H-4a, Hs-19/H-
la, Hl ¢ Eda, and H-1b and H-3/H-l ¢ E 8 NMRCd@teu are therefore in agreement with this

72



Chapter 4 Ecdysonelactones

conformation of the 2 S*, 3R*, 55*, ®R*, 10R* epimer. Another confirmation came from the comparison
between the chemical shifts of the four possible stereocisomers at G2 and C-3 as well as literature data
of non ecdysteroid analogues [29]. We did not investigate the absolute configuration of this molecule
as, for all ecdysteroids described so far, all have theusual ¢ orientation for the methyls Hs-18 and Hs-
19 and therefore we propose the same absoluteconfiguration as determined for all compounds of this
large family.

&
Figure 2. Minimum energy conformer for the cisepimer of 1, where nOes are shown with arrows.

Compound 2 was isolated as a white powder and its (+)-HRESIMS analysis suggested the
molecular formula C 20H40s with m/z 521.3104M + H]+. The fragmentation pattern evidenced the loss
of three water molecules, and 2 was therefore thought to be a deoxygenated analogue of 1. The 13C
NMR spectrum of 2 indicated the presence of only six saturated and oxygenated carbons with a lack of
one oxygenated quaternary carbon compared to 1. The absence of the tertiary alcohol at G25 was
evidenced in the IH NMR spectrum where the three singlets at u+ 1.19 (6H, Hs-21, Hs-26) and 1.20 (3H,
Hs-27) in Lwere replaced by one remaining singlet at u+ 1.19 (3H, Hs-21) and two diastereotopic methyls
with doublets at u+ 0.90 (3H, Hs-26) and 0.91 (3H, Hs-27). The COSY spectrum confirmed the scalar
coupling of these signals with a methine at C-25. Apart from these changes, all other signals in the!H
and 13C NMR spectra were like those of 1, and we thus concluded that 2 is the C-25 deoxy analogue of
1. The similarities between the *H and 13C NMR data of 1 and 2 for C-20, G21, and G22 confirmed the
same relative configuration at C-20 and G-22.

Compound 3was isolated as a white powder and the molecular formula C 20H 440s was determined
by (+)-HRESIMS with m/z 521.3107[M + H]*. This compound is an isomer of 2. The side-chain of 3was
found to be identical to that of 1, as the same pattern was observed for the!H NMR signals of the side-
chain methyls. Therefore, and unlike 2, 3 contains a tertiary alcohol at C-25. Because the molecular
formula was found to be identical to that of 2, we expected the loss of an oxygen in the polycyclic core.
The absence of an oxygen was located at position G5 due to the appearance of a new fgnal in the
HSQC spectrum at u+ 2.10 (m, 1H, H5) and uc 52.1 (CH, G5). Deoxygenation at this position is
particularly common in ecdysteroids, especially in 20 -hydroxyecdysone analogues already found in
the zoantharian Parazoanthus axinellagéor example [238]. The location of this methine at C-5 was easily
confirmed by a key H3-19/C-5 HMBC correlation. Due to the overlap of the *H NMR signal H -5 with
other signals, it was impossible to use nOe or coupling constant to assess the relative configuration at
C-5. Gratifyingly, the presence of the same key H-4a/H-9 nOe as that found in 1 allowed us to conclude
that the samecisjunction existed between rings A and B. Indeed, this nOe would not be consistent with
atrans decaline configuration between rings A and B. This assumption was further confirmed by very
similar chemical shifts between the corresponding signals of 3 and those of analogues in the literature
[27]. A cisjunction between rings A and B seems to be a common feature of most ecdysteroids, an
epimerization likely occurring because of the presence of the ketone at G-6. Identical chemical shifts in
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IH and 13C NMR signals with those of 1 indicated the same relative configurations for the side-chain.
Compound 3is therefore the deoxy analogue of 1 at C-5.

Compound 4 was isolated as a white powder and its molecular formula C 20H 2508 was determined
by HRESIMS with m/z 521.31@ [M + H]+*. This compound is therefore a third isomer of 2 and 3. While
the signals corresponding to the polycyclic part of the ecdysteroid were identical to those of 3, major
differences occurred for the signals of the side-chain. Indeed, like in 1 and 3, the tertiary alcohol was
not present at C-25 because the methyls H-26 and Hs-27 appeared as two diastereotopic methyls, as
they did in 2. The HSQC spectrum revealed changes for H22 and another oxygenated methine
overlapping with H -22 atuqs 3.59 (m, 2H,H-22, and H-24). Based on key H-21/C-22 and Hs-26 and 27/G
24 HMBC correlations, we concluded that a hydroxylation occurred at C -24. To establish the relative
configuration of the hydroxyl at C -24, we relied on literature data for pterosterone and its related
epimer at C-24, even if those data were recorded in pyridine-ds [28]. Comparison of the 13C NMR data
of the signals corresponding to the side-chain of 1 recorded in CDsOD with those of abutasterone
containing the same side-chain but recorded in CsDsN showed a maximum difference of 1.5 ppm [31].
While chemical shifts of uc 76.7 (G22) and 77.5 (G24) were observed in GDsN for pterosterone with a
24S configuration, values of ¥c 73.4 (G22) and 73.5 (G24) were recorded for its epimer at C-24, 24
epipterosterone (24R) in the same solvent[28,32]. In the case of compound 4, both carbons resonate at
Uc 77.6 (G22) and 77.5 (G24)in CD3sOD, in total accordance with the values obtained for pterosterone.
Because the change of solvent does not seem to strongly affect the chemical shifts of thé3C NMR
signals, we assumed the same 28 configuration as pterosterone for compound 4.

Ecdysteroids are known to be a widespread family of natural products produced by plants and
arthropods, where they are known to play the role of molting hormones for arthropods, for example
[33,34] They are also widely found in some marine invertebrates and may be considered as
chemomarkers of zoantharians, even if their ecological role is not known in this case. The first chemical
investigation of a species of the genus Antipathozoanthusled to the discovery of a new family of
ecdysteroids featuring an unprecedented wlactone ring fused between the positions C-2/C-3 of the A
ring. The presence of a lactone ring in ecdysteroids has been found in compounds likecyasterone[35],
ajugalactone [36], or even the very rare C-29 ecdysteroid named reptanslactone[37] with five - and six-
membered ring lactones only present on the side chain The formation of the five -membered ring
lactone between the C-2 and C-3 positions of ring A in ecdysonelactones can be explained by the
presence ofvery reactive secondary alcohols at C-2 and C-3 [38,39]. To explain the formation of the
lactones, ecdysterads from zoantharians seem to be prone to acetylation at position OH-2 or OH-3.
Acetylation at OH -3 would lead to an acetylated product at this position that could undergo a
cyclization into a wlactone on a ketone at G2 (Scheme 1). Oxidation at positionsC-2 or C-3 have already
been observed [40], and such a nucleophilic addition of a methyl ester on an adjacent ketone was
demonstrated synthetically in strongly basic conditions with a derivative of taxol [41]. An enzyme
could catalyze the addition reaction in the case of this natural product and impose the observed
stereochemistry. The presence of this enzyme seems restricted to the specieé. hickmaniamong all
studied zoantharians and other living organisms of the terrestrial world. Interestingly, only t he cis
fused product was formed through cyclization with the A ring, giving rise to the OH -2 on the Y side of
the polycyclic ring.
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Scheme 1.Proposed biosynthetic conversion of ecdysones into ecdysonelactones.

Ecdysonelactones AtD (1t4) were tested for antibacterial activity against Gram-positive
(Methicillin -resistant Staphylococcus aureUdRSA, Staphylococcus aureysind Gram-negative bacteria
(Acinetobacter baumanniiEscherichia cqliKlebsiella pneumonige antifungal activity against Candida
albicansand cytotoxicity against MCF -7 breast cancer, A2058 melanoma, HT29 colon cancer, A549 lung
cancer, and HepG2 hepatic cancer cell lineg42]. Despite the new lactone function fused on the A ring
of the ecdysteroid, ecdysonelactones, like other ecdysteroids, did not exhibit significant antimicrobial
or cytotoxic activities.

3. Materials and Methods
3.1. General Experimental Procedures

UV measurements were obtained by the extraction of the Diode Array Detector (DAD) signal of
the Ultra-High Pressure Liquid Chromatography (UHPLC) Dionex Ultimate 3000 (Thermo Scientific,
Waltham, MA, USA). Optical rotation measurements were obtained at the sodium D line (589.3 nm)
with a 10-cm cell at 20 °C on a UniPol L1000 polarimeter (Schmidt + HaenschBerlin, Germany). NMR
spectra were acquired on an Agilent 600 MHz spectrometer equipped with a cryoprobe with pulse field
gradient, and signals were referenced in ppm to the residual solvent signals (CD 30D, at + 3.31 anduc
49.0). HRESIMS data were obtained with a UHR-qTOF Agilent 6540 mass spectrometer. Purification
was carried out on a JASCO HPLC equipped with a PU4087 pump and a UV4070 UV/Vis detector.

3.2. Biological Material

The specimen identified as Antipathozoanthus hickmar(i73 g dry weight) was collected by SCUBA
at 24 m at the Marine Protected Area El Pelado (La Pared) of the Peninsula of Santa Elena, EcuadarA
voucher (150924EP0402) of the sample is held at CENAIM -ESPOL (San Pedro, Santa Elena, Ecuador)
(See Supplementary Materials).

3.3. Extraction and Isolation

The freezedried sample (73.8 g) was extracted at room temperature with a mixture of solvents
DCM/MeOH (1:1) three times (500 mL); each time with sonication and gravity filtration. The organic
solvent was removed under pressure to obtain an extract (4.7 g). The extract was subjected to C18
reversed phase vacuum liquid chromatography (LiChroprep ® RP-18, 4@ 63 um) using a mixture of
solvents of decreasing polarity (1). H20, (2). H:.O/MeOH (1:1), (3). H:20/MeOH (1:3), (4). MeOH, (5).
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MeOH/DCM (3:1), (6). MeOH/DCM (1:1), and (7). DCM (using 500 mL of each solvent). Fractions 3 and
4 were purified by semi-preparative RP-HPLC with a C18 column (Restek, 10x 250 mm, 5um), using
the following elution steps with A CHsCN/acetic Acid 0.1%, BH2O/acetic acid 0.1% as mobile phases;
isocratic for 0t 20 min with A 22, B 78; linear gradient for 20+ 35 min until A 60, B 40; then isocratic for
35t45 min at a flow rate of 3.5 mL/min and UV detection at 1 254 nm for 50 min of acquisition time.
These purifications yielded pure compounds; ecdysonelactone A (1, 0.9 mg),B (2, 1 mg), C (3, 0.7 mg),
and D (4, 3mg), and three known compoun ds; a lysine derivative (14.9 mg) [237], 20-hydro xyecdysone
(1.3 mg) [239], and polypodine B (2.2 mg) [240].

3.4. Compound Characterization
3.4.1. Ecdysonelactone A

1: White, amorphous solid; [ Y]o2° + 22 € 0.1, CHsOH); UV (DAD) Mmax 248 nm;H NMR and 13C
NMR data see Table 1; HRESIMS (+)n/z 537.3070 [M+ H] + (537.3®8 calcd. for C29H4509, , +2.2 ppm)
and fragments 519.2963[M +HtH20]* (519.2952 calcd. forCzeH 430s); 501.2853[M +Ht2H20]*(501.2847
calcd. for CzeH407); 4832749[M +H¢3H20]* (4832741 calcd. forCasH 3906).

3.4.2. Ecdysonelactone B

2: White amorphous solid; [ Y]o2° + 24 ¢ 0.1, CHsOH); UV (DAD) Mmax 246 nm;H NMR and 13C

NMR data see Table 1; HRESIMS (+)n/z 521.3D4 [M + HtH20]* (521.3109 calcd. forCzHs0s. NY 8 Nt w

ppm) and fragments 503.3001[M + Ht2H20]* (503.3003 calcd. forCzeH4:07); 485.2884M + Ht 3H20]*
(485.2898 calcd. forCzeH 410s); 467.2776[M + H]+ (467.2792 calcd. forCzeH 390s).

3.4.3. Ecdysonelactone C

3: White, amorphous powder; [Y]o20+30 €0.1, CH:OH); UV (DAD) Mmax 248 nm;*H NMR and 13C

NMR data see Table 1; HRESIMS (+)wz [M + H#H20]* 521.3D7 (521.319 calcd. for CzeH40s. NY 8 + Wuw

ppm) and fragments 503.3006[M + Ht2H20]* (503.3003 calcd. for C2oH 4307); 485.2894M + Ht 3H:0]+
(485.2898 calcd. forCzoH 4106); 467.2787[M +H]+ (467.2792 calcd. forCzeH 390s).

3.4.4. Ecdysonelactone D

4: White, amorphous powder; [ Y]o20+29 € 0.1, CH:OH); UV (DAD) Mmax 240 nm;H NMR and 3C
NMR data, see Table 1; HRESIMS (+n/z 521.3D4[M + H{H20]* (521.3109 calcd. forCzsH40s, $0.96
ppm) and fragments 503.2993[M + Ht2H20]* (503.3003 calcd. for C2oH 4307); 485.2885M + H¢ 3H20]+
(485.2898 calcd. forCzeH 4106); 467.2868[M + H]+ (467.2792 calcd. forC2sH 390s).
3.5. Computational Analyses

The most stable conformer for the four diastereoisomers of 1 were generated using the MMFF94
force field (MarvinView , version 6.2.2, calculation module developed by ChemAxon, Budapest
Hungary ) and the geometry described in Ohta et al. asthe initial input [28] The 33+ couplings were
predicted using MSpin (Mestre lab Research Santiago de Compostela,Spain) for each diasteroisomer.

4. Conclusions

Ecdysonelactones At D (1t 4), isolated from the Tropical Eastern Pacific zoantharian A. hickmanj
are new members of the ecdysteroid family of natural products as they feature an unprecedented w
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lactone fused at G2 and C-3 of ring A. To our knowledge, this is the first report of ecdysteroids
containing a five -membered lactone fused to ring A. The fusion of the lactone moiety to ring A could
originate from a cyclization of the 3-O acetateonto a ketone at G2.

Supplementary Materials: Supplementary materials, includ ing taxonomic data, HRMS, 1D and 2D
NMR spectra for compounds 14, and computational details for 1, are available on-line at
www.mdpi.com/link.
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ABSTRACT: In the search for bioactive marimatural products from zoantharians of the Tropical
Eastern Pacific, four new tyrosine dipeptides named valdiviamidBs (&4) were isolated from
Antipathozoanthus hickmaand two new tyramine derivativésand 6 from Parazoanthus darwini

The phenols of all six tyrosine derivatives are substituted by bromine and/or iodine atoms at the ortho
positions of the hydroxyl. The planar structures of these aromatic alkaloids were elucidated from 1D
and 2D NMR experiments in combination with HRESMata and the absolute configurationg-df

were deduced from comparison between experimental and calculated electronic circular dichroism
(ECD) spectraAs halogenated tyrosine derivatives could represent chemotaxonomic markers of these
genera, we decatl to undertake the first chemical investigation of another sp&eteazoanthu<f.
patagonichus As expected, no halogenated metabolite was evidenced Bp#ogesbut we report

herein the identification of two new zoanthoxanthin derivatives namedides E 7) and F 8) from

this species. Antimicrobial and cytotoxicity bioassays revealed that valdiviamid® @splayed

moderatecytotoxicity against the HepG2 cell line with ansd@alue of 7.8uM.
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The structures of marine natural products arelysgharacterized by a higher occurrence of halogen
atoms than their terrestrial counterparts. Within the marine environment, most of the marine
invertebrates but especially algae and sponges are sources of halogenated secondary nieé@yolites.
far, the most common halogen in marine natural products is brdiifibe incorporation of halogens

into natural products is catalyzed by enzymes such as vanadipemdent haloperoxidases which have
been reported mainly from algae, sponges or bactéffiaAmong the different halogenated structural
units reported from @arine organisms, bromotyrosine derivatives are the most common and mainly
found in marine sponges of the order Verondfd4, but also some species of ascidi&ns.
Interestingly, a wide range of biological activities including antibacterial, anticaan@parasitic,
antiplasmodial, andinflammatory and antifouling have been reported for halogenated tyrosine

derivativest®22

Zoantharians are sessile invertebrates inhabiting diverse marine environments like coral reefs,
shallow waters and, deep seagsuamd the world. They are known to produce a nhumber of interesting
metabolites including zoanthamine alkaloféis?* fluorescent pigments like zoanthoxanthihis?®
ecdysteroid$!' 28 and some halogenated metabolites. The first halogenated naturattpfama
zoantharians was the fatty acidbfdmao5,9-eicosadienoic acid isolated fraRalythoa caribaeorunn
19952° Later, two monobrominated tyrosine derivatives named parazoanthines D and E were reported
in 2009 from the Mediterranean zoanthafamazanthus axinellag® Additionally, two mono and two
dibrominated parazoanthinesXawere reported in 2014 from the same spetigsanother context,
two halogenated zoanthamine alkaloidgiiddozoanthenamine and fi-thloro-11-deoxykuroshine A
were isolagd fromZoanthus kuroshioollected off the coast of TaiwdhDespite the great diversity of
natural products isolated from zoantharians, most of the chemical studies are reported from species
collected in the Central IndBacific, while only a few studeehave been undertaken from species

inhabiting the Tropical Eastern Paciffé

During a dereplication process on zoantharians from the Ecuadorian®*®ctiestJPLGHRMS
analyses of both speciéatipathozoanthus hickmaandParazoanthus darwineveaéd the presence

of some metabolites with unreported masses and isotopic patterns characteristic of mono and
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dibrominated compounds. The first chemical studyAohickmanirevealed ecdysteroids derivatives
named ecdysonelactonesDAas the major compoundd the methanolic fractio?f. As no chemical
studies fronP. darwinihave been reported so far, we decided to undertake a deeper chemical study of
A. hickmaniand the first one oR. darwinicollected off the Marine Protected Area El Pelado, Santa

Elena, Euador.

In this study, we describe the isolation and structure elucidation of four new halogenated tyrosine
dipeptides named valdiviamides[A(1-4) fromA. hickmanand two halogenated tyramine derivatives

5 and 6 fromP. darwini (Figure 1). These compads were isolated as TFA salts as they contain an
ammonium ion and they are characterized by the presence of bromine and iodine atoms around the
phenol. Because halogenated tyrosine derivatives could serve as chemotaxonomic markers for these
two genera othe family Parazoanthidae, we decided to perform the first chemical study of a non
studied species of this ar€éarrazoanthusf. patagonichusbelonging to the family Hydrozoanthidae.

In agreement with this hypothesis, no halogenated derivative waseabtaom this species of the
genusTerrazoanthudput two new zoanthoxanthin derivatives named zoamideg#8) were isolated

as neutral molecules.
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Figure 1.Structures of valdiviamides-® (1-4) from Antipathozoanthus hickmaand tyramine derivatives 5 and 6 from
Parazoanthus darwini

RESULTS AND DISCUSSION

The freezedried samples oA. hickmani68 g) andP. darwini(54 g) were extracted with a mixture of
CH.CIl2/MeOH (1:1) under ultrasonication. The extracts (2.60 g and 2.10 g, respectively) were
fractionated by REZ18 vacuum liquid chromatography with mixtures of solvents of decreasing polarity
from H,O to MeOH to ®.Cl,. The hydromethanolic fractions containing the halogenated derivatives

were purified by serapreparative RFC18 HPLC yielding pure compounds 6 as their TFA salts.

FromA. hickmanj compoundl. was purified as a yellow, amorphous solid. TheHHRESIMS analysis
revealed an isotopic cluster of ions [Mit m/z436, 438 and 440 in the ratio 1:2:1 consistent with the
presence of two bromine atoms and the molecular formuté.§Br.N.Oa. A first inspection of théH
NMR data revealed a singlet @& 7.39 (s, H-5/9) suggesting the presence of a symmetric
orthd/ortha/para tetrasubstituted aromatic ring. Additionally, thé NMR, COSY and HSQC spectra
evidenced a ABX spin system with three signaldiat.72 (ddJ = 9.5, 5.0 Hz, TwH-2), d; 3.21 (dd,
J=14.5,5.0 Hz, TyH-3a),d, 2.88 (ddJ=14.5, 9.5 Hz, TyH-3b), and another AB systemdit4.09

(d, J = 15.0 Hz, GlyH-2a) andd, 4.00 (d,J = 15.0 Hz, GlyH-2b). The deshielded singlet integrating
for nine protms atd, 3.25 was assigned to the three methyls of a quaternary ammonium iodCThe
NMR spectrum disclosed signals corresponding to sixprotonated carbons: one carboxylic acid

carbon atgt 173.4 (TyrC-1), one amide carbonyl group @ 164.5 (GlyC-1), one aromatic signal at
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a 132.3 (TyrC-4), an oxygenated aromatic carbon signattat51.3 (TyrC-7) and the brominated
aromatic signal att 112.1 (G6/8). Theortho position of the two bromine atoms and thetaposition

of the aromatic protons wittespect to the hydroxy group were supported by keyHRy8/C-5, Tyr-
H-5/C-6 and G7 HMBC correlations (Figure 2). The F>-3/Tyr-H-2 coupled system together with
the key Ty¥rH-2/C-1, G4 HMBC correlations secured the structure of the tyrosine moietyhE other
part of the molecule, key Gij»-2/C-1 and (CH)sN HMBC correlations confirmed the trimethylated
glycine subunit. Finally, the key Ty-2/Gly-C-1 HMBC correlation allowed the connection between

both amino acids.

H 2
3G NI+
@ l@\
@) OH

1

Figure 2.Key COSY and HMBC (H to C) correlations band3.
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Tabl® &¥d NMR Data for-DV#l)diiwiDaO@p5deds INlHRAMRo and
125 MHE NMR dat a) .
1 2 3 4
Position ue, type  mn,mult. (Jin Hz)  yy, mult. (Jin Hz) »ctype wq, mult. (Jin Hz) yH, mult. (Jin Hz)
Tyrosine
1 1734,C - - 173.7,C -
2 54.7,CH 4.72,dd (9.5,5.0) 4.72,dd (9.5,5.0) 54.8, CH 4.72, dd (10.5, 5.0) 4.72, dd (10.5, 5.0)
3a 3.21, dd (14.5, 5.0) 3.20, dd(14.5, 5.0) 3.27, dd (14.05.0) 3.19, dd (14.0, 5.0)
36.6, Che 36.5, Ch
3b 2.88, dd (14.5,9.5) 2.86, dd (14.5, 9.5) 2.91, dd (14.0, 10.5) 2.89, dd (14.0, 10.5)
4 132.3,C - - 132.9,C -
5 134.0, CH 7.39,s 7.61,d (2.0) 134.1, CH 741,s 7.62,s
6 1121, C - - 112.1,C -
7 151.3,C - - 151.3,C -
8 112.1,C - - 112.1,C -
9 134.0,C 7.39,s 7.41,d (2.0) 134.1, CH 741,s 7.43,s
Glycine
1 164.5, C
2a 4.09, d (15.0) 4.09, d (15.0)
65.6, CH
2b 4.00, d (15.0) 4.01, d(15.0)
N(Me)s 54.8, Chs 3.25, s 3.25,s
Proline
1 166.4,C -
2 75.7, CH 4.10,t(8.0) 4.08,1t(8.0)
2.51,dddd (14.5, 9.0, 8.0,
3a 2.55, m
26.6, CH 5.0)
3b 2.38,ddt (14.5, 8.0, 6.5) 2.38, m
4a 2.28,m 2.28,m
21.3,Ch
4b 224, m 2.24, m
5a 3.78,ddd (11.5, 85, 6.0)  3.77, ddd (11.5, 8.5, 6.0)
67.8, Che
5b 3.57,ddd (11.5,85,7.5 3.61,ddd (11.5, 8.5, 7.5)
6 48.2, Chs 295, s 294,s
7 53.1, CHs 3.11,s 3.10, s

With the planar structure of the dipeptide in hand, the absolute configuration of the tyrosine stereogenic
center was assigned by comparison of experimental and predicted ECD spectra. After conformational
analysis and geometry optimization, the ECD spaiftthe two enantiomers dfwere calculated using
time-dependent density functional theory (TDDFT) with the B3LY¥B18+G (d,p)//B3LYP/631G(d)

level of theory. The calculated ECD spectrum of tBerzantiomer matched the experimental spectrum

of 1 confirming the presence ofiatyrosine derived residue (Figure 3).
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Figure 3. Comparison of the calculated ECD spectra of the two enantiomératdfyr-C-2, with the

experimental ECD spectrum.

Valdiviamide B @) was isolated as an amorphous white solid. Its HRESIMS spectrum revealed an
isotopic cluster of ions ah/z484 and 486 [M]in a ratio of 1:1, consistent with the presence of one
bromine atom and the molecular formulasBrIN,Os. The analysis of théH NMR spectrum
revealedsimilar signals to those of compouhéxcept forthe presence of two doublétsthe aromatic
regions at; 7.60 (d,J = 1.5 Hz, H5) andd, 7.41 (d,J = 1.5 Hz, H9) indicative of a lossfaymmetry
around the aromatic ring. The replacement of one bromibéyrone iodine atom i@ in the molecular
formula suggested a similar change on the phenol begpite a small amount of pure compo@nd
preventing the acquisition of interpretabi€ and 2D NMR spectra arfmhsed on the MS data and the
significant increased chemical shift of the aromatic protam & 60 in comparison to those bf we

are confident to assignédas the iodo analogue &f The absolute configuration atZwas assiged
asSdue to a similar positive Cotton effect at 219 nm in the ECD spectr@weahpared to that df.
Valdiviamide C 8) was isolated as a colorless, amorphous solid and the molecular formula
Ci16H21BroN2O4 was determined by HRESIMS with an isotopic cluster of ioms/a#t62, 464 and 466

[M]* in the ratio 1:2:1 indicative of the presence of two bromine atoms. Analysie dHtNMR

spectrum oB3 revealed similar tyrosine signals to thosd @fith a singlet atf; 7.41 (s, TyfH-5/9) and

a deshielded methine af 4.72 (dd,J = 10.5, 5.0 Hz, TyH-2), indicating the presence of the same
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dibromotyrosine moiety id. The'H NMR and COSY spectra & differed from those ol with the
presence of an additional sginupled system replacing the AB system of the glycine moietyThis
spin coupled system include resonances associated with a metiideldi (H2) and three metene
groups atf; 2.51 (H3a),d; 2.38 (H3b), d; 2.27 (H-4), andd, 3.78 (H5a),d, 3.57 (H5b). The methyl
singlet integrating for nine ihwas also replaced by two singletsiaB.11 (s, H-7) andis 2.95 (s, H-
6) corresponding to neequivalentN-methyl groups. These data combined with the keyHRr6/C-5,
ProH-2/C-7 and PreH»-3/C-1 HMBC correlations suggest the presence of-dimethyl proline
subunit (Figure 2). Finally, the connection between the twarsits was confirmed by the key Fi-

2/Pro-C-1 HMBC correlation.

First, we assumed &wabsolute configuration for the tyrosine residue due to a positive Cotton effect at
220 nm similar to those found fdarand 2. For the relative configuration betwedrettwo residues,
comparisons between the experimental and theoretical ECD spe&ra afidS, R diastereoisomers

were not conclusive and therefore we decided to proceed with a DP4 probability calcj@tidgns.
Even though the purification was performed with TFA in the eluent, the conformational analyses were
undertaken on both possible ionic forms: first the zwitterion and then the ammonium ion withsTFA

a counter anion. After a conformational analysis using a 1.5 kcal/mol energy threshold, four conformers
were obtained for both tt& Sand theS Rdiastereoisomer$C NMR chemical shifts were calculated

using the B3LYP/&1g(d)/MPW1PW91/811+g(2d level. For both ionic forms, thes R
diastereoisomer was predicted as the most probable structure with 100% DP4 probability (See
Supplementary Information). Despite possible influences of the solvent and concentration on the
chemical shifts of ionic mekules, we were quite confident on this assignment as the prediction was
totally in favor of one of the two diasteroisomers. However, this unexpected result led us to inspect the
NOESY spectrum 08 and the distances between the atoms of the lowest eoenfyrmers. On the

most stable conformer of the diastereoisomess2o and (R)-Pro, the distances between J5/9

and the methyls on the proline nitrogen were calculated as 2.9 and B8pectively. These
observations came as a confirmation of$he diastereoisomer as no nOe was observed between these

two signals in the experimental spectrun8of
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Valdiviamide D @) was isolated as a colorless amorphous powder. The HRESIMS data exhibited an
isotopic cluster of ions an/z510 and 512 [M]in a 11 ratio, consistent with the presence of one
bromine atom and a molecular formula ofgf:1BrIN2Os. Analysis of the!H NMR spectrum o#
revealed similar signals to those of compo@rndable 1), except for the replacement of the aromatic
singlet in3 by two doublets at); 7.61 (1H, dJ = 2.0 Hz) andd; 7.43 (1H, dJ = 2.0 Hz). This was
indicative of the substitution of one bromine for an iodine around the phenol rhgirmilar to that

observed foP.

From Parazoanthus darwinicompound5 was isolated as a colorless powder and its HRESIMS
spectrum revealed a major molecular ion peakn&431.9349 [M} consistent with the molecular
formula of GiH16l2NO. A first inspection of théH NMR spectrum revealed a deshielded aromatic
singlet intgyrated for two protons af; 7.74 (2H, s, Hb/9) and these signals were HMBC correlated to
C-6/8 atat85.5 revealing an unusual shielding for the aromatieprotonated carbon (Table 1). These
chemical shifts were in accordance with the data obtainéddaodinated compoun@sand4 therefore
suggesting two iodine atoms on the aromatic ring. Furthermore, the deshielded sigi&icad (C7)
confirmed the occurrence of a hydroxyl group af @nd was confirmed by a key-%1C-7 HMBC
correlation. ThéH NMR and HSQC spectra also evidenced a@@Njystem with signals at; 3.50
(H2-2) andd, 3.00 (H-3). The remaining methyl singlet integrating for nine protors & 18 (9H, s)
was assigned to a N(GH group. Altogether, these data suggest that camgé is a halogenated
tyramine derivative. Key H3/C-2, G4, G5, N(CH:)s/C-2 and H-2/C-3, G4 HMBC correlations
allowed the establishment of the structure Bf as 2(4-hydroxy-3,5diiodophenylN,N,N-

trimethylethanaminium. This new natumbduct has a similar structure to that of iodocidfin.

Compound6 was isolated as a pajellow solid. The HRESIMS data revealed an isotopic cluster of
ions atm/z383 and 385 [M]in a ratio of 1.1 suggesting the presence of one bromine atom, aral it wa
consistent with the molecular formula:8:16BrINO, differing from5 by the replacement of one iodine

with one bromine atom. This was confirmed by the loss of symmetry of the phenol with two aromatic

doublets atd; 7.71 (dJ= 2.0 Hz) and 7.51 (d,= 2.0 Hz) and the shift of @ carbon signal ait 110.6.
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Therefore, the structure oBb was assigned as -(2-hydroxy-3-bromab5-iodophenyl)N,N,N-

trimethylethanaminium.

Valdiviamides AD (1-4) isolated from the zoanthari&mtipathozoanthus hickmaaiebromotyrosine
derivatives obtained by condensation between the amine group of the tyrosine to the carboxylic acid
group of the glycine for valdiviamide -B (1-2) and to the carboxylic acid group of proline for
valdiviamides GD (3-4). The name valdiviamide given as a tribute to the Valdivia culture, one of the
oldest settled cultures in Ecuador and South America and still present in the area of the sample
collection. Interestingly, the absolute configuration for compadsiigl proposed to be-Tyr, D-Pro.

Even though the presence of thwro was unexpected, there are several reports of this enantiomer in
natural products and especially in the presence of a betaine pfolide. anticipate that the
epimerization fronSto R configuration at th&postion of the proline would be favored by the presence

of the positive charge on the nitrogen when doubly substituted. Indeed, the strong withdrawing effect

of the ammonium group would increase the acidity of the pridton

All six metabolites are charactegiz by the presence of halogens like bromine and/or the less common
iodine in theortho-positions of the phenol. These results raise the question of the use of simple
bromotyrosine derivatives as chemical markers of zoantharians from the family Parazeanthid
containing the gene@arazoanthusndAntipathozoanthusThis assumption has to be confirmed, as

for instance, only one morphotype of the MediterranParaxinellaecontains the bromotyrosine
parazoanthinef42] However, this proposition is consistent with all the chemical studies we undertook

on tropical eastern Pacific zoantharians. As we recently collected an undescribed species of zoantharian
named Terrazoanthuscf. patagonichusfrom this area we wanted to verify if it contained any
halogenated tyrosine derivatives. Even though the dereplication process did not suggest the presence of
such halogenated natural products, we decided to identify its major metabolites due to the presence of
unidentfied masses. We were finally able to characterize two new acylated zoanthoxanthin derivatives

named zoamides E)Yand F 8).
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Zoamide E 7) was isolated as a colorless powder and theHRESIMS analysis revealed a major
peak aim/z385.2369 [M+H], consistent with the molecular formula of2sNsO.. A first inspection

of theH NMR spectrum revealed an olefinic proton signat{ab.94 (®ptet,J = 1.0 Hz, H2n), two
methines at;4.30 (q,J = 7.0 Hz, H4) andd, 2.56 (sextet) = 7.0 Hz, H2N\j three methylenes ak

3.05 (m, H-8/H»-9), d; 1.78 (dquintJ = 15.0, 7.0 Hz, FBM) andd; 1.55 (dquintJ = 15.0, 7.0 Hz, H

3¥) and five methyls atf; 2.30 (d,J = 1.0 Hz, H-5n), d; 2.01 (d,J = 1.0 Hz, H-4n), a4 1.59 (d,J =

7.0 Hz, G4:-C-4), d; 1.23 (d,J = 7.0 Hz, H5 Nj) di®.87d(t,J = 7.5 Hz, H4)j The 1D NMR data

were in good agreement with zolanokathin derivatives already reporf@d.2] However, additional
signals were evident in the 1D NMR spectra for saturated protons/carbons. Comparing with data
reported for terrazoanthinesolated recently fronTerrazoanthus patagonichiex T. ono) we could

quickly assign a-iethylbutanoyl substituent on the primary amine of a terminal guarftdéngecond

acyl substituent was identified agrgthyl2-butenoyl and placed on the secqmidnary amine. Similar
acylated zoanthoxathin derivatives were already reported fleanazoanthusp. and named zoamides
A-D.*® The only difference between our compound and those reported previously is the nature of one
acyl substituent. For the absolwenfiguration we decided to work on compouhas it contains only

one stereogenic center.

Zoamide F 8) was isolated as a white colorless powder and th¢dRESIMS analysis revealed a
major peak atn/z371.2214 [M+H]J, consistent with the molecular fouta of GoH26NsO- and therefore

8 is a nor derivative of. Analysis of th¢H NMR spectrum revealed similar signals to thos® with

the difference of the loss of one methylene sign&l ifhe COSY spectrum allowed us to locate this
loss on one acyl gup replacing the-thethylbutanoyl ir? by an isobutanoyl iB. To assign the absolute

configuration at the unique-€ stereogenic center of the two zoamides we used ECD analgsiEtaf
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calculation of the ECD spectrum was not straightforward due sligie difference between both sides

of the chiral center. The ECD and UV spectra calculated at the commonly used BAINR(H level

did not match with experimental UV and did not allow a definitive assignment of the chirality.
Therefore, to confidentlgssign the absolute configuration8fthe ECD was predicted with different
combinations of reported functions and basis sets with a higher computational*p&pectra
calculated using ¥ B 9 D¥-311+G(d,p)B3LYP/6-31G(d,p) and camB3LYP/def2
TZVP//B3P86/augcc-pVDZ had successful matches with the experimental UV and ECD allowing us
to confidently assign the-€ stereogenic center in &configuration (Figure 4)This highlights the
need for TDDFT calculations to be perfarch with multiple functional/basis set combinations to
conclusively identify the chirality of complex molecules. The structures of zoamide E and F were finally
confirmed by a direct comparison of thBit NMR data to those of zoamidesDAisolated from a ark

black unidentified specie d?arazoanthug® The MS and NMR data supported unambiguously the

structures of these new zoanthoxanthin derivatives (See Supporting Information).

This specie ofTerrazoanthusf. patagonichuds morphologically related tche previously studied
Terrazoanthus patagonichusom which some other acylated zoanthoxanthin analogues named
terrazoanthines were isolat&Based on the similarity of these bisguanidinylated alkaloids, acylation
seems restricted to species of the gefmisazoanthusTherefore, as there was no clear taxonomic
description of the zoantharian from which zoamideB #vere isolated, we propose that the organism
reported asParazoanthussp. could be a species ®krrazoanthus Furthermore, the absence of
halogenated compounds Ferrazoanthuspecies strengthens the hypothesis of halogenated tyrosine

derivatives as a common feature of the gedertipathozoanthuandParazoanthus

Compoundsl-8 were subjected to antimicrobial activity testing against a panel of -Bogitive
(methicillin sensitive and methicillin resistaBtaphylococcus aureusnd Gramnegativebacteria
(Escherichia coli Klebsiella pneumonigéAcinetobacter baumanniand Psaidomonas aeruginoka
and yeastCandida albicans None of the compounds displayed antimicrobial activity against any of
the pathogenic strains at the highest concentration testedg/h2i8). Compound4-3 and5-8 were

additionally evaluated as cytotoxagents against three human tumor cell lines, namely HepG2 (liver),
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A549 (colon) and MIA PaGa (pancreas). Regarding their cytotoxic activity, only compofnd

displayed moderate activity against the HepG2 cell line, with grvElue of 7.8uM.
EXPERIMENT AL SECTION

General Experimental ProceduresOptical rotations, UV and ECD data were obtained on Chirascan
V100 (Applied Photophysics). IR data was obtained on a Ré&lkier FT-IR spectrometer, spectrum

100. NMR experiments were performed on a 500 MHz speeeter (Varian) or a 600 MHz
spectrometer (Agilent) for compoun@sand 4 and signals were referenced in ppm to the residual
solvent signals (CEDD, atd, 3.31 andat 49.0). HRESIMS data were obtained with an Agilent UHR
gTOF 6540 mass spectrometer. HPLC purification was carried out on a JASCO HPLC equipped with

a PU4087 pump and a UV4070 UV/Vis detector.

Animal material. Samples ofAntipathozoanthus hickmartarazoanhus darwiniandTerrazoanthus

cf. patagonichusvere collected by SCUBA at 24 m depth at the Marine Protected Area El Pelado (Santa
Elena, Ecuador). Vouchers of the samples with codes 150924EP@1 hickmanj, 150820EP0D5

(P. darwin) and 170416EPQG@1 (Terrazoanthugf. patagonichusare held at the Centro Nacional de
Acuicultura e Investigaciones Marinas CENABBPOL (San Pedro, Santa Elena, Ecuador)

(Supporting Information).

Extraction and Isolation. The freezedried samples ofA. hickmani(68 g), P. darwini (54 g) and
Terrazoanthugf. patagonichug8 g) were extracted with a mixture of solvents MeOH/Cl(1:1)

three times (500 mL) at room temperature. The solvents were removed under pressure to obtain an
organic extract oA. hickmani(2.60 g),P. darwini (2.10 g) andrerrazoanthusf. patagonichug0.308

g). Each extract was then subjected te@®IB vacuum liquid chromatography (VLC) (LiChroprep-RP

18, 40663 um) using a mixture of solvents of decreasing polarity (3p;H2) HO/MeOH (1:1); (3)
H>O/MeOH (1:3); (4) MeOH; (5) MeOH/ Ci&l» (3:1); (6) MeOH/ CHCI, (1:1); and (7) CkLCl2 using

500mL of each solvent. The mobile phases used for HPLC purification of the three samples were: (A)
H.O/TFA 0.1%; (B) CHCN:TFA 0.1%. The aqueotrsethanolic fractions F2 and F3 Af hickmani

were combined and purified by sepreparative RFHPLC with a C18 column (SymmetryPrep, 7.8 x
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300 mm, 7um), using an isocratic method fors0Omin with 95% A, 5% B; then a linear gradient from
5 to 20 min until 65% A, 35% B; then isocratic for 10 min at a flow rate of 3 mL/min and UV detection
atl 210 nm for 30min leading to pure compounds valdiviamide 1A (14.8 mg), valdiviamide B2}

(0.2 mg), valdiviamide C3) (1.8 mg) and valdiviamide B¥) (0.2 mg).

The aqueousnethanolic fraction F3 dP. darwiniwas purified by sermpreparative RFHPLC with a
C-18 coumn (SymmetryPrep, 7.8 x 300 mmpih), using an isocratic method for80min with 92%
A, 8% B; then a linear gradient from 8 to 25 min with 60% A, 40% B; then isocratic for 5 min at a flow

rate of 3 mL/min and UV detection @210 for 30 min to obtain eopounds (3.8 mg) and (0.9 mg).

The aqueousethanolic fractions F3 and F4 dérrazoanthusf. patagonichusvere combined and
purified by semipreparative RHPLC using a €18 column (SymmetryPréP, 7.8 x 300 mm, [fm),
starting with an isocratic mettd®-15 min with 80% A, 20% B; linear gradient for-B6 min until 60%
A, 40% B; then isocratic for 385 min at a flow rate of 3.5 mL/min with UV detectionl @54 nm to

yield zoamide E7) (1.5 mg), zoamide B8} (2.4 mg) and the known zoamide D (6.4 mQ)

Valdiviamide A(1): amorphous yellow solidd] ?°p + 13 € 0.01, CHCN); UV (CHsCN) /max( | 0 g 0)
290 (3.72),224 (4.34),207 (4.92)nm; ECD € 2.28 x 16 M, CHsCN) /max @) 298 (0.32), 224
(+10.74), 212 (+26.7) nmH NMR and®™C NMR data, Table 1; HRESIM$)/z436.9723 [MT (calcd

for C1aH1BraN20s,4 36 . 97 0 6, P +3.8 ppm).

Valdiviamide B2): amorphous white solida]?°p +13(c 0.01, CHCN); UV (CHCN) /max( | 0273 0 )
(3.66),230 (4.29 nm; ECD € 2.06 x 1 M, CH3CN) / max @ 295 €0.46), 255 {1.39), 219 (+4.78),
208 (1.06) nm;*H NMR data, Table 1; HRESIMSn/z 484.9566 [M] (calcd for C1sH19BrIN2Os,

484.9567 -2y ppm).

Valdiviamide C(3): amorphous pale yellowa]?°p+ 12.4 £€0.01, ACN); UV (ACN)/ max (log H 290
(3.56),224 (4.14),207 (4.62)nm; ECD € 2.15 x 16 M, ACN) / max @1 277 €0.89), 251 {2.61), 225
(+5.19), 214 (+10.5) nniH NMR and®C NMR data, Table 1; HRESIM$n/z462.9879 [MF (calcd.

for Ci6H21BraN2O4, 462.9863 ® +3.4 ppm).
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Valdiviamide D(4): amorphous white solida]*p +12 (€ 0.01, CHCN); UV (CHsCN) / max (log H

293 (2.94), 261 (3.23), 241 (3.48)12 (3.86 nm; ECD ¢ 1.95 x 10' M, CHsCN) / max ¢ 285 ¢0.15),

251 ¢0.86), 220 (+1.61), 212 (+0.59) nf NMR data, Table 1; HRESIM$#/z510.974gM] * (calcd

for CieH21BrIN204,510.9724 @ +4. 6 ppm) .

2-(4-Hydroxy-3,5-diiodophenyl)-N,N,N-trimethylethan-1-aminium 5: amorphous white solid; UV

(DAD, MeOH) /max 210 nm; *H NMR (CD;OD, 500 MHz)d 7.74 (2H, s, HB/H-9), ¢ 3.50 (2H,

A A NjBB=NJ,0, 5.0 Hz, #2), @3.18 (9H, s, N(CH)3), d3.00 ( 2 H, JAA.NjB.B N, H#3);

13C NMR (CD;0D, 125 MHz)d'156.3 (G7), d141.1 (G5/C-9), d132.4 (G4), d85.5 (G6/C-8), d68.0

(C-2), d53.6 (N(CH)s), d28.1 (G3); HRESIMSn/z431.9334M]* (calcd forCiiHiel.NO, 431.9316

P +4.1 ppm).

2-(4-Hydroxy-3-bromo-5-iodophenyl}-N,N,N-trimethylethan-1-aminium 6: amorphous white

solid; UV (DAD, MeOH)/ max 210nm; *H NMR (CD;OD, 500 MHz)d'7.71 (1H, d,J = 2.0 Hz, H5),

d7.51 (1H,dJ=2.0Hz, H9),d3 . 51 ( 2 H]=9A,ARBABIE), ¢3.19 (9H, s, N(CHs), d

3.02 ( 2HI=9AARBABHG); °C NMR (CD:OD, 125 MHz)d153.9 (G7), d140.3 (G5),

d134.7 (G9), d131.6 (G4), d110.6 (G8), ¢86.7 (G6), d68.0 (G2), d53.6 (N(CH)s), d28.3 (G3);

HRESMS m/z383.9467M] * (calcd forCiiH16BrINO,383.9454

Zoamide E (7):[a]®b T 20 (€ 0.001, CHOH); UV (ACN) /max( | ©

+3.3 ppm).

894 (#)L5), 265 (4.28), 236

(4.18),213 @.09) nm; ECD€2.15 X 1M, ACN) / max @) 318 ¢1.55), 3039.40), 258 {58.99), 211

(-29.02) nm*H NMR (CDs;OD, 500 MHz)d'5.94 (1H, septet]=1.2 Hz, H2 nj) , 4. 3=07.0( 1 H,

Hz, H-4), 3.05 (4H, m, b8-9), 2.56 (1H, sext] = 7.0 Hz, H2 Nj) ,

(3H,d,J=1.1Hz,H-4 nj) , 1. 781501715 Hz, BNja ) ,

2 . J3=0.0 Hz3H45 nj)d,, 2.

1 J 5700 He, H4{CH))d |

1.55 (1H, dqJ=15.0, 7.5 Hz, BB Njb ) , 1 .J2BOHz,3#5,Nj)d, 0 .J% 7.5 Kiz3H# Nj)t ;,

3C NMR (CD:OD, 125 MHzL Njii, 17183, 6 (5a). .8 K6LA387 (C2),C

125.5 (G4a), 125.2 (€3a), 124.7 (€7a), 124.5 (Da), 116.7 (€ nj) ,
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4nj), BW)8 -@GH)¥22[7 (©8-9),20.7(C5nj), -BN)1 -48) 8 MERES I

385.235gM+H] * (calcd. forCyoH29N60O2,385.2347 o +2. 8 ppm) .

Zoamide F (8):[a]®p - 4 (¢ 0.005, CHOH); UV (CH:CN) /max (log B, 374 (1.25), 266 (2.49), 230

(2.36),212 2.28) nm; ECD € 1.35 X 16 M, CHaCN) / max @0 293 €0.01), 268 {0.05),215 (+0.04)
nm;*HNMR (CDOD, 125 MHz) UJSL2HAHAM)H, 4.eRl.@Hd M), q,

3.06 (4H, m, K8-9), 2.75 (1H, septefl= 7.0 Hz, H2 Nj) , 2 .JB=A.0KBH5 nj)d,, 2. 01 ( 3 H
J=10Hz, H-4nj) , 1. 597.0(H3 H4(CHg), 1.25 (6H, dJ = 7.0 Hz, H-3 -MjNJJC;NMR

(CD:O0D, 125 MHz}Njli, 106hH 86 (:8A]).,8 H630238.2 (CF),T24.7 (C7a,

C-9a), 125.2 (€3, G4a), 116.7 (€2 nj) , -3 Blj) H(CO.R7.8 (G4 nj) , -B@HYN22(7 ©

8-9),20.7 (G5 nj) , -B-@jNj? ; ( € REzS7L.BRE2 [M+H] (calcd forCioHzeNeO2, 371.2190

+ 3.2 ppm).

Computational Methods. The methods used for the calculation of ECD spectra are as described
previously*? The conformational analysis of each compound was performed with Schrodinger
MacroModel 2018 as described by Willoughby e2&lsing density functional theory (DFT), at thve

the conformers were optimized using Gaussian 16. At the same tareertipoint energy, electronic
transition and rational strength of all conformers were calcufafBde ECD spectra were calculated
using Gaussian 16 at the B3LYP3&1+G(d) level, and spectra were produced and corrected with the
UV spectra using the freely available software SpecDi$*INMR properties were predicted at the
B3LYP/6-31g(d)// MPW1PW9b-311+g(2d) level on the four most stable confirmers (conformational
analysis performed using the GMMX module implemented in Gaussian 16). DP4 probabilities were

calculated using anihouse implementation of the Goodman original script.

Bioactivity Tests. The antimicrobial activity of compounds8lwas tested against a panel of human
pathogens including Grajpositive 8. aureufATCC29213 (MSSA), an&. aureusiB5393 (MRSA))
and Gramnegative bacterieH, coliATCC25922 K. pneumoniadTCC700603P. aerughosaPAO1,
andA. baumanniiMB5973), and a yeasC( albicansATCC64124), following previously described

methodologie4®#’ Cytotoxic activities of compounds3 and5-8 against the humaderived cell lines
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A549 (lung carcinoma), HepG2 (hepatocellularccasma), and MIA PaGa (pancreatic carcinoma)

were determined gweviously reported®
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6 Discussion

The presenstudyis the firstdescription ofthe chemical diversitpf zoantharians inhabiting the Tropical
Eastern Pacific Coast of Ecuadas part of the first National Projedirected to characterize the bio and
chemo diversityof marine invertebratefsom the Marine Protected Area El Pelado (REMAHER]ferent
groups of invertebrates were obsernaeh asoctocorals, ahermatypic corals, sponges, ascichaas
zoanthariansThe latter onesvereone of the most representative invertebratbabitingthis areaand no
chemicalinvestigationhave been reported from these spedietotal of eightorganismsawereidentified
and analyzed during this project and corresponded to the followangazoanthus patagonich@@®rmerly
known asT. ono), Terrazoanthugf. patagonichusTerrazoanthusp. (white),Zoanthuscf. pulchellus
Zoanthuscf. sociatus Antipathozoathus hickmanj Parazoanthuslarwini and Palythoacf. mutuk. The
zoanthariangoanthuscf. sociatus Terrazoanthusp., andPalythoacf. mutukiwere also investigatefr
their chemical diversitguring this project. However, due to the limigdount of collected sample and the
purified compounds, it was not possible to characterize the isolated metabolites.

6.1 Biological activities

6.1.1 Terrazoanthuspatagonichusand T. cf. patagonichus

Terrazoanthines A (182184) isolated fromT . cf. patagonichusarethe first members ad nhew family of
2-aminoimidazole alkaloids featuring theathinoimidazole ring fused to a cyclohexaa® observed for
terrazoanthines /A& (182-183). The fusion of 2aminoimidazole toother rings have been observed in
analogues such agelamide Jagelamadin A and B featng the 2aminoimidazole ring fused to a
cyclopentang243]. Additionally, terrazoanthinesre closely related to theoanthoxanthin alkaloids
isolated from zoantharianspecies In fact, the study ofTerrazoanthuscf. patagonichuslet to the
identification of two zoanthoxanthin derivatives zoamidé E.85186). The bioactivity results of these
compounds will bediscussedherein. The guanidine alkaloids have been isolated from several marine
organismssuch as marine algae, molluslkescidians buspongeshave beerthe main source of these
alkaloids Most of the guanidine derivativdgave shown activity as antibacterialantiviral, anticancer,
antiparasiticand enzymatic inhibitoagentamong othersSeveralreviews of this family of alkaloids have
been publishedighlighting the diversity of structurgheir biological activityand chemical synthedig44,
245]. The interesbn these alkaloidsfor their potential as drug leads relies on #pecifichydrogenionic

interactionsof the guanidifum cationwith other functional groupghich is enhanatby the strondasic
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character of guanidine Kg=13.6)[246]. A subclass of the guanidine alkaloidsludesthe amino imidazole
which have alsdbeen characterized by theotential pharmacological activits of the isolated natural
products orthrough the synthesis dafeveral derivatives. Some of theaginoimidazolederivatives
displayedselective adenosine receptor antagprantibacterial different enzyme inhibitorantifouling,
biofilm inhibitor, and cytotoxicactivities[247-249]. However two of the most promisingctivities for this
class of compoundaretheir antibiofilm and antifoulingactivity [250, 251] The variation of the biological
activity displayed by thesalkaloids could be explaied by the difference observed in thehemical
structura. In fact, studies on thetructureactivity relationships (SARDPf 2-aminoimidazole derivatives
revealedhnincreasing or decreasing in the bioactivitiyenthe structures have sufferesdmemodifications
[251]. In our study, érrazoanthines A were analyzed for their biological activity against Giamsitive
(methicillin resistantStaphylococcus aureydMRSA and MSSA) and Gramegative Acinetobacter
baumannij Escherichia coli Klebsiella pneumoniaeand Pseudomonas aerugingsaacteria, for their
antifungal activity againshspergillus fumigatusand their cytotoxicity against human liver tumor cell line
(HepG2).The limited amount of pure compouridgpeded to test them in a wide rangeiobissaysDespite
the negative results for these compounds, there is a lot of potentedtingterrazoanthineasantifouling
and antbiofilm agentsand againsvther differem bioactivitiesincluding cancer cell lines

The zoanthoxanthialkaloidsand its analogues have shopapaverindike activity, histamindike activity,
acetylcholinesterasAChE) inhibition and parazoanthoxanthin @30 haveshown affinity to bindthe
nicotinic acetylcholine recepto®AChR) through a competitive mechanism of actid45]. Also, a
moderate antiviral activity against the Herpes simplex virus HSV-1) was observed in a
pseudozoanthoxanthin analmgisolated from th&ea gorgoniakchinogorgia pseudossap252]. In our
study, zoamides-E (185-186) were subjected tantimicrobial and cytotoxic activitggainst several cancer
cell lines. These compads did not displayed activitjn any of thebioassayseven at the highest
concentration tested 28 ug/mL) Our resultsorroboratevhat has been reported in the literature up to date,
none of the members of this family of alkalo&dibits cytotoxic or antimicrobial activitydowever, there
is potential aplications for these alkaloids asiticholinesterase inhibitors and furth®ological studies
with zoamides H- and terrazoanthines-@& should be carried oub find potentialpharmaceutical or

biotechnologicablpplications
6.1.2 Zoanthuscf. pulchellus

The xanthamines are a very interesting family of alkaloids characterized by their unique structural
framework and their wide range of biological activities. One of the most promising bioactivities reported is

the antiosteoporotic activity exhibited by norzdeamine and its hydrochloride analogue. It has been
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observed that norzoanthamine prevents the osteoporosis symptoms in ovariectomized mice, commonly used
as a model for postmenopausal osteoporosis in the pharmaceutical industry and also it suppresses
interleukin-6 (IL-6) production which is a mediator of bone resorption caused by estrogen def[Ziéacy
Kinugawaet al, studied thenti-osteoporotic mechanisms of action of norzoanthamine suggesting a non
specific binding to collagen. This association stabilizes its secondary structure enhancing bone formation.
Norzoanthamine also prevent the proteolysis of elastin and bovine seumiraby protecting the substrate

from proteolytic cleavage rather than inhibiting protease ac{ii§]. Furthermore, Genggt al, analyzed

the distribution and the possible function of norzoanthamine. The results revealed a high concentration of
the alkaloid in the epidermal tissueZ&danthussp., and suggested a possible collagen protective function

in Zoanthugdby increasing its resistance to external stresses such as UV irrafli&fiqrOther bioactivities

reported from zoanthamine alkaloids includes inhibition of inflammation induced by phorbol myristate
acetate (PMA) in mouse ears, cytotoxic activity against murine leukemia cells (P388), antitaatieitial

and inhibition of platelet aggregation caused by collagen, arachidonic acid and thrombin, which makes these
alkaloids potential drug candidates in the treatment of cardiovascular diseases. In faet, Mlillevaluated

the human platelet aggyation activity of ten zoanthamine alkaloids and one ssmihetic analogue and

their structure activity relationship. Their results showed a strong inhibition of platelet aggregation induced
by thrombin, collagen and arachidonic acid fortytiroxyzoantamine, and the synthetic norzoanthamine
analogue. The structure activity relationship (SAR) revealed that small changes in the zoanthamine structure
would enhance or diminish their biological activitj@$1]. The potential bioactivities displayed by these
family of alkaloids hasonvincedscientist to continuously work on different mechanisms of action. During

our study, we isolated twamew zoanthamine analogues:a@etoxynorzoanthaming€l118 and 3
acetoxyzoanthaming119 along with the known norzoanthamine(87), zoanthamine(81) and 3
hydroxynorzoanthaming€94). We reported a new activity for these alkaloids @stective agestin
neuoinflammatory processesusing the BV2microglia cell line commonly used as a model for
neuroinflammatory studiesThese alkaloids showed +itotoxicity effect in the cell viability assay
supporting their potential agl@erapeutic agenEven if compounsi81andl118exhibited a doseependent

activity, the efficacy observed f&7, 94 and119at thedifferentconcentration used from 0.001 to (1M1,

clearly demonstratapotential applicatiomas antioxidant and neuroprotective agefite diverse biological
activities anddiversemechanisms of action reported for zoanthamine alkalmdsinlyreveals a bright

future as therapeutics.

6.1.3 Zoanthuscf. sociatus

Even though, no compounds were @terized from this species, there is a lot of potential for uncovering

its chemical diversity and biological activities. Tteported bioactivities includes tlghibition of insulin
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secretion via C4 channel exhibited by the crude extract of the lowaunolar weight fraction from the
Cubanzoanthus sociatuseported by Garciat al, and the presence of toxins with molecular weight from
2 to 6 KDa r el at-opribtoXin@GVIA,a potent mhibitdr of meurenattipe €& channel
[193, 194] Furthermore, the presence of tedim this species should also be considered as the cyanotoxin
microcystinLR was reported from the low molecular weight fraction frdmsociatus[195]. These

evidences clearly support further chieat investigation of. cf. sociatus
6.1.4 Antipathozoanthus hickmanand Parazoanthus darwini

The first natural products isolated fradn hickmaniwere the ecdysteroids derivatives ecdysonelactones A

D (163 166), characterized by the presence oflactone tised to ring A of the ecdysteroid skeleton. The

role of ecdysteroids in zoantharians is not clear and relatively few cases of bioactivity exhibited by these
natural products have been reported. An oxytocic activity was reporteddeoxgecdysteroné67)
suggesting possible applications as labour induoarontrol post partum uterine atony and hemorrhage, to
produce uterine contraction after cesarean or during uterine sorgerjnducetherapeutic abortiofl41].

The effects 067 was compared to those standard agents like oxytocin ang J?3#otential antidengue

virus activity was reported from ecdysteroids isolated fEmanthusspp. For example, zoanthoAg75)
displayed potential antiviral activity against dengue virus type 2 (DENWhile ajugasterone (73)

showed activity against all dengue virus serotypes. During the study carried out byeChéngvealed

that modifications of the hydroxyl groups atie side chain influence in the activity of ecdysteroids but
most important that the carbonyl group aé@nd the OH at @ are essential for their bioactivitigA3].

Lactone containing compounds isolated from different sources have shown different biological activities.
In particular,o-lactones have exhibiteddactivity as antiviral, anticancer, antibacterial, antimalarial - anti
inflammatory among othef@53]. The presence of thelactone in the structure of the ecdysteroid could
represent an opportunity for finding a different bioactivity from those analogues previously reported. In
general, ecdysteroids and its derivatives do not represent a potential source for pharmaceutatiappli
except for 2deoxyecdysterone and ajugasterone C described above. Since these natural products seems to
be present in all zoantharians, it is necessary to assess their role in these marine invertebrates.
EcdysonelactoneA-D (163-166) were analyzedor their biological activity against Grapositive and
Gramnegative bacteria, antifungal and cance cell lines. These compounds did not display significant
activity in the bioassaysDespite the negative results showed by ecdysonelactorBs férther

pharmacological studiesith these compoundand their ecological roleeeds to bassessed

The second family of natural products isolated frém hickmani are the halogenatedipeptides

valdiviamides AD (199-202) characterized by the presence of brormane iodine in the phenol ring. In
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addition to this family of halogenated alkaloids, the first chemical stueazoanthus darwirled us to

the isolation and identification of two halogenated tyramine derivah@5198). Therefore, we will also
discwss the potential bioactivities of these halogenated alkaloids in this section. An interesting review of
bromotyrosine derivatives from marine organisms by Reingl, revealed the vast range of biological
activities including antibacterial, antifungal, teancer, antiproliferative, antifeedant, antifouling,
antimalarialand as N&, K*-ATPase inhibitor[254]. Different classes ohatural products fronsimple
halogenated tyrosine derivatives to more complex structures like bastadins have been mmpbieel,
variation of bioactivities is influenced by théeiifferent chemical scaffoldsnd the halogen atom presén

the natural productor example, iodocionin, a iodinated tyramine derivative displayed selective activity
against mouse lyphoma (L5178Y) while its brominated analogue did not exhibit activity §2%]. This

result encourages to continue looking further biological activities with the tyramine deriva®es9g)

from P. darwini In another studyKim et al, indicated that a potential competitive angioterinverting
enzyme (ACE) inhibitory peptide required the location of either amino acid residue tryptophan, tyrosine,
phenylalanine or proline at thet€rminal and branchechain aliphatic amino acids at tNeterminal[256].
Interestingly, it has been observed that skbdin peptides showed better ACE inhibitory activity when a
hydrophobic amino acid was at thet&minus such as proline or glycine. Based on these fsature
valdiviamides AD represent potential candidatés the ACE inhibitory activity.During our study,
valdiviamide B R00) was the only dipeptide that exhibited moderate activity against hepatocellular
carcinoma (HepG2) with an égvalue of 7.8 uM.

6.1.5 Palythoa cf. mutuki

The bioactivity guided assay of the agueous/methanolic fractidhalythoacf. mutuki revealed high

toxicity in the antibacterial, cytotoxic and antileishmanial ass@ifig. high toxicityexhibited bythese

fractions could be explained by the presence of palytoxin, one of the most toxic compounydthe

presence of different toxic peptides as reported from &®hgithoaspeciesTherefore, it is necessary to
determine the chemical contentryfcf. mutukiand investigate the presence of toxins. There is an important
matter to address regarding the presence of palytoxin in zoantharians. The use of different species of
Palythoa and other zoantharians in home aquariums is becoming a health problerbrigiiteand
fluorescence colors displayed by these sessile ir
aquariums. However, most of the species being sold are not assess for their toxin content and several cases
of palytoxin intoxication though steam inhalation, ocular exposure or skin contact while cleaning
aquariums have already been recorfddd]. Deedset al, reported high concentrations of the toxin in four
different zoantharianpgcies sold in aquarium stores clearly demonstrating the high -nelaltéd risk of

having these organisms at hoftt9]. In addition, the presence BalythoaandZoanthusspecies close to
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crowded beaches is another potential gobthat should be considered. This is the cadeabfthoact.

mutuki Zoanthuscf. pulchellusandZoanthuscf. sociatuscollected during this study. These invertebrates

are found in a large surface area close to Ayangue beach, and this area is alemiesy for fisheries.
Therefore, studies to determine the presence of palytoxin in these species of zoantharians should be carried
out to prevent any palytoxin intoxication outbreak. On the other hand, other toxins have been reported from
species of the gers Palythoaand Protopalythoa For example, Pettitt al, reported the identification of
bioactive peptides such as palystatiA3 4nd palystatins /& from P. liscia collected off Mauritiug181,

182]. Later, the toxic peptide characterized by an unusua N a phelicaUstructure with only one
disulphide bridge was isolated from the low molecular weight fraction of the MeRicaaribaeorunby

Perezet al[183], and a similar peptide analogue was identified fRnstopalythoa variabilidy Liaoetal

[189]. Furthermore, several putative neuroterétated peptides and three kurdike peptides (PcKuz-B)

were described from the Brazilian Zoantharinstopalythoa variabiliandP. caribaeorunrespectively

throudh their transcriptome analygis84, 186] Moreover Palythoaspecies also represent a vast source of
enzymes with potentigbiological and biotechnological applications. A neurotoxic phospholipase A2
PLTX-Pcbla was reported from the Mexican zoanthdfiacaribaeorunby CuevasCruzet al, and four
bioactive metalloproteases were described from the mucus of the Br&zitambaeorum[185, 188] The
transcriptome study of the Braziliddrotopalythoa variabilisshowed thepredictive expression of 13
multifunctional enzymes and 694 enzyme sequences with different activities distributed in-23 sub
subclasse$257]. Most of these enzymes were found with valuable applications in thenpbeutical,
industrial, green organic synthesis and biotechnological industry. The reports of toxic peptides have been
limited to twoPalythoaand oneProtopalythoaspecies. Therefore, it is necessary to assess the enzymatic
content and determine the pease of bioactive peptides Ralythoacf. mutukiand otheiPalythoaspecies

to compare their variability based on their geographical distribution.

In general, if we compare the different biological activities and other applications achieved by natural
products isolated from species of zoantharians, the most promising ones with higher toxicity and potential
applicability in the pharmaceutical or biotechnological industry are those isolated from species of the
suborder Brachycnemina. Some examples includebtbactive alkaloids zoanthamines being the most
promising asanti-osteoporotic agents, fluorescent proteinsiforivo labelling isolated fromZoanthus

species, or several mycosporiilee amino acids as components for sunscreen products, to neur@oeins

the most famous nepeptide toxin like palytoxin with potent cytotoxic activity isolated fr@alythoa

species. Interestingly, the presence of several toxins seems to be more common in species of the genus
Palythoathan in species of the genZisanthis, and absent from the suborder Macrocnemina. However, the
potential of natural products from species of the suborder Macrocnemina should not be discourage since

relatively few chemical studies have been carried out on those species in comparison \mithrigrama

110



Discussion

which is the most studied among zoantharians. There is a bright future for discovering new natural products
with potential applications and bioactivities from both suborders of zoantharians and the chemical diversity

of these interesting invertedies are still surprising.

6.2 Chemotaxonomic markers

6.2.1 Terrazoanthuspatagonichusand T. cf. patagonichus

This is the firststudy of the chemicaldiversity of speciesbelonging tothe relatively new genus
Terrazoanthus TerrazoanthinesA-C (182-184) isolated from Terrazoanthus patagonichuand the
zoanthoxathin derivatives zoamides-E (185186 isolated fromTerrazoanthuscf. patagonichusare
closely related compounds as tlseem tde originated from the same precurso€5N3 unit like arginine
The proposed biosynthetic pathway for terrazoanthines involpesZhDiels-Alder cycloaddition while a
[6+2 cycloaddition is involved in the synthesis of zoanthoxant[#86)]. It is interesting to highlight the
presence in nature of enzymes capablesalizea Diels-Alder reactionandsomereports have proven its
occurrencd258, 259] From a chemo taxonomy point of viewcommon feature observed in both family
of alkaloids isolated fronTerrazoanthuspecies is the acylation of the guanidine moiety to fornthe
methyl butyyl unit, a structural part seen in terrazoanthin€l82 and zoamide E185). Since, noother
compoundsvith this chemical featureas beeneportedrom zoantharias, we suggest that acylation occurs
exclusively in species of the genlisrrazoanthusEven thoughzoamides AD were reported from an
unidentified Parazoaithus sp., collected from the coast of Phgipes, the lack of the taxonomy
identification raises # questionof the identity of the organism Therefore, aproper taxonomic
identificationof Parazoanthusp., from the Rilippinesis requiredIn the case thd@®arazoanthusp., is in
fact a species offerrazoanthus we could propose zoamides as chemicedrkers for the genus
TerrazoanthusEven though, we isolated two zoamides fronef. patagonichusas the major metabolites
present in the aqueous/methanolic fraction, the little amount of starting material limited us to obtain enough
amount of other mebmlites that could have helped to asses$gr possible chemical markers ftinis
species. It is necessary to analyze the MS profile of the methanolic fraclioofgfatagonichugo deeply
investigate the presence of terrazoanthines in this organism. Despite the similar biosynthetic pathway
between terrazoanthines and zoanthoxanthin derivatives, and unlike the zoanthoxanthin awhicgues
are present in other zoantharigtesraoanthines have only been described@émrazoanthupatagonichus
and this new family of alkaloids could be considered as chemical marker for thisspecidermorethe

sample known aderrazonthussp., was also analyzed for its chemical compositidithough no
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metaboliteswere fully characterized due to the low amount of the isolavees, the absence of
terrazoanthines was noticed in the metabolomic study of this organism. This result reinforces the hypothesis

to consider these-@minoimidazole &aloids as chemical marker for the spediepatagonichus
6.2.2 Zoanthuscf. pulchellus

The chemical study dtoanthuscf. pulchellusled to the isolation d8-acetoxynorzoanthamir(@18) and 3
acetoxyzoanthamingl19), two new members of the bioactive zoamtirge family of alkaloidsWithin
zoantharians,he isolation of zoanthamine alkaloids have only bedgscribedin species of the genus
Zoanthus However a structurally similar natural producooxanthellamine was isolated from the
dinoflagellateSymbiodiniumsp., and lobozoanthamindrom the soft coraLobgohytumsp. [260, 261]
Recently Costalotufo reported the presence of zoanthamine alkaloids PalythoacaribaeorumandP.
variabilis based onMS/MS fragmentation pattern and Global Molecular Networking analysis (GNPS)
[180]. This resultshould be carefly considered as theis no taxonomic identification of thee samples

and no othepublicationsupports the presence of zoanthamine alkaloid®aigthoaspecies However
species of the gendalythoaandZoanthusarecharacterized byheir association with symbiotic algaé

the genuSymbiodiniunf262]. Sinceit has been suggestedtlinoflagellates of this genera are responsible
for producing moxanthellamine which is considered a precursor of zoanthaihiisepossible that the
MS/MS fragmentation pattembserved in the analysis originated from species &ymbiodiniunpresent

is those species dtalythoa In addition, it is important to pperly described the speciés accurately
determine certain eopounds or family of compounds as possible chemical markers that will help in the
taxonomicalidentificationat speciedevel. For example, the zoanthamine analogues kuroshines have only
been described frod. Kuroshiq therefore these alkaloids shoulddmnsidered specific markers for this
species.Considering thdlifficulty presented to properly idengifthese group of organisms, the use of
complementary tools such as molecular analysis and metabolomics is helping to overcome this issue.
fact, the metbolomic study of theoantharians from the Tropical Pacific Coast of Ecuagononstrated

the eficiencyof thiscomplementaryool in thetaxonomical identification of thesgganisns [65]. During

this project, the zoanthariagmanthuscf. sociatuscollected in the same areaZsanthuscf. pulchelluswas

also studiedinterestingly no zoanthamine alkaloids were isolafiean Z. cf. sociatusand the metabolomic
study confirmed the absence of thedialoids in the samplés already mentione&oanthusspeciesare
characterized by theassociation with dinoflagellates from the gei@ysnbiodinium SinceNakamuraet

al., reported the isolation afooxanthellamindrom Symbiodiniunsp., suggestingzooxanthellamineasa
precursor for the biosynthesis of zoantham|[268]. Therefore, the atenteeisnof the associated symbiont
responsiblgo producethe zoanthamingrecursorin Zoanthuscf. sociatuscould explain the absence of

these alkaloidén the organisnor that the species consideredZamnthusct. sociatusis a differen one
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Further studieso characterie the associated symbionts of batbanthariangnd their chemical diversity
should be carried out toonfirm our hypothesis and to provide strong evidence ofbilbbeynthesis of
zoanthaminedn addition, thesynthesis of norzoanthamine was achieved by the group of Miyashita in 41
steps. One of the reactions used in the synthesis was aAlielsreaction for the construction of the ABC
ring system. Since tharesence of diels alderagasaturehas been pren and proposed to be involved in

the biosynthesis of terrazoanthirf@80], it seems thaZoanthusspecies or its associated symbionts also
possesses these enzymBwerefore studies on the enzyme content in zoantharias should be carried out to

confirm the hypothesis of the presence of diels alderases in zoantharians.
6.2.3 Antipathozoanthushickmani and Parazoanthusdarwini

Ecdysteroidsare the most common metaboliteported fronmost ofzoanthariarspeciesOnly species of
Epizoanthusave not yet been reported to produce these compounds. The relatively few chemical studies
on this genus have limited our knowledge of their chemical divemdigreforepased on the available dat

of the chemical diversity of zoanthariams,dysteroids should be considered as chemical markers of the
order ZoanthariaDespite the wide distribution of these natural products anteesginvertebratesA.
hickmaniis the producer adnewclass ofecdysteroids derivatives named ecdysonelactorie{¥63-166)
characteri zed blgctone hirefuspdriceringeAnottiee eadysteraid skeleton. The presence
of very reactive secondary alcohols a@nd G3 position of ring A are suitable axetylation at €3 and
oxidation at G2 position and the cyclization reaction is suggested to be catalyzed by an efibgme
presence of the enzyme is important to consider as it could be specific for theAgépathozoathusr

even specific forA. hickmanij since ecdysteroids with an acetyl group a8 @Gas been reported from
Palythog Zoanthusand Parazoanthusspecies. It is necessary to investigate the chemical and enzyme
diversity of other species dintipathozoanthuso determine the presence ofdgsonelactones in other
membersof this genusto conclusively assigned these ecdysteroids derivatives as chemical markers at

genus/specievel.

On the other hand, bromotyrosine derivatives are very interesting compounds with diffexamital
scaffolds which varies from simple bromotyrosine to more structurally complex derivamasedmostly
from marine sponges of the order Verond24]. The first bromotyrosinderivatives described in species
of zoantharians are the 3,5 disubstituted hydantoin allaloamed parazoanthinesEandG-J isolated
from the MediterranearParazoanthus axinellaeThis is the second report of halogenated tyrosine
derivatives from a specie tife genu®arazoanthusnd the first ok specie of the gendsitipathozoanthys
both belonging to the family Parazoanthid®eiring the metabolomic study of two morphotypesRof

axinellag it was observed that both spec@ier in their chemical compositiof206]. The presence of
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parazoanthines which includes some brominated compounds were found only in the slender morphotype
while these metabolites were absent in the rocky Additionally, no halogenated natural products have
been reported frorBavalia savagliavhich alsobelongs tahe samdamily. Therefore, it is not possible to
considered bromotyrosine derivatives as chemical markerspiecies of the family Parazoanthidae
However, the halogenated tyramine derivatives could be considered as chemical maFkedara@ini as
these metabolites were also found among the majoponentén the aqueous/methanolic fractidturther
studies should be carried out to confirm thipdthesis aParazoanthuss considered a yphiletic genus.
On the other handyaldiviamides AD (199202 are the firsthalogenated tyrosine derivativesported
from species of the gendstipathozoanthusvaldiviamides A(199 and C(201) were among the major
compounds in the aqueous/methanolic fractionAothickmani Since the knowledge of the chemical
diversity of species of the genésitipathozoanthuss limited, further chemical studies should be carried
out to suggedhesehalogenatddipeptides as chemical markers for this genus.
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7 Conclusions and Perspectives

The Tropical Eastern Pacific ecoregion represent an untapped source for marine biodiscovery, and the
Ecuadorian coast wanot the exception. This work represents the first chemical investigation of marine
invertebrates from the order Zoantharia inhabiting the coast of Ecuador. Additionally, Zoantharians were
found to be the second most representative invertebrates in tireNPaotected Area El Pelado and this
thesis describes the first chemical investigation of five species from this untapped marine ecosystem. A total
of seventeen new and seven known natural products were isolated and identified including a novel family
of 2-aminoimidazole alkaloids nameterrazoanthines fromT. patagonichus two zoanthoxanthin
derivatives fromT. cf. patagonichustwo new members of the bioactive family of zoanthamine alkaloids
from Zoanthuscf. pulchellus four unprecedent ecdysteroids derivatives and four halogenated dipeptides
from Antipathozoanthus hickmarand two halogenated tyramine derivatives fiearazoanthus darwini

Even though, the chemical studyT@rrazoanthusp., and?alythoacf. mutukiwas not completed because

of the little amount of the isolated compounds, their chemical characterization should be cawtinued
determine the chemical diversity both speciesThere is a lot of interest is species of the gdPalgthoa

as it represents a great source of unique toxic peptides with different pharmacological applications and the
identification of these toxins should be considered in all speciebeofamily Sphenopidae. Further
chemical and enzymatic investigations should also be focus on the miRalgthbaspecies as represents

a good source for discovering bioactive natural products and enzymes with different biotechnological
purposes. Considiag that more promising bioactivities have been observed from natural products isolated
from the suborder Brachycnemina, there is still a lot of potential for uncovering new activities from
compounds produced by members of the suborder Macrocnemipadifférencein their biological
potentialis supported by the limited chemiaatd biologicaktudies orthe subordeMacrocneminavhile

Brachycnemina is the most studied suborder within Zoantharians.

In total, there are 202 characterized natural produsts ioth suborderand more than ten molecules such

as peptides, toxins and fluorescence proteins have been reported onRdiyghog Protopalythoaor
Zoanthusspecies. This confirms that species of the suborder Brachycnemina is a powerful source of
differentnatural productstoxins and bioactive peptides and just few speciesisfstiborder have been
considered for their toxin contelpesides palytoxinThus, from the 399 species of zoantharians observed at

the World Register of Marine Database (WORMIBEs than 50 species have been chemically studied
including some organisms without identification at the species level. Therefore, zoantharians remains as the

figol den boxo for the search of i nterest iandg, bi
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collaboration between chemists, taxonomists and biologist must be encouraged to unveil the treasures
hidden in these wonderful group of invertebrates. Additionally, there are some gaps that also needs to be
address within the study of zoanthariangstriit is important to properly identify the organisms at the
species level that would help to study their worldwide distribution and determine possible chemical markers
to help in the systematics of zoantharians and their ecological role in the maréystem. Second, the
characterization of the associated symbionts in speci¢xalgthoaand Zoanthusis another field that
requires a lot of work. It is necessary to obtain conclusive evidence of their association in the production of
certain metabolites and the ecological roles of these natural products. Furthermore, characterizing the
diversity of enzyes would be another potential field for industrial or biotechnological purposes. The
presence of enzymes capable of catalyzing reactions such diels alders or halogenation could be useful in
chemical synthesis and for industrial applications. Although,etieymatic characterization should be
analyzed in all zoantharian species, those from species of the family Sphenopidae might have high

commercial value because of their wide range of functionalities.

The results from this study highlights the viewpahteal et al, who indicated that one of the strategies

for the discovery of novel natural products was to explore untapped ecoregions and to study groups of
organisms that have been overlookgtl]. Additionally, this work has provided an overview of the great
diversity of natural products and the wide range of biological activities and unique chemical archetypes
produced by zoahtrrians.This should encourage natural products chemist to redirect their focus on these

beautiful and interesting marine invertebrates.

Other potential source of new natural products are octocorals, which is the most representative group of
invertebratesnhabiting the Ecuadorian coast and the TEP. A preliminary bioassay of the methanolic
fractionsof some octocoralsevealeda potent antileishmanial activity, which confirnise potential of
continuing studying the chemical diversity frathermarine inertebrates inhabiting the Ecuadorian coast.
Even though, there is still more investigation on the chemical diversity of zoantharians, octocoral species

seems to be the next targestudyfor their chemicaland biological potential.

This project concludedsuccessfully with the first chemical investigation on zoantharians from the
Ecuadorian coast and it represents the initial steps in the development of the field of Marine Natural Products

in Ecuador.
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Table 4 Biological activities of palytoxin and its analogues isolated fRatythoa gecies.

Place of _ o
Name _ Compound Bioactivity LCso LDso Reference
Collection
acute oral toxicity 767 ¢€4g¢ [116]
toxicity in mice intraperitoneal 1550 ng/Kg [97]
palytoxin
toxicity in mice intravenously 30-150 ng/Kg [97]
P. toxica Hawai
Ehrlich ascites carcinoma in mice 5-84 ng/kg [84]
42-OH-50R-palytoxin acute oral toxicity 652/kgE g [116]
42-OH-palytoxin skeletal myotubes by increasing Ca concentratiof 6 nM [116]
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Place of
Name _ Compound Bioactivity LCso ECso LDso | Concentration | Reference
Collection
Acute oral toxicity 651
_ 7.6 and 13.2 [263]
_ _ 42-OH-50R- Erythrocyte hemolysis
P. toxica Hawai ] x1012M
palytoxin
mouse skeletal muscle
0.30 nM [264]
cells
toxicity on shore crab 62.5
_ [113]
Carcinus maenas ng/Kg
. ) 1.2
PuertoRico Palytoxin UKHN-1 (oropharynx) [136]
P. ng/mL
caribaeorum 3.0
UKHN-3 (tongue) [136]
ng/mL
Curacao, Methanolic _
_ Hemolysis 20 ¢ [121]
Netherlands fraction
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Place of
Name _ Compound Bioactivity ECso LDso | Concentration | Reference
Collection
42-OH-50S _ _ 9.3x10
_ HaCaT cell (human skin keratinocytes)
palytoxin oM
_ 42-OH-50R- _ _ 1.0x10
Hawai _ HaCaTcell (human skin keratinocytes) [127]
palytoxin oM
_ _ _ 2.7x10
palytoxin HaCaT cell (human skin keratinocytes) 1y
P. Tumor promoter in mouse ear 0.02 [265]
tuberculosa o Inhibition of Na, K ATpase in guinea pig 3.1x1¢
Ishigaki Islands, _
palytoxin hearth M
Japan __ ____ [266]
Inhibition of Na, K A Tpase in guinea pig 9.0 x 10/
hog cerebral cortex M
3x10®8
_ _ Enhance bone resorption
Okinawa, Japan palytoxin M [267]
Inhibit bone resorption > 10 pg/mL
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Name Place of Collection Compound Bioactivity ICs0 LCso | Reference
NHDF (dermal fibroblast) | > 1x 106 pM
HBL-100 (mammary epithelial 0.65 pM
A549 (lung carcinoma) 0.67 pM
P. aff. clavata/sakurajimensi Aquarium (Indonesia) Hs683 (glioma) 0.58 pM [118]
palytoxin
U373n (glioma) 0.56 pM
9L (gliosarcoma) in rat 0.39 pM
B16F10 (melanoma) in mous|{ 0.44 pM
P. aff. margaritae Nakanoshima Islands, Jap 3Y1 Cells (rat fibroblast cell) 0.72 pM [131]
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Place of . o :
Name _ Compound Bioactivity ICs0 ECso | Concentration | Reference
Collection
Inhibition of human immunodeficiency virug
producing cells (MOL¥4/HIVHTLV -1IIB 2 pg/mL
cells)
Palythoasp. Japan [134]
MOLT-4/HIV HTLV-IIIB 2 pg/mL
palytoxin
Palythoasp. (Aquarium) Irreversible visual impairment 0.4 €9 [268]
Commercial palytoxin _
_ - MCF-7 (breast cancer cell line) 0.53 nM [269]
(Wako Chemicals)
Commercial palytoxin _ o )
- myelinated sciatic nerve fibers (mouse) | 0.32 nM [270]

(Wako Chemicals)
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Name

Place of

Collection

Compound

Bioactivity

ICso

LCso

Concentration

Reference

Commercial palytoxin (Wako

Chemicals)

synthetic

palytoxin

HaCaT cell (human skin
keratinocytes)

6.1 x10'*' M

NBT reducciorassay

(superoxide anion)

3x10°M

Extracellular Naand C&"

1.0x10’M

MCF-7 (breast cancer cell

line)

> 0.2 nM

[271]

CaCoa2 (human intestinal

cell line)

0.1 nM

[135]
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Table 5 Biological activities of miscellanea natural products and sterols isolatedPiatythoaspecies

Place of _ o _
Name _ Compound Bioactivity ICs0 Concentration | Reference
Collection
b-N-acetylhexosaminidase p-nitrophenyt2-acetoamide€-deoxy-b- -N- 3 mM 272]
m
(PcbNAHA1L) acetylglucosamide substrate (pKHRCNAC)
DCM Fraction Antioxidant 11.13 pg/mL
P 70% MeOH Fraction Antioxidant 11.25 pg/mL
b ' Brazil [179]
caribaeorum EtOAc Fraction Antioxidant 11.74 pg/mL
Aquous Fraction Antioxidant 11.28 pg/mL
Metalloproteases 55, 63, 1( S
papain inhibition 1to5pg [185]

and 260 KDa (mucus)
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Place of
Name _ Compound Bioactivity ICso LDso Concentration | Reference
Collection
trypsin inhibition 8 to 32 ug
platellet inhibition 2.3 ug
Metalloproteases 55, 63, 109 an pro-coagulant
o 0.75 ug [185]
260 KDa (mucus) activity
anticoagulant
o 1.5t0 6 ug
activity
P. _ Citotoxicity
. Brazil PcKuz3 _ 10 to 20 uM [186]
caribaeorum Zebrafish
Citotoxicity
) 30 to 40 uM
Zebrafish
cardioprotective
PcShK3 o <20 uM [187]
activity
neuroprotective
o 30 uM
activity
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Place of
Name _ Compound Bioactivity IC50 LCso Concentration | Reference
Collection
3.5 mg/mL via
] Veracruz, ] o ] ]
P. caribaeorum Mesd A2-PLTX-Pcbla neurotoxic activity intraventricular [188]
exico
injection
_ 6b-carboxyt24(R)- humna colonrectal 50 uM after 24
P. caribaeorum/P. _ ; )
o Brazil ( 8 Y-@bgo tumor cell line (HCT | hours and 50 uM [91]
variabilis ,
ergostar3b,5b-diol 116) after 72 hours
nerve growth factor
_ induced PC12 cell 20 uM
- Okinawa, )
P. Kochii PGA neurite (NGFPC12 cell) [175]
Japan : :
Stimulate tubulin
o 100 pM
polimerization
N murine P388
o Mauritius, ) )
P. liscia Ethanol extract lymphocytic leukemia 0.029 pg/mL [174]

Tombeau bay

(PS system)

142




Cont é

Place of
Name _ Compound Bioactivity LCso ECso Concentration | Reference
Collection
) murine P388 lymphocytic leukemia (PS i
palystatin 1 _ 0.3 mg/Kg [181]
Vivo system)
alystatin
" Pey 0.0023 pg/mL
Mauritius, A
P. liscia : _ _ _ _
Tombeau bay palystatin | murine P388 lymphocytic leukemia (PS i
_ 0.020 pg/mL [182]
B Vivo system)
alystatin
bay 0.0018 pg/mL
C
DENV 1 7.62 uM
DENV 2 4.50 uM
P. mutuki Vietnam peridine DENV 3 5.84 uM [140]
DENV 4 6.51 uM
inhibition of DENV protease 8.50 uM
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Place of

Name _ Compound Bioactivity ICso Reference
Collection
breast adenocarcinoma
82 uM
(MCF-7)
colon adenocarcinoma (HT
122 uM
29)
Red Sea palysterol F [90]
human cervical carcinoma
P. tuberculosa 126 uM
(HelLa)
noncancerous human cell
_ 128 pM
line (KMST-6)
antiHlymphangiogeneic
Taiwan tuberazine C activity in human lymphatic 33 pug/mL [138]

endothelial cells (LECs)
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Place of _ o
Name _ Compound Bioactivity ICs0 Reference
Collection
human colon cancer 0.13
(HCT-8) pg/mL
melanoma (MDAMB- 0.05
435) pg/mL
Protopalythoa _ (29-2-aminotriacontanoic acid + §-2-
o Brazil _ _ ) _ [176]
variabilis aminohentriacontanoic acid

CNS glioblastoma (SF 0.07
295) pg/mL

Leukemia (HL:60) 0.1 pg/mL
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Place of . - -
Name ) Compound Bioactivity LDso Concentration | Reference
Collection
Citotoxicity Zebrafish 1520 uM
ShK/Aurelinlike peptide
Locomotion test Zebrafish 10 uM [184]
anthozoan neurotoxilike peptide Citotoxicity Zebrafish 3-30 uM
>5uM
Protopalythoa _ PpV.ss hape lU c al p €| disturbed locomotion in Zebrafis linear/>2.5 uM
I Brazil folded
variabilis
10. 88
. L . [189]
PpV-s hapelU cal pe Citotoxicity Zebrafish folded/21.23
eM | in
- ) o > 1 uM folded
PpV.s hape lU c al pe neuroprotective activity

and lineaforms
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Appendix B: Bioactivity tables of Natural Products Isolated from

Zoanthusspecies
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Table 6 Biological activities of zoanthamine alkaloids isolated fidoanthusspecies.

Place of
Name _ Compound Bioactivity ICso EDso | Concentration | Reference
Collection
5 . Antiinflammatory (Inhibitonphorbol 9
ay o
Y ~ | 28-deoxyzoanthenamin myristate cetate (PMA) pg/ear [148]
Bengal, India : _
Analgesic activity 50 mg/Kg
norzoanthamine 24 pg/mL
_ oxyzoanthamine 7.0 pg/mL
Amami i ) )
norzoanthaminone P388 murine leukemia cells 1.0 pg/mL [151]
Zoanthussp | Islands, Japar :
cyclozoanthamine 24 pg/mL
epinorzoanthamine 2.6 ug/mL
zoanthenol selective collageimduced aggregatior 0.125to 1 mM
inhibition of trombincollagen and
Canary Islandg _ S [161]
norzoanthamine arachidonic acidnduced platelet 0.3to1mM
aggregation
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Place of _ o _
Name ] Compound Bioactivity Concentration Reference
Collection
30-hydroxynorzoanthamine collageninduced aggregation 0.3and 1 mM
Canary Islands [161]
oxyzoanthamine Pro-aggregan effect 0.125t0 1.5 mM
norzoanthamine 13 pg/mL
Ayamaru coast,
Zoanthussp. | ™ Inhibition of IL-6 [153]
Japan norzoanthamine hydrochloride 4.7 ng/mL
_ _ Chloroform/Methanol (1:1) o o _ _ _
Gujarat, India Atnifilaria activity against Brugia malayi 125 pg/mL [273]
extract
inhibition of trombincollagen and
11-hydroxyzoanthamine arachidonic acidnduced platelet 0.3,0.5and 1mM
aggregation
Z. numphaeusg Brazil [161]

3-hydroxynorzoanthamine

collageninducedaggregation

0.3and 1 mM

zoanthaminone

Pro-aggregan effect

1 mM
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Place of . . :
Name _ Compound Bioactivity ICs0 Concentration Reference
Collection
_ Kaohsiung kuroshine E Melanoma cell line B16 120 uM [166]
Z. kuroshio ) )
City, Tawan. | 5 {odozoanthenamine | antiinflammatory activity 10 pM [167]
. 0.001 to 10 uM (dose
3-acetoxynorzoanthaming
depended)
) 0.001 to 10 uM (dose
norzoanthamine ) .
neurcinflammatory activity depended)
Zoanthuscf. San Pedro, o _
in microglia BV-2 cells [168]
pulchellus Ecuador
3-acetoxyzoanthamine (ROS and NO) 0.001 to 10 uM
zoanthamine 0.001 to 10 uM
3-hydroxynorzoanthamine 0.001 to 10 uM
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Table 7 Biological activities of ecdysteroids isolated framanthusspecies.

Name Place of Collection Compound Bioactivity ECso Concentration Reference
Oxytoxic acitivty
Goa coast, India | 2-deoxyecdysterond  (oxytoxin and 50, 100, [141]
PGF2U)
zoanthone A DENV-2 19.61
Zoanthussp. DENV-1 15. 7
Taiwan DENV-2 10. 05 [143]
ajugasterone C
DENV-3 9. 48
DENV-4 12.15
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Table 8 Biological activities of diverse natural products isolated fi&manthusspecies.

Name Place of Collection Compound Bioactivity LDso Concentration Reference
, human lymphatic
Veraval, Gujarat, DCM:MeOH o _
Zoanthussp. . filaria Brugia 125 eg/ [273]
India extract (1:1) _
malayi
reducedylucose
stimulated insulin 50 eg/n
secretion > 60%
reduced calcium
_ Low molecular elevation in 50e g/ mL [193]
Zoanthus sociatus| La Habana, Cuba _ _ ,
weight fraction i sol @dllse
elevation of
_ 300 eg/
plasma glucose ir ) _
intraperitoneal
rats
toxic effect 792 €9/ Kg [194]
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Appendix C: Bioactivity tables of Natural Products Isolated from

species belonging to the suborder Macrocnemina
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Table 9 Biological activity of natural products isolated frdfarazoanthuspecies.

Place of _ o
Name _ Compound Bioactivity ICso ECso Reference
Collection
Parazoanthugf. _ Inhibition of succinic
_ zoanthoxanthin _ 5.7 x 10 M [214]
axinellae oxidase
Marsseille coast, , _
parazoanthine C Microtox assay 1.64 uM [232]
France
Parazoanthus . Human larynx epidermoig
_ methanolic extracl ) _ 230.1 pg/mL
axinellae carcinoma cell lineHeg
Turkey [274]
methanolic extrac| Inhibition of tyrosinase | 97.72 pg/mL
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Place of _ o _
Name _ Compound Bioactivity LD50 Ki Reference
Collection
Northern , AChE inhibitory
Parazoanthusp. o pseudozoanthoxanthin o 4 uM [225]
Adriatic Sea activity
Parazoanthus _ Hypoglycaemic and o
India extract _ o > 1000 mg/kg in mice [275]
spp. spasmolytic activity
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Table 10 Biological activities of natural products isolated fr&pizoanthuspecies.

SY5Y)

Place of _ o
Name _ Compound Bioactivity ICso LDso Reference
Collection
) _ . 0.38 mg/kg in
Epizoanthuspp. India extract Hypoglycaemic _ [275]
mice
Human colon
_ 1.61 pg/mL
_ 2-N-demethyi adenocarcinoma (HCT8
Epizoanthusp. Fiji Islands _ i [228]
zoanthoxanthin Human lung carcinoma
2.38 pg/mL
(A549)
human tumor cell line
4.93 uM
(HelLa)
Epizoanthus )
o Republic of Palau KB343 [229]
illoricatus
neuronal cell line (SH
3.40 uM
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Table 11 Biological activities of natural products isolated fr@avaliaandAntipathozanthuspecies

hickmani

Ecuador

line (HepG2)

Place of _ o Association _
Name _ Compound Bioactivity ICs0 Concentration Reference
Collection constant (Ka)
hemagglutination
S 2.8x 108 M [235]
inhibition
anti-HIV activity
. 0.2 yM
_ _ Kator bay, D-mannose in HY cells
Savalia savaglia i N _
Yugoslavia specific lectin
anti-HIV-1 strain [236]
D 34/human
. 0.67 uM
lymphocite
system
. hepatocellular
Antipathozonthug EIl Pelado Islet, S _
valdiviamide B | carcinoma cell 7.8 uM [231]
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Appendix D: Supplementary Information

Terrazoanthines, 2-aminoimidazole alkaloids from the Eastern Pacific zoantharian

Terrazoanthus onoi
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Biological Material. Terrazoanthus ondreimer & Fujii, 2010 is a macrocnemic zoantharian of the
family of Hydrozoanthidae (Cnidaria, Anthozoa, Hexatlea, Zoantharia). This species is present in
the Pacific Ocean and it can be recognized by its external appearance, ecology and by DNA analyses.
Most specimens observed in situ were encountered on rocky substrates with some of them growing on
the octocoal Muricea spp. and the black corakntipathesgalapagensigDeichmann, 1941) and
Myriopathessp.

Sampling. The zoantharian colony selected to isolate the chemical compounds was growing on rocky
substrate to avoid potential contamination from the invertebrates used as substrates in cases of colonies
growing on octocorals or black corals. The specimen was adldgt SCUBA diving in August 2015
at the Marine Protected Area #nEI Pel adoo, Ecuac
Fragments of the colony were fixed in: a) 4% formalin for detailed morphological analyses, b) 95%
Ethanol for phylogenetic anales and c) the remaining material was kef@tC for chemical studies.

Voucher sample are kept at CENAIM under the number 1508078807

Taxonomic Identification. Morphological information was obtained from the formalin fixed sample
and in situ obsentmns. Observations included: polyp measurements (oral disk diameter, polyp height),
number of tentacles, colors of column, oral disk, tentacles and coenenchyme, relative amount of sand
encrustation and host species or substrate. Cnidome data weredfr@iméhe pharynx, mesenterial
filaments and tentacles; in addition, column samples were also processed but mineral inclusions
impeded objective quality observations. To observe the chidae, a little piece of tissue from formalin
preserved sample was uskn the smashedpreparations which were analyzed, photographed, and

measured using a light microscope (40x), we followed the nomenclature by England (1991)

DNA extraction and sequencingDNA data were obtained from the fragment fixed in ethanol 95%.
DNA extraction, PCR and sequencing were made as described in Sinniger et al. (2010). Specimens
were amplified for mitochondrial cytochrome oxidase subunit | (COI), mitochondrial small ribosomal
subunit (16S), nuclear internal transcribed spacer regiorZ) B®d nuclear small ribosomal subunit
(18S). PCR primers and conditions were based on Sinniger et al. 2013 (and references therein).
Amplified products were visualized by 1.5% agarose gel electrophoresis and sequenced at a commercial

sequencing company (Maxdsen Inc., Korea).

DNA taxonomy. Chromatograms were checked for quality and the resulting sequences were manually
assembled using BioEdit software version 7.2.0. Sequences were compared with publicly available
zoantharian using the National Center forBiath nol ogy I nf or mati onés Basi c
Tool (NCBI BLAST). New zoantharian sequences acquired in this study were deposited in GenBank
(accession numbers KY69498¥694966) and compared by BLAST with original sequences of

Terrazoanthus onandother zoantharians. It must be noted that according to the accession numbers
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listed in the original description, moBt onoisequences are listed in GenBanK asinnigeriand here
we compared sequences using the accession numbers listed in the pudiretion (Table | in
Reimer and Fujii 2010).

Morphological analyzes.Contracted polyps measured iS50 mm diameteand 3.0/ 6.0 mm height
(measured starting from the coenenchyme). Oral discs of the polyps were surrounded by an average of
36 tentaclesColor of the coenenchyme and the polyps column was a brownish dark yellow, while the
oral disk and tentacles were dark red. Tips of the tentacles were white. The coenenchyme and the polyp
column were relatively heavily incrusted by mineral particles. Teny sampled for this study had
approximately 210 polyps and was collected from a rocky substrate colonized by red and brown thread
algae and some cirripeds crustaceans (family Balanidae). Cnidae in the pharynx were composed mainly
of b-mastigophores wlit occasional ymastigophores and spirocysts; holotrichs were uncommonly
observed. In the mesenterial filamentsnastigophores were common with only few holotrichs. The
tentacles had the highest cnidae diversity with common spirocysts, occasmasiigopphores and few

holotrichs and bmastigophores.

Figure S1.In situ photographs oferrazoanthus onat the MPA El Pelado, August 25, 2015.

o ‘A3 ve ¥ J A Ut 0 !
DNA sequences ofrerrazoanthus onaiUnfortunately no DNA sequences are published from either

the holotype or patgpes fromT. onoi,however, when comparing with ndype specimens sequences
(from different islands in the Galapagos) published together with the original description, the 840 bp
mitochondrial COI sequence obtained from our saiwale identical to the 280 bp sequences from the
original description (GU357560:6U357567.1, GU357557.1, EU33379%EWL333794.1 but it was
slightly different from two additional longer sequences (JN582016.1 and JN582017.nafifrom

Bo et al. 2012 (1rad 2 bp difference out of 595 and 593 bp respectively). The sequence GU357558 is
listed asT. onoiin the original description and in GenBank but appears to correspond to a completely
different zoantharian Antipathozoanthus hickmgnand we removed it &m our comparisons.
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Unfortunately, based on the sequences currently published, COI does not allow distinguishing between
T. onoiandT. sinnigeri However, 16S shows differences between the sifiglennigerisequence
published andr. onoi Our 920 bp 16Sequence overlap fully and is identical to the original 16S
sequences oF. onoi(EU333758.1EU333763.1, EU333766.1, EU333767.1, #57B bp) and displays

the 1 bp difference with EU333764.1 also assignéd tmoiand 2 bp with EU333765.1 assignedto
sinnigeri EU333768.1 assigned alsoftoonoiaccording to Reimer and Fujii 2010 is largely different

from any zoantharian known and we ignored this sequence in our comparisons, as it may be artefactual.
The nuclear ITS region is more variable and maynbee adapted to distinguish betwéeronoiand

T. sinnigerialthough significant intraspecific variability can be observed with this marker in some
instances. ITS region sequence of the specimen studied here (774 bp) matched perfectly With most
onoi sequences (625 bp, EU3338041333806.1, EU333808.1 and EU333809.1) and Witlonoi

from mainland Ecuador (826 bp, JN582022.1). Thfeenoisequences (EU333803.1, EU333807.1

and JN582023.1) differed by a single bp. The ITS regidn sinnigeriis different fromT. onoithrough

a small indel at the beginning of the sequences obtained with the primers used and corresponding to the
56 end region of the nuclear small ri bosomal s u
different betweefT. ona andT. sinnigeriin most cases. The 1756 bp sequenced from the nuclear small
ribosomal subunit (18S) were congruent with our sample belonginbet@zoanthusbased on
phylogenetic comparisons with other zoantharians, although currently no referereecssduonT .

onoior T. sinnigeriare available.
Rationale for species identification.

The other closely related specids, sinnigerj is clearly different in color, habitat and DNA (with
distinct ITS sequences). One or two bp differences in the COlemiady suggest significant difference

in zoantharians, however, in our case, the differences occurred near a poly G and near a poly T at the
end of the sequence and may therefore be due to PCR artefacts although in our chromatograms the
divergent sites werclearly unambiguous. Overall, based on our experience and current knowledge in
Terrazoanthusthe differences from the previous works observed here in DNA, morphology or cnidae
are not significant enough to justify considering that our sample may kelardjstinct species. While

DNA may prove problematic to distinguish reliably betwderonoiandT. sinnigerj based on the
combination of the morphological observations, in particular the characteristic red coloration, the
habitat (on rocks and black rads) and the dimensions of the polyps, as well as based on DNA

comparisons we are confident to assign the sample analysed here to thelspemes
Acknowledgements.
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General Experimental ProceduresOptical rotations were measured at the sodium D line
(589.3 nm), at 20 °C on a Unipol L1000 Schmidt + Haensch polarimeter with a 10 cawcell.
spectra were acquired in spectroscopic grade MeOH on a Varian, Cary 10dsUV
spectrophotometeiElectronic Cicular Dichroismspectra werebtained on a Jasce810
spectropolarimeter systeMMR spectra were obtained on Agilent 600 MHz spectrometer
equipped with cryoprobe with pulsed field gradient and signals were referenced in ppm to the
residual solvent sitals (CHROD, atln 3.31 andic 49.0). HRESIMS data were measured
with a UHRQTOF Agilent 6540 mass spectrometer. HPLC purification was carried out on a
Waters 600 system equipped with a Waters 717 Plus autosampler, a Waters 998 photodiode
array detector, and a Sedex 75 evaporative-Bghttering detector.

Extraction and Isolation. The freezedried sample (29.9 g) was extracted with a mixture
DCM/MeOH (1:1), three times using 500 mL each time under ultrasound at room temperature
and the solvents removed under pressure obtaining an extract (2.4 g). The extract was
fractionnated by G reversed phase vacuum liquid chromatography (LiChr6pRip18, 46
63um) using a mixture of solvents of decreasing polarity 1p,F2). HO/MeOH (1:1), 3).
H2O/MeOH (1:3), 4). MeOH, 5). MeOH/DCM (3:1), 6). MeOH/DCM (1:1), and 7). DCM
(using 500 mL of eaclsolvent). The fractions 3 and 4 were pooled andppréied by
preparative RHPLC using a Phenyl Hexyl column (Symmetry, 19 x 250 mm, 5 yum), using
an isocratic method GEN: HO:acetic acid (15:85:0.1) as a mobile phase at a flow rate of 12
mL/minwithdet ecti on at & 254 nm for 50 min, obt a
finally purified by semipreparative RFHPLC using a Phenyl Hexyl column (Symmetry, 10 x
250 mm, 5 pm), using GEN:H.O:acetic acid 18:82:0.1 as mobile phase at 3.5 mL/min
leadng to pure compoundEerrazoanthine Al) (5.41 mg), Terrazoanthine B)((3.15 mg)
and Terrazoanthine G) (1.6 mg).

Terrazoanthine A (1). Yellowisho i | 2° + [LO Jc 0.48, MeOH; UV (CHzOH) amax (l0g
U) 26 2nm(EBD @ 49.9% 10° M, CH3OH) amax ( 234 (-0.47), 269 (+3.7) nm; H
NMR data see tablednd**C NMR data see Table BRESIMSm/z407.2187M+H]* (calcd
for CooH27NeO2, 407.20 qp-0.7 ppm).

Terrazoanthine B (2). Yellowisho i | 5P + B.4(% 0.31, MeOB; UV (CH30H) amax (l0g
U) 2 6 4nm(*¥3 NMR7djta see table 4nd**C NMR data see Table PIRESIMSm/z
393.2043M+H]* (calcd for GiH2sN602, 393.20340p+2.3ppm).
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Terrazoanthine C (3) Yellowisho i | P + 7.8 0.16, MeOH; UV (CH3zOH) amax (I0g
U) 2 7 7nm(EBGD (©536)x 10° M, CHzOH) amax( §287 (+3.3 nm; *H NMR data see
table 1and *C NMR data see Table; HRESIMS m/z 360.1556 [M+H]* (calcd for
C18H22N30s, 360.15540p+0.2 ppm).
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