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SUMMARY

Historically, natural ppducts have served ealuable sources of drugs to treat many
human diseasgs] Examples include the antimalarial drugs quinine from the cinchona
treg2] and artemisinin from the sweet wormwdgpthe antiparasitic drug ivermectin, a
derivative of the natural product avermectin from the bacteri8tmeptomyces
avermitilis[4] and the antibiotic vancomycin from the soil bacteridmycolatopsis
orientalis[5] Although many natural products are derived from terrestrial sources, the

marine environment has the potential to provide a vaay af novel drug moleulesis]

Approximately $,000natural productfrom marine sources have bedremically
characterized including seven FDAapprovedmarinederived drugs for cancer, viral
diseases, chronic pain, and reducing triglyceride levels in ltggydlhese discoveries
represent only a fraction of the natural products present in the marine enntasinoe
more than 70%fEar t hds surface is covered hy rel at
Additionally, advances in technology andhprovements inculturing and isolation
techniqueshave fueled studies of underexplored marine natural products produced by
marine microls[10,11] Marine organisms are exposed to a wide variety of pathogenic
microbes and are subject to selection pressures as a result of predation, disease, herbivory,
and comeptition for limited resources in theirative environments, resulting in the
evolution of a vast array of unique secondary metabalitess] In addition, due to the high
abundance of halides in the marine environment, many marine organisms incorporate
chlorine, bromine, and iodine into secondamgtabolites, which are not as common in

terrestrial natural products and confer additional functiongiay.
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One area of marine natural products research that has shown great promise is the
application of these compnds as treatments for infectious diseases such as malaria and
hookworm infection14] In fact, there is @ire needo identify new treatment option®r
infection bythe malarial parasitélasmodiumwhich has ewlved resistancéo currently
availableantimalarial drug[15-17] Additionally, two species dPlasmodiumP. vivaxand
P.ovalecan develop into hypnozoites, a dor mani
in the hostdéds | iver that do not cause sympt
monthsto years after initial infectiof1.s,19] Chapterl details the characterization five
natural productssolated fran a cyanobacteriumloorea producenthat exhibit promising
activity against both blood and livetages of malariésoil-transmitted helminths, such as
hookworms, can negatively impastimanphysical and cognitive development, impair
productivity, and be egnerally debilitating20,21] According to a survey of neglected
tropical disease experts, there is consensus that current drugs, vaccines, and vector controls
are not adequate for the elimination ofl dcansmited helminth infectiong2] Efforts to
eradicate infectious worms are hindered by the evolution of resistance to currently
available drugs, limited treatment options, and a high &eqy of reifection. Chapter3
presentsseparation andstructural characterization of natural products fronmixed

cyanobactedl collectionthat exhibited activity against infectious hookworms.

Since marine organisms do not encounter the same pathagdngnans itheir
own habitats, a relevant question to askvigat roles newly discovered marine natural
products play in natural environments. Previous studies have shown that bioactive
molecules can act as defense molecules agagwdogicallyrelevantpathogeng3] as

allelopathic agents against competit@®g, as antifouling chmicals that prevent

XVi



attachment of biofoulers on organismal surfgegjsor as feeding deterrents against
predatorsamong many other rol¢zs] In chapter2, the natural producpeyssonnoside A,
isolated from a red algReyssonneliap, was found to suppress growth of a marine fungus,

indicating that peyssonnoside A exhibits an antifungal ecological role

An important aspect of ehdrug discoveryrocess is evaluation of the mechanism
of action(MOA) of bioactive moleculeR7] Numerous methods exist for probismall
molecule MOA including microscopy, biochemical techniqués.g, affinity-based
purification, gene expressidmased profiling) molecular modeling and dockingnd
omicsbased approaches (eg., metabolomics, proteomics, transcriptomics,
genomics)28,29] Chapter 1 includes computational predictionsused to generate
hypotheses abouiroteirtligand binding as a means efaluaing possibleMOAs for
antimalarial cyanobderial natural products isolated in minute quantitiépplying
computational modelings a step in evaluating possible MOAsaluable since it allows
for prioritization oflaboratory experiment®r confirming predictions while mimizing
the consumptin of precious natural productd. metabolomics approach esentedn
chapter4 for evaluating the MOA of a natural product isolated from the green alga
Cladophora socialisagainst methicillirresistantStaphylococcus aureudetabobmics
allows for thesystematiccomparisorof complex mixtures oémall moleculepresent in
differentbiological systemdor examplecomparing the metabolomes of a pathogen under
different treatment conditionenabés detection of metabolipathways altered upon
exposure t@ candidate drugo] Of the omicsbased techniques, metabolomics provides
theclosest representatiaf cellular phenotype as it probes diffeces in metabolitethat

reflect he underlying biochemical pathwajgs,32]
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In summary, this dissertation provides a comprehensive view of the many
milestonesinvolved in the natural product drug discovery process, from collection of
marineorganisms in the field to isolath and structural elucidation of bioactive natural
products and exploration of their biological functiarismportant insights were gained by
probing the ecological role of a natural product in its natural environmentvahdgng

possible MOAs of isolad natural products against human pathogens.
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CHAPTER 1. ANTIMALARIAL PEPTIDE AND POLYKETIDE
NATURAL PRODUCTS FROM THE FIJIAN MARINE
CYANOBACTERIUM MOOREA PRODUCENS

This section isadapted from the papex.M. SweeneyJones,K. Gagaring, J
AntonovaKoch, H Zhou, N Mojib, K. Soapi, J Skolnick, CW. McNamara, and.J
Kubanek Marine Drugs 2020, 18(3), 167https://da.org/10.3390/md18030167The

copyright for this open access MDPI journal ianeed by the authors.

1.1 Abstract

A new cyclic peptidekakeromamide B1), and previously described cytotoxic
cyanobacterial natal products ulongamide &), lyngbyabellin A 8), 18E-lyngbyaloside
C (4), and lyngbyaloside5j were identified from an antimalarial extraaft the Fijian
marine cyanobacteriunMoorea producensCompound 1 and 2 exhibited promising
activity againstPlasmodium falciparunblood-stages with E€ values of 0.89 and 0.99
MM, respectivelywhereas3 wasvery potent wth anECso value 0f0.15 nM. Compounds
1, 4, and5 displayed liverstage antimalarial activity agair®tbergheliver schizonts with
ECso values of 11, 0.71, and0.45 pM, respectively. The threadimsed computational
method FINDSITE™2%redicted the inding of 1 and2 to potentially druggable proteins
of Plasmodium falciparum prompting formulation of hypotheses about possible
mechanisms of action. Karomamide B X) was predicted to bind to seveRlasmodium
actinlike proteins and a sortilin protein suggesting possible interference with parasite
invasion of host cells. Whehwas tested in a mammalian actin polymeratassay, it
stimulated actin polymerization in a dedependent manner, suggesting thatoes, in

fact, interact with actin.


https://doi.org/10.3390/md18030167

1.2 Introduction

Currert malaria drugs are inadequate for future control of the sksdae to the
evolution of resistance by the malaria parasite, necessitating the discovery of medicines
with novel mechanisms of action (MO#8B,34] Additionally, pharmaceutical options
remain limited for the liveistage of malaria infection. Natugaoducts such as artemisinin
discovered by Nobgbrize winner Tu Youyou have served as valuable sources of drugs to
treat malaria[3,9] Promising nanmolar antimalarial activity has been reported for a wide
range of marin@lerived natural products including the polycyclic aromatic polyketide
trioxacarcin A from a marin8treptomycesp,[35] the polyketidederived cyanobacterial
polyhydroxy macrolidebastimolide Al36] a n d  {cdrbelinebalkaloid manzamine A
produced by a bacterial sponge $yomt[37] Two spongealerived antimalarial terpene
isonitriles, diisocyanoadociane and axisonitBlewere predicted based on molecular
dynamics simulations to interfere with hemetakification, the same MOA as
chloroquine[38] Evolution of an efflux pump that prevents drug accumulationhia t
parasiteods f elttd in esistanck dglasmadsamta chloroquing39]
illustrating the need for discovery of natural products with uniqgue molecular targets to

support future disease management.

Marine cyanobacteria produce a wideiety of secondary metaboliteéscluding
peptides, polyketides, alkaloids, lipids, glycosidic macrolides, and terpenesith
diverse bioactivities such as antibacterial, antifungal, anticancer, immunosuppressive, and
antrinflammatory[41] Although the chemical space of this phylum has been extensively
studied with over 800 natur al products rep

parasitic infections have beeslatively understudied, leading to opportunities to leverage
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the diverse chemistry of marine cyanobacteria for pharmacological exploration. The
pursuit of antiparasitic natural products has led to promising discoveries asuitte
antimalarial cyanobactied peptides carmabin f2] gallinamide A[43] and venturamide
A.[44] Exploration of new chemical entities and novel bioactigiti¢ known compounds

constitute promising routes for inspiring the development of new drug molecules.

An extrad¢ of the marine cyanobacteriuMoorea producengollected off the
Northern Lau Islands of Fiji exhibited strong potency against the human rhpkmaaite
Plasmodium falciparurand low toxicity to human liver cells. The goal of the present study
was to claracterize the natural products responsible for the observed antimalarial effects
and to explore the intersection of blesihge and livestageactivities. These molecules
were evaluated for possible protein binding targets using computational predictions
generated by the program FINDSFPEP?29[4546] a threadingbased, virtual ligand
screening method #h takes advatage of binding site conservation for evolutionarily
distant proteins, and one of the putative molecular targets was confirméd witao

testing.
1.3 Results and Discussion
1.3.1 Molecular Structures of Natural Products from Moorea producens

A Fijian collection of cyanobacteria identified by 16S rRNA sequencihdoasea
producengFigure 1) was freezealried, extracted, and the resulting extract was sulgjecte
to vacuum liquid chromatography. Bioasgayided fractionation usgboth bloodstage
Plasmodium falciparumand liverstagePlasmodium berghepointed to four adjacent
fractions that demonstrated potent blood and {stage antimalarial activity. Subsesnt
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purification of compounds from these fractions using sphdseextraction (SPE) and

high-performance liquid chromatography (HPLC) led to the isolatiati Bf(Figure 2).

64— Moorea bouillonii (LC172270)
ﬂ@ooma producens (CP017599)
100 Moorea producens G-0362 (MN960022)
o Lyngbya sp. (AY049751)
Coleofasciculus chthonoplastes (EF654051)
Symploca sp. (EU249122)
Gloeobacter violaceus (NR 074282)

—
0.01

Figure 1. Evolutionary relationship oMoorea producen$s-0362 with closely
related cyanobacterial species from the Family @soriaceaanferred by the 16S rRNA
sequences using the Maximum Likelihood method based on the Kirparatheter model
in MEGA X. The percentage of replicate trees in which the associated species clustered
together in the bootstrap test (1000 iteratjamshown next to the branches. The accession
numbers of the 16S rRNA of respective cyanobacteria are mentioned in parentheses. The
outgroup taxon isGloeobacter violaceusThe 16S rRNA sequence fromiloorea
producensised in this study is underlined. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site.



ulongamide A (2)

lyngbyabellin A (3) 18E-lyngbyaloside C (4) lyngbyaloside (5)

Figure 2. Natural products from the Fijian marine cyanobacterioorea
producensincluding the novel cyclic peptide kakeromamidelB[47-50].

High-resolution electrospray ionization mass spectrometry (HRESIMS) was used
to assign the molecular formulabés G2HssNeO7S with 17 degrees of unsaturation from
the pseudomolecular ions [M + Hit m/z791.4150 and [M + NdJat m/z813.3958. This
matched the molecular formula of the known natural product kakeroraak®) (Figure
2A),[51] but differences in nuclear magnetic resonance (NMR) chemical shifts indicated

unigue bond connectivitie¥he'H NMR spectral datalfablel) suggested a peptide based

on the presence o46.32 &h6damds.7d)midNdnee tphr yolt osnisn g lue t



2.87 and 3.02), and folkp r o t @ 439, 503 5.45, and 5.63), nearly identicab.tin

6,t wo met hyl y0d78and0 94 dosespartded o valine, mgsin 1, while the

'HNMR spectrumoflh ad a met h y1.40 dbsentiBl 2B NMRaspectiposcopic

analysis usig COSY, HSQC, and HMBC experiments identified these differing subunits

as an alanin€éerived thiazole carboxylic acid and aafino2-methyloctanoic acid

(Amoa), distinct from the valinderived thiazole carboxylic atiand 3amino2-
methylhexanoic acid (faha) in6. 2D NMR spectroscopy also confirmed the presence of

valine and twd\,O-dimethyktyrosines. The linear peptide sequence was established based

on HMBC correlations &t w e @mtond)N-methyls, or NHs ath carbonyl carbons

(Figure 3B; Table1: H-2/C-1, H-39/CG-1 and G7, H-40/G6 and C16, NH-28/C15, H

28/CG-27, H26/C-25 and G27, NH32/C-24, and NH2/C-30). The relatie and absolute
configurational assignments inare proposed based on the simiiyaof chemical shifts

and J couplings to6, which was subjected to a modified Marffé s met hod t o e:
absolute configuratiopg1]l n t he current work, acid hydro
was attempted, but yields were inadequate for confirmisglate configuration, given

that most isolated was needed for pharmacologiealsessment.
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Figure3. (A) Compari®n of the known cyclic peptide kakeromamide6)\[61] to
the newly identified analog, kakeromamidel, (vith distinguishing maities highlighted

green. (B) Observed COSY (blue bonds) and HMBC (red arrows) correlations for
kakeromamide B1).
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Table 1. *H (700 MHz) ad °C (175 MHz) NMR spectroscopic data of
kakeromamide B1() in CD:CN.

no. ”Cigm#'zt)" J G (mult., Jin Hz) COSY HMBC

1 176.3

2 56.9 430t (7.1) H-3.2-NH C-1%.C-3,C-4%
2-NH 6.32 d (6.6) H-2 C-30"

3 30.8 1.80 m H-2 H-4,H-5

4 18.6 0.78 d (6.9) H-3 C-2,G3,C5

5 19.0 0.80 d (6.8) H-3 C-2,G3,C4

6 172.1

7 503 5.63 dd (4.9, 10.9) H-8a,H-8b

8a 33.2 1.37 m H-7,H-8b C-9v



8b

10/14
11/13
12
15
16
17a
17b
18
19/23
20/22
21
24
25
26
27
28
28-NH
29
30
31

32

32-NH
33a
33b
34a
34b
35
36

37

38

39
40
41
42

129.8
130.0
114.7
159.1
168.9
629
34.8

130.7
131.4
114.9
159.4
169.5
150.2
123.2
171.6
48.1

24.0
173.6
44.5

53.1

41.8
30.4
33.7

24.5
14.9

19.6

31.4
28.7
56.0
55.7

Table 1 (continued)

2.74 dd (11.0, 16.1)

6.89 d (8.5)
6.78 d (8.7)

5.23 dd (5.0, 10.0)
2.67 dd (10.1, 14.4)
2.92 dd (4.9, 14.4)

7.00 d (8.6)
6.60 d (8.7)

8.02s

5.45 p (7.4)
8.61d (7.8)
1.40 d (6.9)

2.63 qd (3.7, 6.8)

4.02 m

8.71d (10.2)
1.13m
1.72m
1.29m
1.45m
1.35m
1.35m

0.88 t (6.6)

1.09 d (69)

3.02s
2.87s
3.74 s
3.49s

H-7,H-8a

H-11/13
H-10/14

H-17a,H17b
H-16,H17b
H-16,H17a

H-20/22
H-19/23

28-NH,H-29
H-28
H-28

H-32,H-38
H-31,32NH,H-
33a,b
H-32
H-32,H-33b,H34a,b
H-32,H-33a,H34a,b
H-33a,b
H-33a,b

H-37
H-36

H-31

C-7,G9

C-8",C-12
C-9

C-16
C-18

C-17,G21
C-18

C-25",C-27

c-27
C-15"
C-27,G28

C-30"

C-24"
C-35¥

C-36"
c-37"

C-34,G35,G
36
C-30,G31,G
32
C-1,G7
C-6,CG-16
C-12
C-21

YIndicates weak correlation.



Compoundgi 5were identified by comparison of HRESIM&, NMR, and COSY
spectral data to the literatupr-50] (data provided irAppendix A). Total syntheses have
been reported fo?i 4, confirming the structures &[52] and 3 [53] while leading to the
structural revision of three stereogenic centerd@C11, and 13) of.[54] Two natural
products that appeared to belong to the lyngbyabellin class of natural products, referred to
as lyngbyabellidike 1 LYN1) and 2 LYN2), were isolated in very low yields.2and
2.8 ug, respectively) which hindered full structure elucidation. Similarities to known
lyngbyabellins included the presence of two chlorines as determined from MS isotopic
patterns, two dwnfield proton singletsL(YN1: n &.12, 8.16;LYN2: U4 8.11, 8.27)
suggestive of thiazole moieties, and methyl singlets with chemical shifts matching the
methyl adjacent to the dichloromethylene3ifLYN1: H 2104;LYN2: U4 2.07). Since
these natural products exhibited promising blstage antimalarial activityTable 2),
HRESIMS and'H NMR spectral data are included in thgpendixsection even though

complete structures were not determined.

Table2. Antimalarial activities and cytotoxicities of natural products fidoorea

producens
Blood-stage  Liver-stage  HEK293T HepG2
P. falciparun® P. berghet  Cytotoxicity? Cytotoxicity®
1 0.89 1.19 >1.2¢ >2.3 >2.3
2 0.99 >4.0° >4.8 not tested
3 0.00015 >1.0%¢ 19 0.33
4 >19 0.719, > 16° >3.1 1.7
5 >0.79 045, >063 >1.3 >1.3
lyngbyabellirlike 1 (LYN1) 0.0073 >0.32¢ >0.65 045
lyngbyabellinrlike 2 (LYN2) 0.11 >0.26°¢ >052 >052
Atovaquone (+ control) 0.0061 < 0.00028, >2.0 nottested
0.0017,
0.0037




Table 2 (continued)

Half-maximal effective concentration (E€) ( & Malf-maximal cytotoxicity
concent r a&Natumlmprodua tédsted agairfdt bergheisporozoites sourced from
New York University (NYU) School of Medicine. Later livetageP. berghetesting used
sporozoites from the Univsity of Georgia (UGA)and University of California San Diego
(UCSDy.

1.3.2 Biological Activities of Cyanobacterial Natural Products

The antimalarial activities ofli5 were evaluated against asexual blstahe
Plasmodium falciparurand liverstageP. bergheiassays while cytotoxicity was measured
with HEK293T and HepG2 human cell lineBaple 2). Lyngbyabellin A 8) exhibited
remarkable activity against bloatage P. falciparumwith a halfmaximal effective
concentration (E€) value 0f0.15 nM. Additionally, 3 exhibited a high selectivity index
of 13,000 and 2,200 fé?lasmodiunversus normal kidney epithelial cells (HEK293T) and
human liver carcinoma cells (HepG2), respectively. LynbyabelliB)Avasmore potent
than atovaquone Table 2), indicating that it could be a promising antimalarial drug
candidate, especially since a route to production via total synthesis ¢xd$ts
Lyngbyabellindl YN1 andLYN2 also exhibited promising activity against blestgeP.
falciparum with EGso values of 00073 and01 1 & M, respectivel y.
lyngbyabellins have been reported, all structurally related to dolakgdlinvith two
disubstituted thiazole rings and dichloro substituted aliphatic chaus,49,5661]
Lyngbyabellins possess varying degrees of cytotoxicity against cancer cell lines but had
not previously been euated for antimalarial properties. Due to thempising antimalarial
activities reported in the current studyable 2), future experiments could evaluate

antimalarial nechanisms of action and structuretivity relationships of lyngbyabellins.
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Although less potent, cyclic depsiptide 2 and cyclic peptidel still exhibited
promising blooestage antimalarial activity with a BE€valuesof 0.99 and 0.89uM,
respectively, whereas4 and 5 were inactive Table 2). Evaluation of liverstage
antimalarial activity indicated that, 4, and5 are inhibitory againsP. bergheiliver
schizont development (sourced from UGA) withsE@alues of 11, 0.71, and0.45 uM,
respectively. These same natiyproducts were less active agaiRsberghesourcedrom
UCSD. None of these natural products exhibited cytotoxicity against HEK293T or HepG2
human cell lines. Characteristics of the ideal drug candidate for treatiagariaclude
safety, especiallyor vulnerable populations such as children under the age of five, and
targeting more than onlasmodiuniife stage62] Although 1 did not exhibit the most
potentantimalarial activityof the cyanobacterial natural products evaluaitsdability to
inhibit both the blood and liver life stagesRihsmodiuntoupled with its low cytotoxicity

towardshuman cell lines make it a prormg lead for drug discovery.

1.3.3 Putative Molecular Targets of Cyanobacterial Natural Products

Modeling of proteirligand interactions with the FINDSITE"™2946] prediction
algorithm suggested that numerdiasmodiunproteins are likely to interact directly with
these cyanobacterial natural products. Several malaogip classes were predicted to
bind to kakeromamide B1) including actinlike proteins, sortilin, and Igtamyk
tRNA(GIn) amidotransferase subunit A. Ranking of pretegand interactions by mTC, a
compositeTanimoto Coefficient based on fingerprint for ligand similarity measurement,
and precision values indicated that actins had the highest probabititydifg 1 (Table
3). One of thePlasmodiumactins predicted to bind with, actin-1, has been found to be
involved with host cell invasiofg3] Since the malarial parasitddicycle requires entry
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into human erythrocytes, inhibiting the abilitytasmodiunto invade host cells could be

a viable mechanism of action. The malarial protein with the next highest mTC and

precision values for bindindg, sortilin, is important for the formation of apical complex

components and creation of merozaitag In parasite strains where the expression of

sortilin is suppresed, new merozoites, which are the invasive form ofdhasfie, cannot

be formed. Thus, like actin, inhibition of sortilin could imp&ct a s mo dbhility tod s

infect host cells suggesting that this protein could also be a feasible target for future

exporation. GlutamytRNA(GIn) amidotransferase subunitAeiss s ent i al

blood-stagel65] This protein is required for the synthesis of glutat®RMNA-gIn, a protein

f

or

synthesis building block needed for parasite propagepisince the precision value for

glutamyHRNA(GIn) amidotransferase subunit A was relatively low, this target is less

promising.

Table3. Proteins predicted to bind kmkeromamide B1) using the proteitigand

prediction algorithm FINDSITE™246] Higher values for mTC (a Tanimoto Coefficient

based fingemnt for similarity measure) and precision correspond to higher probability of

the protein being &ue target.

Accession Number Protein Description mTC Precision
Q8ILW9 Actin-2 0.50 0.77
Q8ILM5 Actin-related protein homolog, arp4  0.50 0.77
Q8IIW6 Actin-like protein, putative 0.50 0.77
Q8IIQ4 Actin-like protein homolog, ALP1 0.50 0.77
Q8IBH5 Actin-like protein, putative 0.50 0.77
Q814X0 Actin-1 0.50 0.77
Q81450 Actin-like protein,putative 0.50 0.77
Q81345 Actin-like protein, putative 0.50 0.77
Q8I2A2 Actin-related protein, ARP1 0.50 0.77
Q8I1Vv9 Actin-like protein, putative 0.50 0.77
Q8IKV8 Sortilin, putative 0.48 0.45
081156 GlutamyHRNA(GIn) amidotransferase 0.46 0.6

subunit A putative
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Of the proteins predicted to bind to kakeromamitle &ctin and sortilin were
deemed worthy of further aluation given their higher predicted binding valléswever,
noin vitro sortilin assay is available. In contrast, actin polymerization assays are frequently
employed to assess agents that affect actin dynamics, albeit using mammalian homologs
of actin.Sincel was predicted to bahto bothPlasmodiunmand mammalian actin proteins
but only mammalian actin assays are commercially available, an actin polymerization
assaythat uses pyrenkbeled rabbit muscle aotwas employed. Several natural products
are known t o dtibnsby eitper inhébiting orrstalslizinfy polymerization,
which could arise from ligand bindingr-70] Since apicomplexan actins (includitigose
of Plasmodiumh and mammalian actins are relatively divergent Plasmodiumactin
might be a useful molecular target. Additionally, sidodid na exhibit toxicity towards
human cell linesTable2), the predicted interactions with human actin apparently did not
translate to a negative outcome for host cells, at Ieagtro. The effect ofl on rabbit
actin polymerization was compared to the known actin polymerization inhibitor,
latrunculin A. While latrunculin A suppressed polymerization at concentrations above 1.2
UM (Figure4A), 1 exhibited unique behavior with the highest tested concentratibn, 2
UM, enhancing actin polymerization whereas the lowest tested concentrad@2t (UM,
moderately suppressed polerization relative to control$igure4B). This suggests that
1 causes a concentratiolependent modulation in mammaliactin function. Cyclic
peptides such as phalloidsv] from the death cap mushroom and jasplakingliolgfrom
a marine sponge hawbeen found to induce polymerization andbiitee actin filaments in
a dosedependent manner. Similar activity byould be one possible explanation for the

observed increase in actin polymerization withr@asing concentrations af Although 1
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appears to impact mammalian actin polymerization, future tests evaluating the intpact of
on Plasmodiunmactin function woul be worthwhile in order to further elucidate whether
i nteractions with actin are relevant to

malaria parasite.

A. £

% 1000+

8

™
8
B 3 = Actin Polymerization Control
T -+ Solvent Control (ethanol)
2 < Background
25 5007 = Latrunculin A, 12 miV
£ < Latrunculin A, 1.2 nM
c Q < Latrunculin A, 0.12 niM
g @ Latrunculin A, 0.012 nM
<
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>

T

[
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@ 0:00:00 0:20:00 0:40:00 1:00:00
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B. 1000+ N

= Actin Polymerization Control
; = Solvent Control (ethanol)
. <= Background
! Background + Kakeromamide B (2.5 mM)
+ Kakeromamide B, 2.5 mvl
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Kakeromamide B, 0.025 iV
Kakeromamide B, 0.0025 niM

Actin Polymerization
Relative Fluorescence Units ( EX/Em: 365/410 nm)
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Figure4. Effect of positive control latrunculin A) and kakeromamide BL) (B)
on mammalian actin polymerization. Latrunculin A stopped actin polymerization at
concentratios of 1.2 uM andabove wheread promoted actin polymerization at the
highest concentration tested but moderately suppressed polymerization at the lowest
concentration tested.
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Ulongamide A 2) was predicted to bind to one protein, an aspartyl protease, with
mTC and precision values of 0.47 and 0.35, respectivedpafy| proteasé involved
with remodeling the erythrocyte hyafficking parasite proteinsto erythrocyts, which
ultimately aids the parasite in evading host recognition and respanbefact, targeting
aspartylproteases in HIV has led to the development of clinically available antiretrovirals,
which have also shown inhibition toward®asmodiumgrowth[73] Taken together,

aspartyl protease seems like a potentially promising targ@t for

Lyngbyabellin A @), the most potent antimalarial natural product isolated from
Moorea producens thecurrent study, did not deliver any putative molecular targets via
FINDSITE®™20 proteinligand binding calculations. Even a linear analog 3)f
lyngbyabellin |[57] was not predicted to bind lasmodiunproteins. It is possible that
the structural motifs oB are inadequately represented among ligands known to bind
malarial proteins as sampled from the literature; how@weas predicted to bind to several
human proteins. Thus, there exist compounds stalttusimilar enough td3 in ligand
databases to enable prediction of some protein binding events, but apparently not with
Plasmodiumproteins. We are, therefore, unable to propose hypotheses of possible
molecuhbr targés of 3. The promising selectivity &towardsPlasmodiumthe availability
of a total synthesis routand the substantial collection of known lyngbyabslivarrars

further study as a possible treatment option for malaria.

1.4 Materials and Methods

1.4.1 General Experimental Procedures
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H, COSY, HSQC, and HMBC NMR spectra were acquired on either a 16.4 T (700
MHz for *H and 175 MHz fof3C) Bruker Advance Il HD instiment with a 5mm indirect
broadband cryoprobe or an 18.8 T (800 MHZz'fdiand 200 MHz fot3C) Bruker Avance
[l HD instrument equipped with a 3 mm triple resonance broadband cryoprobe. Spectra
were recorded in C#ZN or CDCk and referenced to solventsidual i a k 1$1.94 and
Ucl18. 267 .02r6 did@Mld, redpectively). Spectra were processed and analyzed
using MestReNova 12.0.0. Vacuum liquid chromatography (VLC) was performed using
SiliCyclebdbs SiliaFl ash FapelceanEBViB3vasaused si | i c
for solidphase extraction (SPE). Higierformance liquid chromatography (HPLC)
separations were donveith a Waters 1525 binary pump and either a Waters 2487 dual
wavelength absorbance detector set at 254 nm or a Waters 2386@iptiearray detector,
using two different columns: a 4.6 x 250 mm, &ll&a reversegphase (Grace Alltima, 5
em particle size) -hedyh phéskE RPObemomephenxyl
size). Highresolution mass spectrometry (HRMS) datarevecoliected with a
ThermoFisher Scientific LTQ Orbitrap XL ETD spectrometer in positive ion mode. The
masses of isolated natural products were estimated by quantitative NMR (QNMR) using a
capillary filled with benzenel6 as an internal standard that wéecpd nside an NMR
tube containing a known amount of caffeine and tubes containing the identified compounds

dissolved in the same amount of solvigat
1.4.2 Biological Material and Species Identification

The dark purple marine cyanobacteria were found carefully organized into curtains
covering snapping shrimp holes located on reef slopes offshore of Tuvuca Island in Fiji.

The ganobateria were collected on September 25, 2007 from two separate locations (S

16



17A44. 43N, W 178A39.155Nj and S 17A30.546N,;
similarity in sample appearance and habitat. Voucher specimens identified as collection G
0362were sbred at the University of the South Pacific and Georgia Institute of Technology

in aqueous ethanol and formaldehyde. Bulk cyanobacterial sample was stored at the

Georgia Institute of Technology in a 180 A

The cyanobacterium was identifiad Moorea producenshrough morphological
and 16S rRNA phylogenetic analyses. Briefly, the ethaneserved genomic DNA of
cyanobacterial specimen-@62 was extracted with the DNeasy Blood and Tissue kit
(Qi agen) wusing the mamsethncenaion PCR)svasptilized o c o |
to amplify the single 16S rRNA gene fragment from genomic DNA using bacterial 16S
rRNA primers, 27f, and 1492r5)A 25 ¢ | reaction volume was u
with the following component s dge@o@dDNAM of e
1 ¢M of each oligonucleotide pri mer, 1.0 U
reaction buffer (NEB, Ipswich, MA). A GeneAmp PCR system 2700 thermocycler
(Applied Biosystems, Foster City, CA) was used to perform the PCR amplificatibn wit
the Pllowing parameters for temperature cycling: 94 °C for 4 min for initial denaturation
followed by 40 cycles of amplification (each cycle = denaturation for 50 s at 94 °C, primer
annealing for 50 s at 55 °C, and primer extension for 2 min at 72Zrh@)inompletely
synthesized DNA underwent final extension at 72 °C for 7 min. Agarose gel
electrophoresis (1% wt/vol) was used to analyze the PCR product, and an ethidium bromide
stain was applied before the gel was visualized with a UV transillumirtadonardand
reverse primers were utilized to sequence the PCR product and the CAP3 Sequence

Assembly Program was used to manually edit and assemble sequentks assembled
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16S rRNA sequence (1338 bp) was submitted to GenBank (accessidN980029. The

blastn program was used to assess the sequence similarity of the assembled contig of
cyanobacterial 16S rRNA to other known cyanobacteria from lifaDscilatoriaceae by
comparing it with the nomedundant nucleotide database (NCBY) To determine the
closest phylogenetically related speciedMaforeaproducensthe 16S rRNA sequence of
collection G0362 was compared with those of known representatives from Family
Oscillatoriaceae (Order Oscillatoriales) a@Gtbeobacter violaceousas included as a
distant evolutionary taxon. MEGA X8] was useddr phylbgenetic analysis using the
Maximum Likelihood method based on the Kimurp&ameter moddlr9] with 1000

bootstrap iterations.

1.4.3 Extraction and Isolation

The cyandacterial biomass (43 g) was freaiged (to 8.0 g) and exhaustively
extracted (four times) using a 2:1 mixture of dichloromethane and methanol. The resulting
crude extract (0.80 g) was purified by VLC with 80 mL of silica gel in a glass vacuum
funnel (8cm diameter by 9 cm high) with a glass frit. The fractions were collected using a
stepped gradient of hexanes, EtOAc, and MeOH (nine fractions, 100% hexanes, 10%
EtOAc/90% hexanes, 20% EtOAc/80% hexanes, 40% EtOAc/60% hexanes, 60%
EtOAc/40% hexaneg§0% EODAc/20% hexanes, 100% EtOAc, 25% MeOH/75% EtOAc,
and 100% MeOH). The fractions eluting from 40% EtOAc/60% hexanes (14.1 mg), 60%
EtOAc/40% hexanes (7.4 mg), 80% EtOAc/20% hexanes (5.8 mg), and 100% EtOAc (3.7
mg) were further separated using revdrpbaseSPE (stepwise gradient of decreasing
polarity starting with 15% MeOH in # to 100% MeOH, resulting in five fractions).

Fractions 3, (50% MeOH in 4, 2.4 mg), 4 (75% MeOH in4®, 2.0 mg) and 5 (100%
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MeOH, 4.2 mg) were subjected tasilica HPLC(50% MeCN/50% HO held for 5 min,
gradient from 50% MeCN/50%4@ to 100% MeCN from 5 to 40 min, and 100% MeCN
from 40 to 60 min at 1 mL/min) to obtain nearly pdié. Fradions containingl and3
underwent one more round of purification with Ciica HPLC (60% MeCN/40% #D

+ 0.05% trifluoroacetic acid (TFA) held for 5 min, gradiénim 60% to 70% MeCN from
5to 20 min, and 70% MeCN hefidm 20 to 25 min at 1 mL/min) to givie(tr = 17.5 min,
18 ug) and3 (tr = 12.2 min, 8 pg). The same (g-silica HPLC column was also used to
purify 2 (isocratic method of 50% MeCN/50%@8 + 0.05% TFA held for 25 min at 1
mL/min), resulting in pur (tr = 18.5 min, 38 ug). A mixture containingt and5 was
purified using phenyhexyl silica HPLC (gradienfrom 80% MeOH/HO to 90%
MeOH/H0O over 20 min at 0.8 nimin) to give4 (tr = 14.5 min, 2Qug) and5 (tr = 15.7
min, 83 pg). The reported isolated yields do not include losses during separation or

material subjected to dassays and thus underestimate natural concentrations.

Kakeromamide B1): *H and'3C NMR data, see Table HRMS (ES)m/z[M +
H]* calcd for GoHseNeO7S 791.4166, found 791.4150; [M + Najcalcd for

Ca2HssNeO7SNa 813.3985, found 813.3958.

1.4.4 Antimalarial and Cytotoxicity Assays

A standard method for evaluating antimalarial activity with asexual kdtegeP.
falciparumand SYBR Green detection was used to assess the potency of extracts, fractions,
and compoundgso] Screaming media was prepared from complete media supplemented
with 0.05% Albumax Il (but without human serum). Dr. David Fidock of Columbia

University providedP. falciparum strain Dd2L, which was cultured thi fresh O+
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erythrocytes (TSRI Normal Blood Donatiol@ompounds were transferred to assay plates
using a Labcyte ECHO acoustic liquid handler. Fresh and parasitized erythrocytes were
prepared in screening media before inoculating plates @ladiiBioTek VT) with a final
hematocrit of 2.5% and a final eitemia of 0.3%. The assay plates were incubated for
72 h in a chamber at 37 °C with a low oxygen gas formulation with daily gas exchanges.
After incubation, a MultiFlo liquid dispenser transferred SRBGreen lysis buffer to the
wells, and the plates werincubated for another 24 h at room temperature to achieve
optimal development of fluorescence signal, which was read by an Envision Multimode
Reader (PerkinElmer, MA). Atovaquone, ganaplacide, andoagfie were used as

positive controls (E€=0.0008, 0. 0059, and 0.0029 &M, res

Activity against liverstageP. bergheiwas quantified for extracts, fractions, and
pure compounds using a slightly modified 48 h luminescbased assagi1] The salivary
gland of infectedAnopheles stephensias dissected to harvelt bergheiANKA -GFR
LucSMCON (PbLuc) sporozoites (originally received from Dr. Ana Rodriguez of NYU
School of Medicine; last round of testing to evaluate fuB#5 usal infected mosquitoes
from Elizabeth Winzeler at UCSD and Dennis Kyle at UGA) which were filtered through
a 20 em nylon net filter twice (Steriflip,
and adjusted to achieve a final concentration of 200 sparaz@ / 1 €L in the a
(DMEM without Phenol Red (Life Technologi e
glutamine (Life Technologies, CA)). AMu& |l o ( Bi oTek, VT) with a
used to transfer purified sporozoites, 1 ¥ 4forozoites pew e | | (5 L), to a
containing HepG2 cells. After incubation at 37 °C for 48 h, a bioluminescence

measurement was taken to assess the-ditegye growth. More specifically, media was
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removed by inverting the plates, and spinning themaéld®or 30 s, and 2
of BrightGlo (Promega, WI) was added for quantification ofLRb viability. The
luminescence was measured immediately after addition of the luminescence reagent using

an Envision Multilabel Reader (PerkinElmer, MA).

A previouslydescribed method was utilized to evaluate cytotoxicity against HepG2
and HEK293T cells as a measure of general human tagejtAssay data generated for
Plasmodiumwas analyzed with a Genedata Screener (v®&fdard). Inhibitors
(puromycin for cytotoxicity and atovaquone for lixsage parasites) were subtracted from
neutral controls to normalize data. The Smart Fit function of the Genedata Analyzer
generated doseesponse curves that were used to calculaehalfmaximal effective

concentrations (Eg).

1.4.5 Computational Binding Predictions

FINDSITE®™2946] was applied to screen cyanobacterial natural products against
the whole genome d®. falciparum(isolate 3D7)PF). FINDSITE®™2hyilds structural
models using a threading approach by taking the protein amithe@guence as input and
applying TASSER refinemena3] Models were builtdr 4,962 (92.5%) protein sequences
out of a total of 5,364 PF sequences downloaded from UniProt (www.uniprot.org). For
each target protein, the pockets were identifiettheir respective models and compared to
the ligandbinding pockets locateth PDB [84] structures as well as ChEMBRS5] and
DrugBank(se] libraries. Pockets that best matched target pockets were selected, and their
corresponding binding ligands were emplogsdemplate ligands. These template ligands

were used for virtual screening as seed ligands for a given molecule with a fingerprint
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conmparison method to evaluate the binding probability of the molecule to the protein
targets. The mTC virtual screening score, a measure of the similarity of the given molecule
to the template ligands of a protein target in FINDSPTE2® was used to rdrthe targets.

The mTC correlates with the likelihood of the protein target being a true target of the
molecule, and its value ranges between 0 and 1 with 1 indicating the best fit. An mTC of
0.5 corresponds to the expected precision of ~0.76 based @ g benchmark

statisticg46]

1.4.6 Actin Polymerization Assay

Thecomputationally predicted binding dfto actin was experimentally evaluated
using a rabbit muscle actin polymerization assay kit from Abcam (kit ab239724) using the
manufacturer s pr ot=acdactin polylezization ntrgl,nsalMent f o r
control, and background) or n = 2 (four different concentrations of latrunculin A and
kakeromamide B1)) replicates was acquired for time points taken every 30k lian a
Synergy H4 plate reader. The results were plotted in GraphPad Prism 8 with an exponential

plateau curve.
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CHAPTER 2. ECOLOGICAL ROLE OF THE RED ALGAL
NATURAL PRODUCT PEYSSONNOSIDEA

This chapteris an expanded report of findings includediK. Chhetrj S. Lavoie,
A.M. SweeneyJones, N. Mojib, V. Raghavan, K. Gagaring, B. Dale, C.W. McNamara, K.
Soapi, C.L. Quave, P.L. Polavarapu, and J. Kubaleknal of Organic Chemistr20L9,
84(13), 85318541; https://pubs.acs.org/doi/10.1021/acs.joc.9b008B4rmission for
reuse of portions of this publication was obtained from ACS and the letter granting reuse

is included in Appendix B.

2.1 Abstract

In the underwater environment, many organisms makefusscondary metabolites
for defense against consumers, competitors, and pathogens. For sessile organisms,
chemical defenses are especially important: numerous examples exist of secondary
metabolies from marine sponges and algae acting as feeding dé&detmmards
consumers, antimicrobials targeting the many pathogenic microbes that exist in seawater,
allelopathic chemicals for competing with neighboring organisms for space in crowded
reef enviroments, and antifouling agents that prevent biofouling gammismal surfaces.
The red alg®@eyssonnaligp. produces a unique diterpene glycoside, peyssonnosifje A (
in relatively high abundance (0.42% of dry weiglield and shorbased experiments
exploring various ecotgical roles for this secondary metabolite led to a conclusiorvthat
functions as an antimicrobial defense, based on significant growth inhibition of the
saprghytic marine fungu®endryphiella salinavhen exposed teealistic concentrations

of 7. Additionally, based on the lack of deterrence observed in antifeedant assays with a
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generalist crustacean grazer and observed biofouling in field antifouling assays, there is no

evidencehat7 functions as a chemitdefense against herbivores or microbial fouling.

2.2 Introduction

The field of marine chemical ecology began several decades ago with the goal of
understanding the biological roles of marireural products by combining the expertise
of natural product chmists and ecologis{87] Natural products are gedlly encoded
for biosynthesis by specific organisms and exhpécialized functions related to defense
against consumers, competitors, pathogens, and biofoulers; settlement cues for larvae; and
pheromones for mate findingg] Experimental methods to probe the roles of secondary
metabolites have greatly benefited from the interdisciplinary nature of this field. For
example, expertise of field ecologists inforntée importance of applying ecologically
relevant doses that repesd realistic exposure of organisms to natural products while
chemists provided valuable insight into which molecules are responsible for the observed

interactiongg9]

Natural products found in high abundance in organisrssiiéis are good candidates
for testing hypotheses about possible ecological roles. An example of such a natural
product is the novel diterpene glycoside peyssonnosidd A-igureb) isolated from a
red algaPeyssonneli@p[90] Chemical ecology experimengsught to answer if acts as
an antifeedant agent against an omnivorous generalist consuihpreifents the surface

attachment of biofouling microbes, and/or ihhibits growth of a mane fungus. For each

experi ment, real i stic Aenemi esd wer e chos
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Peyssonneliasp. and attempts were made to design experiments usingnatesal

concentrations of.

Figure 5. Diterpene glycoside peyssonnoside A icolatedfrom the marine red
algaPeyssonneligp[90]

2.3 Results and Discussion

2.3.1 Evaluation ofAntifeedantProperties

Using a standarfkedingassay26] peyssonnoside A7j was evaluated for feeding
deterrence against one generalist marine omnivore, the heamEldoanarius striolatus
When incorporated into artificial diets atancentration of 1.1 mg/ml, which is 20% the
natural abundance @fin the alga,7 was ineffective atleterring feedindpy C. striolatus
collected from an intertidal zone off Orsland in Fiji both control foods and food

impregnated witly were consumed equyl(Figure6).

Generalist consumers eat a wide variety of foods and are a good model to use when

determining lhe presence of antifeedant properties since a molectlgetexs a generalist
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consumer will likely deter other consumers as \#ellA specialist, on the other hand, has

a much more limited diet and in some cases has evolvadailéy to consume a food source

that is deleterious to other consumers, such as the m@tykxcheilus striatuthatfeeds

on cyanobacteribyngbyaspp that is toxic to generalist consum¢gg]. Since7 did not

deter consumption by a generalist consumer, at least at the concentration tested, it likely
does not have antifeedant pesies against generalist consumers. The experiment could
have been improved if a larger quantity7ofiad been available, enabling testing at full
natural concentration. The nutritional content of the artificial f@odlso an important
component of the experimental design as it should ideally match the nutritional content of
the organism being modeled, in this cBsgssonneliaFor this experiment, the artificial

food was assembled using a similar formulation @ darised for another type of calcified
alga,Halimeda[26] To determineghe nutritional content oPeyssonneliagthe askree dry

mass was calculated by combusting dried algal material in a fu¢hhdéemg/mL). This
artificial food created for the feeding assay used an equivalent amount of theditedze

green algdJlva, analgathat is palatable to a wide range of consumers.
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Figure6. Response of hermit cralidibanarius striolatusto food laced with 1
mg/mL peyssonnoside A). The® data indicate thatdoes not deter hermit crab feeding
(mean + standard errdgp]

2.3.2 Surfacelocalization ofPeyssonnoside A)

Before evaluating whether reduces surface fouling or exhibits antimicrobial
properties against an ecologically relevant pathogen, an experiment was performed to
determine if7 is present on the surfaceéyssonneliap.A qualitative methodimilar to
what was proposed by de Nys etthht employed dexane surface extramh indicated
that7is in fact presendn the surface d?eyssonneliap. Figure?), supporting its putative
role in surfacemediated defenge3] Hexane was chosen for the surface extraction because
a short exposure (less than 60 seconds) minimizes damage to algal tissue, whereas other
organic solvents typically lyse cells even during brief extraction. Sinceaditextion of
Peyssonnelissp. contained individuals with various morphologies, surface extractions
were performed on algal pieces ranging from highly calcified with a tan color to pieces that

were very fleshy with a red to maroon color. This compariseealed that #shier algal
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pieces with red coloration contained relatively mérthan more highly calcified pieces
(Figure7), further supporting the surface defense hypothasisadditionally suggesting

that more vulnerable tissues require greater amouft®oprotection, consistent with the
optimal defense theolyg4,95] In addition to evaluating the presende/amn thesurface of

algal tissues, a preliminary experiment confirmed the partial extractabilifyfraim a
surface into hexanes, albeit only 0.11% efas removed from a glass surfacehexanes

while the remaining residue was removed with methanol. This suggests that the amount of
7 extracted from the surface Beyssonneliap. by hexane is only a sthportion of what

is present on the algal surégdurther supporting the high surface abundanceaofd the

role of 7 in surfacemediated ecological interactions.
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Figure 7. Extracted LC/MS clumatogram ofm/z 531 corresponding t@ and
calculated peak area from surface extractBe@fssonneliap. individuals ranging from
heavily calcified (tan) to fleshy (red and marocr)e inset of each chromatogram o
the relative amount of eadhdividual algal specimenextracted for LC/N6 analysis
expressed as a percentage of the total mass af atgdyzed in this experimeritarger

amouns of 7 were extracted from the sfaces of algal specimenwith lessobserved
calcification.

2.3.3 Assessment éfeyssonnoside A asan Antifouling Agent

Evaluation of whethei7 deters biofouling was accomplisheding a modified
version of the method presented by Henrikson and Paslika short,7 was incorporated
into a phytagel substrate at the same concentration used for the antifeeding assay, 1.1
mg/mL, and paired with a solveohly control which was then adhered to a petri dish. The

petri dish was suspended in ocean water @fabast of Ondsland, Fiji, near a coral reef
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where Peyssonneliasp. naturally occurs, for a total of four days, exposing a natural
community of fouling organisms @in the field. The experiment was not of long eglou
duration toassess the settling of larval propagules and algae. Analysis of settled bacteria
revealed that there was no significant difference in the amount of biofouling present on the

surface of phytagel containingversus a pytagel control withou? (Figure8).

Although staining indicated that there was some microbial biofouling acgurr
within the four day experiment, there weeweral issues noted during the experiment that
suggested an antifouling role f@rshould not be ruled out. First, growth of fouling
organisms was not visible to the ndkeye on phytagel surfaces after exposure taroce
water for four days, appearing similar to before the gels were submerged. Second, the stain
used for determining the presence of cellular respiration on the surface of the gels, 2,3,5
triphenyl tetrazoliunchloride, is lightsensitive; the field settingf this experiment made
it difficult to avoid light exposure during staining. Thus, it is possible that the observed
color change on stained phytagel resulted from light exposure rather than an indication o
the presence of microbial biofoulers. Finaltempts to extract RNA from gel samples
preserved in RNAlater did not yield any RNA suggesting that settlement of biofoulers on
the gels was negligible. One possible reason for the lack of biofoulingytagehsurfaces
could be that the time periodetlgels were deployed was too short. Overall, there is no
experimental evidence for an antifouling role but based on the high surface abundance of
7, we suspect that a Igar exposure period could have resulted ingteslly significant

deterrence of biofouler settlement on the surface of gels cont&ining
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Figure 8. Relative biofouling on phytagaslurfaces treated with peyssonnoside A
(7) and a paired solvent control, as indicated by thexagecolor intensity with higher
intensity values corresponding to higher microbial conerxetan + 1 standard deviation)
Gels were hung in ocean water for 4 days before bemgved, stained, and imaged.

2.3.4 AntifungalProperties ofPeyssonnoside A)

When peyssonnoside A)(was tested for antifuny&ffects on the saprophytic
filamentous fungudDendryphiella saling[97] a dosedependent inhibition oD. salina
growth was observed with and€of 0.14 (M (Figure 9). Considering that the natural
abundance of is 5.4 mg per mL of wet alga, inhibition Bf salinaat a concentration of
0.070 pug/mL indicates thdltis both a potent and a highly abundant antifungal agent present
in and on algal tissueMicroscopic imaging of media containingindicated that this
secondary metabolite promoted morphological changes consistent with an antifungal effect
(Figure9). Taken together with the highatural abundance @f these data are suggestive

that7 is a novel antimicrobial chemical defense.
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Figure 9. Top: Growth irhibition of the fungus Dendryphiella salina by
peyssonnoside A7] compared tahe known antifungal drug nystatin (n = 3, mean %
standard error). Bottom: Comparison of fungal growth in the presence of nystatin, DMSO,
and 7 showing the morphological change in the fahgploniesexposed td’.[90]

Previous studies survieyy the antimicrobial defenses of seaweeds have found that
extracts and pure natural products from these marine organismallfypihibit activity
against one or more pathogenic marine microorganisms suggesting that this type of defense
is fairly ubiquibus[23,98,99]For the present experiment, salinawas chosen for its global
distribution in the marine environment; however, since it is a saprophytic fuhgus t
breaks down dead and decaying organic mattrelevance as a threat to live algae is
uncertain. We failed to successfully culture the pathogenic furigdea thalassiagwhich
would have been more relevant for evaluating the defensive propérfiaganst diease
causing fungi. Limited studies suggest that antifungal marine natural products that inhibit
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D. salinaalso inhibitL. thalassiag23,100meaning that even without data from #idaal

fungi, 7 may function as a general antifungal agent.

2.4 Materials and Methods

2.4.1 SpecimerCollection

Peyssonnoside A7) was isolated fronPeyssonnelissp. (G1163) collected on

March 17, 2012 from Singi Late, Tetepare Island, Solomon Islands (8 8. 56 1 6 ,

157 26 . 38ydsonneliapn(@1588) collected on June 17, 2017 off Uepi Island,
Solomon Islands (S 26.54% E 1 5 3[90b Beys6odrtelisp. cooccurs with the
organisms used for the ecological experiments detailed in this chapter.

2.4.2 SurfaceExtraction

Before evaluating i7 was present at the surfaceRdéyssonneliap., solubiliy of

7 in hexanes, the solvent chosen for surface extrabprwas as®ssed. A solution

containing a small amount @fwas added to a glass scintillation vial and dried. Two mL
of hexanes was added to the scintillation vial, shaken for 30 seconds, and transferred to a

clean vial. Both \als were dried then redissolved in methanol for LC/MS evaluation.

Comparison of the ebmatographic peak area f@rremoved by hexanes versus the
residual7 remaining in the origial scintillation vial revealed that 0.11% bfvas removed

by hexanes, which was sufficient for detection by LC/MS.

A collection of Peyssonnelisp. (G1588) known to contaif was chosen for

evaluation of the surface localization©fMorphological variations related to the level of

calcification were noted and as a result, five distinct algal individuals were selected,

ranging from heavily alcified with minimal red pigment to red and maroon colored leaves
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with little calcification. The individual samples were patted dry to remove excess moisture
without damaging the surface of the tissue, weighed, and then added to a scintillation vial
contaning 2 mL of hexanes. The samples were agitated for 30 seconds and then removed.
Theremaining solution was dried, redissolved in methanol, and evaluated by LC/MS. The
peak associated with(m/z531) was extracted &m each chromatogram to determin@ if

was preset and if the morphological characteristics impacted the relative amount extracted

from the surface of the algal specimen.

2.4.3 Ashfree Dry Mass Measurement

After measuringhe wet mass dPeyssonneliap. G1588 (1.62 g), the alga was
freezedriedresulting in a dry mass of 1.30 g (80% of the wet mass). The dried algal pieces
were ground with a mortar and pestieighed,and evenly distributed tofive different
porcelain craibles. The crucibles werelgeed in aFisher Scientific Isotemp Muffle
Furnace set to 450 °C for 6 hoyzs] The remaining ash was measured and subtracted
from the startinglry mass to obtain the adree dry weight (22.7 £ 0.3 mg, n=9.0% of
the starting dry majsThis value was divided by the volume of the al@ (L btal,0.20
mL per replicatgsubjected to asfree dry mass analysis approximatenutritional content

(114 mg/mL).

2.4.4 AntifeedantAssay

Artificial food was prepared using a mixture of molten agar (0.02 g/mL) éval
sp. 00mg/mL), a green alga palatatitea wide range of marinestbivores, incorporated
into window screeies] Peyssonnoside A) was dissolved in 0.48 mL methanol and added
to 10 mL of the artificial food, resulting in a final concentration df hg/mL which is
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approximately 20% of the natural concentratiorv ofower than its actual abundance in
algal tissue budtill a considerably high concentration for a natural prodiues.full natural
concentration was not used due to constraints on the total amowmatusél product
availablefor ecological studies. Contrdbods were prepared by using an equivalent
amount of solvent in the artificial food miQne square containing artificial food with

and a second square with the control food wereegliscdeli dishes housing hermit crabs

(2 food squares per deli distigurel0). After approximately 50% of the control or treated
food available to any given hermit bravas consumed, the foabntaining window
screens were remed and analyzed for total amount consumed of each treatment by
counting the number of empty squares versus total that started with food, analyzing with a
two-tailed ttest. Replicates where craate less than 10% or more than 90% of the total

food availdle to them were excluded. Of the 36 crabs housed individually for the assay,

16 produced usable results.

Figure 10. Feeding assay design using the hermit €alstriolatus consuming
artificial food incorporated into a squaof window screen (left). The resulting output of
the feeding assay was window screen squares with varying degrees of artificial food
consumedp t he crab (right; #Atreatmento condi
of 7).
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2.4.5 Antifouling Assay

Peyssonnoside A7) or methanol (solvent controasincorporated ito phytagel
(n =5 for each conditiognd hung for four days off a floating dock in Oneta B&HyOno
Island, Fiji (18°53'07.3"$178°30'39.6"K (Figure11). Phytagel vas prepared at the field
site by adding 1.5 g of phytagel powder to 50 mL of boiling tap water (0.03 g/mL).
Peyssonnoside A’ was dssolved in 0.30 mL methanol and added to 6 mL of hot phytagel
solution (final conceination 1.7 mg/mL; 30% of natural concentration). This mixture was
split into five replicates applied to window screen squares adhered to the surfaces of petri
dishes Figure11). Solvent controls were prepared using an equivalent ratio of methanol
to phytagel and the resulting gels were applied to a second petri dish glued to the one
containing7. The petri dishs were tied to a rope before being deployed under the floating
dock for 4 daysAfter removalfrom thefield, the plates wersprayed with d% (w/v)
solution of 2,3,&riphenyl tetrazolium chloride, which is a colorlesatersoluble dye
reduced to theed, insoluble compound formazéy respiratiordependent enzymatic
processes in cel[$01,102] Images were taken of each gel from the same distande

evaluated usingmageJsoftware.
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Figure 11. Experimental setip to evaluate if peyssonnoside &) (prevented
fouling on the surface of phytagel submerged in ocean water for four days. Gels were
adhered to window screen (for quantification purgpsbat was attached to petri dishes
(left image) with paired controls prepared in a similar fashion aadretd to the back of
the plate containing gel infused withPlates were deployed under a floating dock ofd O
Island, Fiji, for 4 days (right image).

2.4.6 Antifungal Assay

Fungal culture was grown at 24 °C in 790 By+ medium (1.0 g/L yeast extract, 1.0 g/L
peptone, 5.0 g/L H+)-glucose, in 1 L of seawater). A tissue grinder was used to
homogenize fungal hyphae beé distributingD. salinain 790 By+ media to a sterile 96
well plate. The antifungal assay was performed with a 1:1 serial dilution ranging from
0.0070 uM to 094 uM for 7, much lower than the natural concentratioh 70in
Peyssonneliasp. which is 10mMj[90] Nystatin was used as positive control at
concentrations 00.14 uM to 0.0010 uMAfter three daysrelative cell concentrations
were measured as turbidinging a BioTek ELx800 Absorbance Microplate Reader at 600
nm. Percent growth inhibition at each concentration was calculated relative to fungus

exposed to solvent (DMSO). Images were recorded usimijssecting microscope to
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confirm that elevated optical detysreadings corresponded to fungal growth. The growth
inhibition data were fit to a sigmoidal desesponse curve using GraphPad and thedC

7 was calclated after 3 days incubation with salina
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CHAPTER 3. DISCOVERY OF ANTHELMINTIC
CYANOBACTERIAL NATURAL PRODUCTS FROM A MIXED
CYANOBACTERI AL COLLECTION

3.1 Abstract

Although more than 500 million people suffer from hookworm infectiperisyear
worldwide with obsevedresistance tall available anthelmintic drugs, research into new
therapeutic agentsas been neglected. Collaboration with the Aroian lab at the University
of Massachusetts Medical School resulted in identification of a mixture of cyanadlacter
natull products froma cyanobacterial collectiothat exhibitedpotent and reproducible
hookworm inhibition. Extracts, sempurified chromatographic fractions, and neare
natural products reproducibility decreased hookworm survival and maitityydicato of
deleterious effects n t h e nemmmustdlar systemvhich is a viable drug target
Efforts are curently ongoing to identify and characterize natural pra@yetithin the

mixture responsible for the observed anthelmintic activity.

3.2 Introduction

According to a survey afieglectedtropical diseaseexperts, there is consensus that
current drugs, w&ines, and vector controls are not adequate for the elimination of soil
transmitted helminth (STH) infections, includingthose caused byhookworns.[22]
Infectiouswormsemergegrom contaminated soiilnvade a human host Ipenetrating the
skin, establishthemselvesi n t h e h ogs il scausalmése and idisability

associated withdiminished nutritional status such as growth retardation, anemia, and
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cognitive impairment103] In the pastdecade, five prevalent neglected tropical diseases
(NTDs) including those caused b$THs were prioritized by the World Health
Organization (\WHO) and the interational communityas target$or eventual eradication

as a global health problefro4,105] This decisionprovided opportunities to develop and
dedoy treatments fordiseass that had otherwise been underfunded sire they
disproportionately impact impoverished regions and result in morbidity more often than
death Partnerships established between public and private entities have resulted in success
in controlling some NTDs including lymphatic filariasis, trachoma ard
onchocerciasigspecially through use of mass administratafndrugs and infection
surveillance of impacted areas, althougthe low efficacy of currently available
anthelmintic compoundg¢Figure 12) and theevolution of resistace have presented
challenges in condl of STH infectiong106-111] Additionally, inadequate sanitation often
leads to reinfectionetessitating periodic d@orming, providing further opportunity for
drugresistane[112-114]In order to effetively control STH infections in vulnerableiman
populations long termt is imperativethatnew anthelminticherapeuticare added to the
drug discovery pipelineo combat the risig incidence of resistanead improve efficacy

of available treatmentptions.
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Figure 12. Molecular structures of currently available drugs for the treatment of
infectious hookwormgl15-117]

Assessing pure compound or extract libraf@santhelmintic propertiehias been
hindered by the lowthroughput nature o§TH assaysand lack of validationto ensire
proposed screening systeatcurately predicactivity against adult STHs responsible for
the disease burden while minimizing false positives and false negatiseddult STHs
are obligate parasites thegquire a host for survivalcomplicating assay design and
resulting in lowthroughput pipelines foscreening of drug candidatdsigh-throughput
screening assays usirg elegans which arefreeliving nematods that areeasier to
maintain havebeen associated with lagh falsenegativerate. Thisis attributed toC.
eleganshavinga genome optimized fdrostfree survival for the duration of its lifespan
which improvesbiotransformation and elimination of aethintic drugsbydetoxification
enzymeg119] From evaluation ofmultiple screening metlmlogies (including use of
several life stages df. elegansand the hookworm Ancylostona ceylanicumn),[118] an
assay that usetthe free-living eggto-larval (E2L) stagef A. ceylanicunfor screenincga
library of 1280 approved drugsnost accurately predicted efficacy against adult
hookwormswhile minimizing the number of false negativégiditionally, the E2L stage

41



provides an advantage for drug screening since it can be accessed from feces df infecte
(hamster) hostather than by host dissectiodits identified in tle E2L screenled toa
higher false positive rate than other screening methedsssitatinga secondary screen

with adult infectious worm$o confirm relevant anthelmintic compounds.

Anthelmintic hits from a marine organism extract library at Georgia Tetbre
identified viathe aforementioned screening methodoldgdse of this multistep screening
approactenabledexplorationof an extract from anixed collection ottyanobacted with
promisingactivity against both larval and adstges ohookworm Efforts are currently
ongoing to characterize natural products present in the worm active fractions from this

collection

3.3 Results

3.3.1 Screen for Anthelmintic Activity

E2L screening of 324 epsdcts from a diverse array of marine organisms collected in

Fiji and the Solomon Islands resulted in identification of 68 extracts that inhibited egg
hatching or impaired larval development of the hookwdénteylanicum(Table 4). Of
these, ten were prioritized based on availability of adequatedidlected sample for
bioassayguided fractionation of extracts and on a lack of prior literature reports of natural
products associated with its taxonomic group. Of the ten prigditiyanisms, a collection
containing a mixture of cyanobacterial species (samp@1™8) exhibited promising
activity against E2L and adult hookworms in subsequent fellpvscreening while the
other nine collections exhibited weak or no activity agafdt worms after scaledp
extraction of fieldcollected samples. Further separation of the extract using liquid/liquid
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partitioning revealed that the dichloromethawduble extract fraction was the most potent

with inhibition of E2L worms at 1.25 pug/mL dreubstantial reduction in motility of adult

hookworms, as indicated by an average motility index of 1.2 after 24 hours and 0.80 after

48 hours Tableb).

Table 4. Collections identified as hits (68 total o324 extracts screened) in
preliminary E2L Ancylostoma ceylanicurhookworm screening of the Georgia Tech
marine organism extract librargxtracts were considered hits if they producedduiiear
full inhibition of egg hatch or larval development at §mL. Bolded collections were
selected for further evaluation basedawailability of field-collected samplefor natural
product isolation as well as taxonomic interest.

Collection Identifier Taxonomy
G-0998 ascidianPolyandrocarpapolypora
G-0910 cyanobacteriuniLyngbyasp.
G-0913 red algaPeyssonneliasp.
G-0914 cnidariansEleutherobiasp.
G-0920 green algd@'ydemania expeditionis
G-0923 unknown cyanobacterium
G-0932 green algd@'ydemania expeditionis
G-0950 brown alga Lobophorasp.
G-0951 spongeAXxinyssasp.
G-0956 spongeAcanthella cavernosa
G-0964 spongeHippospongiasp.
G-0967 spongeHalichondria sp.
G-0976 spongeAXxinyssasp.
G-0978 mixed cyanobacteral collection
G-0979 unknown sponge
G-0980 spongeDiacarnus spinipoculum
G-0984 spong Dysideasp.
G-0990 green algaValonia aegagropila
G-0991 spongeDysideasp.
G-0995 unknown sponge
G-1000 spongeDysideasp.
G-1004 red algaPeyssonneliap.
G-1006 spongeHaliclonasp.
G-1009 unknown sponge
G-1018 unknown sponge
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Table 4 (contined)

G-1025 red algaLaurenciasp.
G-1046 unknown sponge
G-1047 cnidariandRumphella suffruticosa
G-1048 spongePhyllospongiasp.
G-1049 spongeCoscinoderma mathewsi
G-1054 spongeAcanthella cavernosa
G-1056 green algaCaulerpasp.
G-1058 spongelaspissp.
G-1085 spongeDiacarnus spinipoculum
G-1093 green algaTydemania expeditionis
G-1098 spongeAxinyssasp.
G-1103 spongeHaliclonasp.
G-1106 unknown sponge
G-1116 unknown sponge
G-1120 spongeThorectasp.
G-1122 spongeDysideasp.
G-1131 spongeDictyodendrillasp.
G-1146 cnidarianslunceellasp.
G-1147 spongeAXxinyssasp.
G-1149 cnidarianBriareumsp.
G-1150 red alga Amphiroasp.
G-1152 spongeDysideasp.
G-1153 spongd_amellodysideap.
G-1154 spongeDysideasp.
G-1156 unknown spage
G-1159 unknown sponge
G-1163 red algaPeyssonneliap.
G-1173 unknown sponge
G-1174 spongeSpongosoritesp.
G-1177 spongdanthella basta
G-1178 unknown sponge
G-1184 spongeDysideasp.
G-1186 spongeAkasp.

G-1188 spongeAgelassp.
G-1190 spongeCallyspongiasp.
G-1192 spongeCallyspongiasp.
G-1193 unknown foraminifera
G-1196 sponge Callyspongia sp.
G-1197 sponge Axinyssa sp.
G-1198 spongeAxinellasp.
G-1202 spongeCladocrocesp.
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Table 4 (continued)

G-1226 unknown sponge
G-1229 spongeThorectasp.

Tableb. Activity of extracts frontyanobacteél collectionG-0978 against the E2L
and adult stages of the hookwoAncylostoma ceylanicurithe dichloromethansoluble
extract fraction from @978 exhibitedtie most promising activity again&t ceylanicum.
For E2Lscreening, black shading indicafalt or nearfull inhibition of egg hatch or larval
development at the indicated concentration while gray means only partial inhibition. The
average motility indefor adult hookworm screening is based on qualitativesiagions
made forsix individual worms with the following assignmentsi dead worm; I motile
after stimulation by touch; 2 motile; and 3 highly motile.

A. ceylanicum Adult
A. ceylanicumE2L Screening Scl\r/legtri}liltﬂg/?\xs;ige
Concentration (pg/mL) (10 pg/);nl n=6
worms)
Collection ID  Type of fraction 10 5 25 1.25 24 hours  48hours
crude extract 22 1.0
hexanesoluble 23 1.8
G-0978 extract faction
(mixed  dichloromethane
cyanobactedl  solubleextract 1.2 0.8
collection) fraction
recombined
liquid/liquid 20 2.7
partition fractions

3.3.2 Taxonomic Characterization of-G978

The cyanobacterial collection was tentatively identifie®gsiplocasp. based on
morphological examinatio(Figure13). However analysis of the DNA voucher specimen
by Bhuwan Chhetri and Dr. Nazia Mojib of the Kubanek lab using 16S rRNA phylogenetic
analysis revealed that collection(@978 is in fat a mixture of different cyanobacterial

species. Although 16S rRNA was successfaltyplified from the genomic DNA extracted



from the specimen ®©978 (Figure 14), initial sequencing reactions were unsuccessful.
Upon analysis of th chromatograms, themere multiple peaks suggesting presence of
more than one genotype, reflecting the existence of more than one cyanobacterial species
in the collection. With multiple attempts and separate sequencing reactions, use of reverse
primer 182r produced four difient 16S rRNA sequences of ~250 bp. The resulting
phylogenetic tree indicates that sequenc8sate more closely related to each other than

the other known cyanobacterial speciegre15). Additionally, sequence 4 is a unique
species that does not cluster with any of the other species in the phylogenetic tree. The
cyanobacteria of this phylogenetic tree fall into different cyanobacterial subsectiicts, w

are classifications based on moojdyical differencegi2o] Halothece sp. and
Chroococcidiopsisp. are unicellular cyanobacteria that belong to subsections | and II,
respectively.Leptolyngbyasp., Oscillatoria saling andProchlorothrix sp. all belong to
subsection Il which consists ofldmentous cyanobacteria of varying morphological
complexity. The clustering of filamentous cyanobacteria with unicellular species in the
phylogenetic trees is attributed to the polyphygletrigins within filamentous
cyanobacterige21] Comparison of known morphologies with taxonomic information in the
hierarchical cluster resulted in identification 8ymplocaas the most morphologically
similar to the tuftike structure observed in collection@78 Figurel3). However, since

the species identified from collection@?78 are in distinct clusters in the phylogenetic
tree, theyare most likely notSymplocaand might instead belong to either a genus of
cyanobacteria that has not yet been classified by R&&\ror a novel cyanobacterial

genus.
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Figure 13. Photograplof a tuft from the cyanobacterial collectior@378 soon
after the specimen was collected from the field.

DNA

1.5 PCR product
1 (~1.4 kb)

500

150

50

Figurel4. Agarose gel (1% wj displaying the PCR product (~1.4 kb) amplified
from genomic DNA of the specimen@?78 using bacterial 16S rRNA primers, 27f and
1492r. The first lane shows the DNA molecular weight marker (Fast DNA ladder, NEB).
This work wagperformel by Bhuwan Chhetr
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Uncultured marine cyanobacterium (KX937215)
Uncultured Chroococcidiopsis sp. (EU109682)
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Halothece sp.(DQ058891)

24 Uncultured marine cyanobacterium (KX937134)
64 464[‘— Leptolyngbya sp.(MT488136)
Uncultured Prochiorothrix sp. (KF207542)

n
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] 50 —— Symiplocasp.(EU249122)
Oscillatoria salina (DQ080033)

33 ﬂg&}’a sp. (AY049751)
32 Moorea prodicens (CP017599)
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Figure 15. Phylogenetiaelationship of marine cyanobacteria frawmllection G-
0978 with top cyanobacterial species matched from blastn search by 16S rRNA sequences
using the Maximum Likelihood metho@sed on the Kimura-parameter model in MEGA
X. The percentage of replicate trees in which the associated species clustered together in
the bootstrap test (1000 iterations) is shown next to the branches. The accession numbers
of the 16S rRNA of respectiveyanobacteria arsmentioned in parentheseBhe branch
lengthsare calculated bthe number of substitutions per sited the tree is portrayed to
scale This analysis was performed by Dr. Nazia Mojib.

3.3.3 Isolation andDereplicationof Natural Products in AnthelmintiExtractFractions

To determine if anyreviously characterized natural produatsre present in the
worm-activedichloromethane(DCM$oluble extractraction @s a form oflereplication),
it was evaluated bproton nudear magnetic resonancBNIR) spectroscopysawell as
low-resolution mass spectrometry (MS). The NMR spectral data contasigdals
indicative of peptidewhile the MSdatasuggested the presence of sevkrawn natural
products including the anticancecyclic hexadepsipeptidereraguamide (122] the
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neurotoxic cylic depsipeptidédoiamide Bj123] andthe antimitotictetrapeptiddelamide
A.[124] Since none of thesaatural productshave previously been alated for
anthelmintic activity, he DCMsoluble extractfraction underwent bioassayuided
fractionation to isolate thmoleculds) responsible for thebservedioactivity (Figurel6).
Separation witmormal phase silica column chromatograpésulted in 25 fractions. [2u
to limits on the number of adult hookworms available for screening, ardybset of
fractions, incluthg some combined fractions, were tested. Taetion AMS040012,
comprised ofnaterialghat eluted at 98% DCM/2%ethanol MleOH) and 96% DCM/4%
MeOH, exhibitedpromising activity against adult. ceylanicunwith a 48 hour average
worm motility index of0.17.Fraction AMS040042 was further separated using normal
phase higiperformance liquid chromatography (HPLC), resulting in 28 fractions. NMR
and LAOMS spectral data were acquired for each of these fractions before recombining
fractions (again, due toidmssay testing limitations) and evaluating against adult
ceylanicum Fractions eluting between 23 and 36 minutes (fractior262®Mad a 2sour
avaage worm motility index of 0.8 and a #8ur average worm motility index of 0.2 when
tested with adulA. ceylanicumhookworms. NMR and LMBAS spectral data acquired for
fractions 2626 (Figurel7, Figure18, andTable6) indicatedthateach fraction either was
nearly pure or contained a mixture gk or fewer natural productsvith NMR spectral
features suggestive of peptide natural prodédsn, searching the LIS data for masse
corresponding teeraguamide Ghoiamide B, and belamide #evealed that these natural
products were not present in the weagtive HPLC fractionsraising the possibility that
these fractions contain previously undiscovered natural prodiibes Aroian lab is

currentlyevaluatingthe irdividual HPLC fractions 226 for worm activity.
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Figurel6. Separation scheme for bioassayded fractionation athe worm active
cyanobactedl collection (G-0978 identified in screening agast the hookwormA.
ceylanicum Green circles describe tbhemicalseparation step, red boxes indicate which
fractions were submitted for testing against hookworms, and yellow boxes are fractions
identified as wormractive. Dudo bioassay testing consings, not every fraction was tested
and in some cases, fractions were combined (e.g. HPLC fracti6bn3-19, and 226
were combined).
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Figure17. 'H NMR spectral data fdrookwormractive HPLCfractions 2626 from
cyanobacteal collectionG-0978(CDClz;, 700 MHz NMR).

51



AMS03141-20_C8 637 (2.967) Cm (630:658) 1: Scan ES+

100 418.93 16566
141.19
= 19.93
167.03 -
{ 279.06 859.16

(05 VTS R ATTRRY I FRSUUOUII OF WSO USROS L PR m/iz

100 200 300 400 500 600 700 800 900 1000 1100 1200
AMS03141-21_C8 690 (3.214) Cm (682:710) 1: Scan ES+

433.12 9.86e5
100+
141.19
= ¥ 167.03
° s 27915 419, 03
iy 456.01 572.73 887.03

0ttt —— e - g : - - - e - - - R - miz

100 200 300 400 500 600 700 800 900 1000 1100 1200
AMS03141-22_C8 687 (3.200) Cm (680:706) 1: Scan ES+

497.18 6.66€5
100714099
<] 167.13 278.95 499 14 461.40498.08 59193
J _185.09 J . .518.87 :
334.99 716.81 83878

CL‘ Ii | |J_a_ - Jlxuallll ul ] I-IL-I " ,.I.L .kl_k_’ s . . : . : : | .

100 200 300 400 500 600 700 800 900 1000 1100 1200
AMS03141-23_C8 686 (3.196) Cm (678:700) 1: Scan ES+
100 141.19 331,68 403.84 6.10e5

405.74
=] 16713 57805 |
| I,134_?9 ‘ L 45980 547. 15 58082 742! 99??9 74.805.82

0 T T T e JH | B3 | T | | T T T ¥ T T T T m/z

100 200 300 400 500 600 700 800 900 1000 1100 1200
AMS03141-24_C8 743 (3.462) Cm (734:768) 1: Scan ES+
100+ 141.09 6.72e5
. ¥ 167.03 273|,75

_184.99 398.94
m ) ﬂ..ﬁ | I | ..f424'93 548.75 iz

100 200 300 400 500 600 700 800 900 1000 1100 1200
AMS03141-25_C8 628 (2.925) Cm (625:648) 1: Scan ES+
100~ 141.09 8.81e5

16713
E 278.95
obu J 19397 Lzm 75 499.08 598,91
T T T e e T T P T P ey T T T T T L LR LI 2

100 300 400 500 600 700 800 900 1000 1100 1200
AM803141-26_CB 687 (3.200) Cm (683:708) 1: Scan ES+
100+ 14119 9.74e5

2]
® 166.83 57685 418.03 701.03
N 37076 1,419 93 49718
0 LIJ- ML L T T JL .T- I T T T T J.Ii. . T T ] T T T L) T T T
100 200 300 400 suo 600 700 800 900 1000 1100 1200

Figure 18. Low-resolution mass spectrometry data famokvorm-active HPLC
fractions 2626 from cyanobacteail collectionG-0978.
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Table6. Mass spectral feates present in thiww-resolution electrospralyC/MS
data acquired for the hookworattive HPLC fractions from cyanobactdrcollectionG-
0978.

HPLC Fraction Mass Spectral Features
ID
AMS03141:20 [M+H]*=m/z418.93
[M+Na]* = m/z440.92
[2M+Na]* = m/z859.16
[M+H]*=m/z543.95

[M+H]* = m/z558.94
AMS0314121  [M+H]* = m/z349.88
[M+H]* = m/z354.78
[M+H]* = m/z398.94
[M+H]* = m/z419.03

[M+H]* = m/z433.12
[M+Na]* = m/z455.01
[2M+Na]* = m/z887.03

AMS0314122  [M+H]"=m/z334.89

[M+H] * signals that are
m/z18 apart =m/z
443.11,m/z461.20,m/z
479.19m/z497.18
[M+Na]* = m/z518.87
[M+H]*=m/z691.83
[M+Na]* =m/z713.81
AMS0314123 [M+H]*=m/z331.89

[M+H]*=m/z363.77
[M+H] " =m/z399.84
[M+H]* =m/z545.75
AMS0314124  [M+H]* =m/z334.59
[M+H] " =m/z398.94
[M+H] " =m/z420.93
[M+H] " =m/z424.93
AMS0314125 [M+H]*=m/z334.89
[M+H]* =m/z499.08
AMS0314126  [M+H]*=m/z334.89
[M+H] " =m/z370.96
[M+H] " =m/z398.94
[M+H]*=m/z419.03
[M+H] " = m/z696.03
[M+H] " =m/z701.03
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3.4 Discussion

Although there are no cyanobacterial natural prodpotviously reportedto be
active againsinfectious wormsearliermechanistic studies provide insight for how these
compounds mightinhibit parasiic worms espeially when compared to known
mechanisms of action otheranthelmintic compoundg§ he kenzimidazoleanthelmintics
albendazol€8) and mebendazol€9) have been fountb selectively inhibit microtubule
synthesis byelectivelybinding tonematodéb-tubulin at the colchicine site which blocks
tubulin polymerization125,126]This adversely effects worms by interrupting formatibn
spindle fibers needed for cell divisiand by disrupting cytoplasmic microtubules involved
in nutrient uptakeAlso, poorhost tissuabsorption of these compounds from the digestive
tract mnimizes toxic side effects while still effectivetargetingparasites Antimitotic
cyanobacterial peptides such as dolastati(il2P[127] and belamide A13) [124] (Figure
19) have been reported to disrupticrotubule networks through interactions with
tubulin. Thus it is possible thathesecyanobacterial natural products might also act as
antrelmintics.Althoughthe natural products present in the weantive fraction from the
cyanobactedl collection G-0978 appear to have peptidike features,mass spectral
signatures expected fa2 ((M+H]* m/z785.5029 and13 ([M+H] * m/z605.3643 are not
present in théow-resolution LC/MS dataThe'H NMR spectral datshowever,ncludes
signalssuggestive omethylsN-met hy |l s, ar o mat i-protopststructaral s ,
moieties that aralso present ir12 and 13 which suggests that thenthelmntic natural

products could be structural analogs.
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belamide A (13)

Figure19. Cyanobacterial natural products that disrupt microtubete/orks, one
possible mechanism for anthelmintic actiitg4,127]

Otherknowntargets of anthelmintic compounds are ion chanf&sexamplethe
anthelmintic drugsdvamisoleand pyrantel act as acotinic acetylcholineagoniststhat
cause paralysis in worms by prolonged excitatibmeuromuscular junctior$2s] The
freshwater cyanobacteriuAnabaena flomquaeproduces alkaloid neurotoxiasatoxin
a and homoanatoxiathat act as nicotinic acetylcholine augts[129] however, examples
of natural productdom marine cyanobacteria with this type of activity are not represented
in theliterature.The natural produdtoimamide A, a cyclic depsipeptide frothe marine
cyanobacteriunLyngbya majusculainteracs with voltagegated sodium channels and
activates sodiuminflux in mouse neocortical neurofiso] Identifying natural products that
targetsodium channels has been of interest for identifying possible analgesic therapeutics
and treatments for neurodegenerative disord&®en that nematodes, including

hookworms, possess potassium and calcium channels instead of sodium dhatinels,
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studies to identify natal producs that target sodium channels wilbst likelynot translate

to anthelmintic activity.

3.5 Next Steps and Future Directions

The current workexhibits the successful application @ multistep screen for
hookworm activity and the use of bioasgayded frationation to obtain nearly pure
natural products present in an anthelmintic fract@nce hookworm bioassay results are
received from the Aroian lab, final purification steps will be performed to obtain pure
natural product(s) that will undesdull strudural characterization techniques such as 2D
NMR spectroscopy and higiesolution mass spectrometry. Pure, quantified natural
product will be quantitatively evaluated against adult hookworms to determine

anthelminticpotencyand their mechanissnof actiorwill be explored

3.6 Materials and Methods

3.6.1 General Experimental Procedures

'H NMR spectra were acquired on a 16.4 T (700 MHZHband 175 MHz fotC)
Bruker Avance llIl HD instrument with arm indirect cryoprobe. Spectra were recorded
in CDCk and referaced tathes o | vent r eqd.R26)ancagectrp vecee processed
and analyzed using MestReNova 12.@0lumn chromatographwas performed using
SiliCyclebs Si |l isibickdelaHighperdfoBnance liguddichsotatagraphy
(HPLC) separations wermachieved with a Waters 1525 binary pump and a Waters 2996
photodiode array detector usieghera 4.6 x 250 mngilica column(Phenomenex Luna

5 em paradaldk 250 mmsiica golumn(Waters Spherisorb Silica OBD Prep
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Column,5 & m p a r).tLowreselution imass spectrometry (HRMS) data were

collectedin positive ion mode usingWaters QDapectrometer.

3.6.2 Biological Material and Species Identification

Tough bunches of g@urple marine cyanobacteriaith a white interiorwere
collected from reef toble in a lagoon off OnoLau, Fijion August 7, 2011S 20°37.12Nj,
W 17844.24Nj) . Voucher speci men9978were storedfat tlked a s
Universty of the South Pacific and Georgia Institute of Technology in agueous ethanol
and formaldehyde. Bulk cyanobacterrahterialwas stored at the Georgia Instituie

Technology in a 180 AC freezer.

Genomic DNA from both ethangireserved and bulk frozen cyanobacterial
specimen (&978) was extracted using the DNeasy Blood and Tissue kit (Qiagen)
according to the manufacturer's protocol. The single 16 rRNA gegradra from genomic
DNA was amplified Va the polymerase chain reaction (PCR), using bacterial 16S rRNA
primers, 27f and 1492151 The PCR ampl i fi cation was perf
volume consisting of 50 ng of purified gen
e M o ¢h ofettee oligonucleotide primers add0 U Tagq DNA Polymerase, and 1x
Standard PCR reaction buffer (NEBsWich, MA). The PCR amplification was performed
in a GeneAmp PCR system 2700 (Applied Biosystems, Foster City, CA) thermocycler
using the following temperature cycling parameters: iniknaturation at 94°C for 4 min
followed by a total of 40 cycles ofnalification in which each cycle consisted of
denaturation at 94°C for 50 s, primer annealing at 55°C for 50 s and primer extension at

72°C for 2 min. After amplification, final extensi®f the incompletely synthesized DNA
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was carried out at 72°C for 7 mi The PCR product was analyzed by agarose gel
electrophoresis (1% wt/vol). The gel was stained with ethidium bromide and visualized
under a UV transilluminator. The PCR product was saqad with forward or reverse
primers, and sequences were manuallyteeldi The sequence similarity of the
cyanobacterial 16S rRNA to other known cyanobacteria was determined by comparing it
with the noAaredundant nucleotide database (NCBI) using the blastgram(77] MEGA

X[78] was employed to conduchylogenetic analysisising the Maximum Likelihood

method based on the Kimurgparameter modgi] with 1000 bootstrap iterations.

3.6.3 Extraction and Isolation

Cyanobacterial biomass2339 g) was freezalried 849 g) and exhaustively
extracted (four times) usinglal mixture of dichloromethane and methanol. The resulting
crude extract{9.3 g) wasseparatedby liquid/liquid partition resulting in hexand8.59g),
dichloromethane4(.7 g), andbutanolwater(45.4 g) soluble fractions. The DCMoluble
fraction was subjectetb silica column chromatographwith 279 g of silica gel in 840
cmdiameter bys50cm high)columnwith a glass frit The fractions were collected using
a stepped gradient &fCM and MeOH(13 fractions, 1009 CM, 99% DCM/1% MeOH,
98% DCM/2% MeOH, 97% DCM/3% MeOH, 96% DCM/4% MeOH, 95% DCM/5%
MeOH, 94% DCM/6% MeOH, 93% DCM/7% MeOH, 92% DCM/8% MeOH, 91%
DCM/9% MeOH, 90% DCM/10% MeOH, 50% DCM/50% MeOH, 100% MeOH) The
fractions eluting fron®6% DCM/4% MeOH?2.18g) and95% DCM/5% MeOH (46.4mgQ)
were further separated usisgmiprepsilica HPLC (90% hexanes/10% ethyl acetadkelh
for 5 minutes, gradient from 90% hexanes/10% ethyl acetate to 100% ethyl acetate from 5

to 55 minutes, held 100% ethyl acetate for 5 minutes at 4 mL/min).
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3.6.4 Anthelmntic Assays

3.6.4.1 HookwormDevelopmentaScreening (E2L)

Initial screening for anthelmintic @eity was performed using aeggto-larva
(E2L) hookworm development scregns] Briefly, infectious Ancylostora ceylanicum
larvae (L3i) were oralladministeredo immunosuppressedale Syrian hamsteesd after
18 daysworm eggs were isolated from fecEggs werdransferred to a 9@vell platepre-
coated with ark. colifood sourcetest conditions were addeahdplates were incubated
for 7daysa t 2 l8hibifidd of egg hatch orlarvaldevelopmentvere used to assess the

inhibitory effect of test conditions.

3.6.4.2 Adult Hookwormln Vitro Screening

Hamsters infected witl\. ceylanicumwere dissected 11 days pastection to
retrieve young adult wormsr om t he hamst p#VermswaraNashedi nt e st
with prewarmed mediumthree times(RPMI1640, 1 0 0 IOsjréptamycin 100U
penicillin, 1 0 bebaye/ beirg transigprédad ae@@li screemihg plate
with 97 pl of medium(3 worms per well)Marine organism xractsand fractions were
dissolved in DMSO and added to screening platesfatah concentration of5 pug/mL.
After incubation at 37Cand5% CQfor2 4  h, mhibitien of worms was assessed using
the standard motility indeft32] The index ranked worm motility from O to 3 with 0
indicating deadvorms, 1 corresponding to worms that exhibit movement after stimulation,
2 for moving worms, aoh 3 for highly active worms. Treatment conditions that resulted in

a motility index of 1 or less for at least two worms were considered inhibForyeach

59



treatment condition, six worms were tested anbjectivelyassigned a motility index value

based on researcher observatiovisich was then averaged.
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CHAPTER 4. METABOLOMICS ANALYSIS OF THE IMPACT
OF CLADOPHOROL D FROM THE GREEN ALGA
CLADOPHORA SOCIALISON METHICILLI N-RESISTANT
STAPHYLOCOCCUS AUREUS

4.1 Abstract

An increasing incidese of infections byartibiotic-resistant bacteriand a dearth of
new treatment options in the development pipeheeessitate the discoveryof new
antibiotics An important component ithis development is understanding the mechanism
of action(MOA) of novel drug leads asithinformationallows for intelligent deployment
of antibiotics. The objective of th presenstudy was to identify putatide@lOAs of a novel
antibiotic oligomeric polphenol, cladophorol D, isolated from a green agadophora
socialis usingLC/MS and NMR-basedmetabolomics tahemically profilemethicillin-
resistantStaphylococcus aureMRSA) treated with this newatural productompared
with nine antibiotic pharmaceuticals with different known MOAs. Currently, the
experimental design for thmoject has been completed and pilot experiments confirming
the design have been conducted but cladophordll D exposure experimemntand

metabolomics analyses have yet to be finished.

4.2 Introduction

In the United States, more than 35,000 people die annually from more than 2.8 million
infections caused by antibiotresistantbacteria and fundii33] One Grampositive
antibioticresistant bactewim, methicillin-resistantStaghylococcus aureu§MRSA), has

been classified as a serious threattiy CDCdue to its resistance to many fitste
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antibiotics. Unfortunately, sincemajor pharmaceutical companies haskrunk or
abandoedtheir antibiotic discovery progranthere aréewantibiotics in the development
pipeline,causingconcernthattherise ofevolvedresistancemong bacterial pathogens is
outpadng the advancement of new treatment optiaas} In early 202ahe World Health
Organizationwarnedof the threat of antibioticesistance as a result of the drying drug
pipeline as well as the conceitmat the majority of drugs currently in developmere
variations on existing antibiotics with ondy handful addressing the most serious drug
resistant infectionp.35] Pursuing analogsf current antibioticss limited by thenumber of
modifications that can bmade to a single chemical cgtes] Additionally, analogs are
more likely to targetthe same phtvays as the parent compound making them more
susceptible to encounteringacterial resistance due to cresssistancewith existing
antibiotics Currently, only 10 of the 41ndibiotics in development represegithera new
drug class or target a new madism of action137] Understandinghe mechanism by
which newly discoveredantibiotics target bacteria is a necessary &epnitigating the
posgble evolution of resistanceand for expanithg the approaches by which weontrol
these pathogensuch as by use of combination therajiesg] Identifying combinations of
drugs though such approaches &&ckerboard assafielps prioritizgoromisingtreatment
options by exploring synergistic interactions of compounds against bachewiaby

discoveringantibiotic mixtures that thwart bacterial resistance pathyuagsL40]

Metabolomics hasecently expandeith technological advarements in detection
methods, data processing capabilities, and database availabiljtgimultaneous anadys
of manymetabolitegfsmall molecule intermediates or end products of metabpésables

evaluation ophenotypic differenceamong cells, tissues, organs, or organisrposed to
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different conditiong32] Due to its ability to provide selective, rapid, and siresanalysis

of metabolitesmass spectrometryMS) has been the technique of choice for the vast
majority of recent metabolomics studj@s2] MS detectsreadly ionized metabolites
present in the submicromolar rareged below, and it has both better resolution and a larger
dynamic rangeompared to other availablechnques The disadvantagef MS include
poor uniformity and repeatability of resulisising from inconsistergample preparation,
ionization, and chromatographyFailure of some molecules to ionize, suppression of
ionization by other components presentcomplex biological matrices, dna lack of
guantitativeessare further weaknesse&nother widely used option for metabolomics,
nuclear magnetic resonancBIMR) spectroscopyrequires minimal, nowestructive
sample handling tguantitatively detect the ost abundant metabolitésit NMR is not
particularly sensitive, failing to detect metabolites in the submicromolar fgySignal
overlap due to limited spectral dispersion is another weaknebBVi&f spectroscopy,
particularly withH NMR, howeverother NMR approaches withrgater ability to resolve
overlapping resonances (e.gl-resolved spectroscopy; HSQC; TOCSY; and those
detecting nuclei other thatH) suffer from even weaker sensitivityH-basedNMR
techniquesonly detect molecules with neexchangeable protons so mnimihtes that
contain few protos or primarily exchangeable protons are poorly sampled by liked
metabolomics.Vibrational spectroscopy techniques (g.Bourier transform infrared
spectroscopyand surfaceenhanced Raman spectroscp@re additional options for
metabolomics studies wdh are less expensive and have a higher throughput than MS and
NMR but are limited by their relatively poor specificity and sensitijity] Despite the

variety of available optionfor chemically profiling metabolomeso singleapproach
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detecs al metabolites in a sample. Sevenmacent publications have suggested that
combiningmultiple methods for exampleNMR spectroscopgnd MS can help overcome
limitations of a single analysis type while improving detection andstructural
characterizatiorof metabolitesand expanding the coverage of the metabolgme,145]
NMR and MSare complementariechniques thagxpand theneasurablenetabolome by
detecting different metabolites in additiondomemetabolitesn common allowing for
both confirmation ocompoundidentitiesby multiple methodss well asdetection of a
greater nmber of metaboliteg46,147] Additionally, NMR and MShave undergone
substantial technologal advancemes in instrumentation andre widely accessible to
research groupsnaking thenpreferred analytical tools for the metabolomics community
Thus,combiningmultiple analytical techniquesidconnecting the resulting datasetshe
optimal appoach forimproving confidence in metabolite assignmeatslincreasing the

total number of features detected in the metabolome

Metabolomicsshowsspecialpromisefor the evaluation of drughnechanism of action
(MOA).[30] Metabolomics provides a wealth of information about the effects of drugs on
a pathogen bysurveying thousands of metabolites that are the result of complex
biochemical pathwgs.[148] This information provides a global snapshot of how an
antibiotic affects pathogephenotype The pathogen of interest for the present study,
Staphylococcuswureus hasbeen the focus ofiumepus investigationson how strains
respond metabolically to variowntibiotic classesproviding useful information about
changes irbiochemical pathwayghat occurupon exposure talifferent drugg149-151]
Metabdomics has also been employed to evaluate the MOA of novel antibiotics by

comparisonto drugs with fully characterized MOAs or by annotating afletabolite
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perturbations to identify impacted pathways in cases where the compound acts via a new

mechanisni148,152]

The antibiotic oligomeric polyphenolsladophorolsA 1 | (14i 22) (Figure20), were
isolated from d&ijian green algaCladophora socialisand identified using a combination
of NMR spectroscopy, maspectrometric analysis, and computational modeilirig DFT
calculationg153] Polyphenols are not commonly found in green a@lganly a few
examples exist of relategreen algalnatural poducts including the rominated
polyphenolicfeeding deterreraivrainvilleol andits condensation produatawsonol[154-
156] as well agwo vanillic acid analogs from Australiddladophora socialighatdisrupt
insulin cell signaling157] Whenevaluated against a panel @ ampositive and Gram
negative bacteria and two pathogenic fuogidophorols B 15), C(16), D (17), E (18), F
(19), and G 20) showed selectivity towards MRS#ith MICgovalues of 13+ 2, 1.4 £0.3,
9+2 25+3,14 + 3, and 31 +3 pg/ml, respectiyehp] Cladophorol B {5) was also
active against bloodtageP. falciparumwith an EGp of 1.9ug/ml. These natural products
exhibited wealcytotoxicity against immortalized human keratinocytsconcentrations
well above thoseat which MRSA was susceptiblendicating thatthe antibiotic
cladophorols could be viable antibioticsr flurther pharmaceutical development due to

their selectivity towards MRSAm low toxicity.
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Figure20. Molecular sructures of phenolic natural products isolated from the green
algaCladophora sociali$153]

Although broad spectrum antibiotics are offgaferredtheir use poses increased risk
for evdution of drug resistance and can also have negative consequencasiman
microbiomes, which prade essential physiological functions to their human hosts and
which are sensitive to antibiotic expos{rgs] Disruptions to the microbiome can result in
disruptednutrient absorption, vitamin production, and immune response analsmalead
to lowered bacterial diversityncreasgng susceptibility to opportunistic pathogenisas
Clostridium difficile In cases where the identity of the infecticausing bacterium is
known, application of a narrow spectrum antibiotic, such as tMRSA-selective
cladophorol natural products, can avoid some of these isSaktivity towardsa few
strains of one specied bacterial pathogen suggests that the cladophorols have a specific
MOA. For the present studylaclophorol D {7) waschosen forevaluaing the MOA of

this class of natural productsaagst MRSAusing a metabolomielsasedapproactdue to
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compoundavailability andtherelatively highpotencyof 17 against MRSA Additionally,
a strain ofS. aureugesistanttal7was i denti fied (unpublished
lab) which allows for future studiesomparng the sensitive MRSA strain in order to

identify posdble mechanisms of resistance.

4.3 Experimental Design

4.3.1 Development dintracellular MetaboliteExtraction Procedure

Since there is no universal method in microbial metabolomicsgifowing or
processindgacterialsamplesdifferent procedures reported in tidure were evaluatdd
identify techniques thainaximize metabolite yield whileinimizing media components,
metabolitelosses, and chemical changes ammetabolitecaused byample processing
The first consideration was the type of media that wdnddused for growing MRSA.
Relative to typically used complex growth medigprevous study found thagrowth of
MRSA on minimal media resulted in a metabolite profildicative ofsurvival modg159]

To avoid putting cells in such a statdich would confound experimental exposure to
antibiotics the complex mediblutrientBrothwas selectedlwo practicessommonly used

for separating bacterial cells from media, fdi#tration and centrifugation, have befund

to differenty impactcellular stresswith centrifugation resulting in greater sts¢s51,160]

To minimize the production of stress metabolites, fast filtration was selected for the current
experimentAnother important factor for metabolite extraction is the quenching step which
should be repragtible, fast, and prevent leakage of intracellulartaibelites prior to
addition of extraction solvenf number of methods have been used to quench metabolism

of bacterial cells includingnmersion incold methanol,cold ethanolperchloric acidor
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glycerol-saline solutiog, anddipping cells idiquid nitrogenf161] Cold ethanolwas chosen
for the current experimentor cell disruption, required to access the intracellular
metabolites, a mechanical method peeferred since organic solventare often not
sufficient for breaking open the celblof S. aureu$160] Bead beatingvith zirconia/silica
beads was used to access intitatae metabolites. An overview of the experimental design

is provided inFigure21.
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cladophorol D :
MRSA grownin  Diluted MRSA culture, added sublethal dose Filtered culture onto 0.45 um 47~ Transfered filter to cold 70% aqueous
nutrient broth of antibiotic (e.g. cladophorol D) to culture, mm PES filter, rinsed twice with  ethanol and vortexed to suspend cells in
overnight. and incubated for 6 hours. cold 0.6% NaCl. solution.
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0.5 mm zirconia/silica beads,
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Figure 21. Experimental designor extraction and analysis of intracellular
metabolites from MRSAor the metabolomics mechanism of action study
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4.3.2 Selection of Antibiotics

A total of nine clinically relevant antibiotics with a varietiymechanisms of action
(MOAs) were selected fonclusion in the metabolomics experiment to determine putative
MOAs by which cladophorol D1(7) acts as an antibiotid &ble7, Figure22). Antibiotic
concentrations were selected so that MRSA growth would be suppressed5089620
relative to MRSA treated with a solvent control. Inhibiting MRSA growth by greater than
50% might reult in the production of metabolites associated with @alldeath while
inhibition less than 25% might not cause detectable metabolite perturbations or could
possibly promote production of metabolites associated with cell signad#ge2] The
optimal antibiotic concermation was determined by comparing the growthMRSA
treated with a solvent control to MRSA growth when exposed to each antibidtbie

7.

69



Table7. Antibiotics selected for inclusioim the metabolomics study to determine
the MOA of cladophorol D1(7), by comparison with antibiotics of known MOA.

Drug Solubility Drug Class Mechanismof Action
ciprofloxacin dilute fluoroquinolone Inhibits cell division by interfering wit
(23 agueous DNA gyrase and a type Il

acetic acid topoisomerase, topoisomerdse
required forseparahg bacterial
DNA .[163]
clindamycin water lincosamide Binds to the23S RNA of the 50S
(29 subunit of the bacterial ribosome
resulting in inhibition obacterial
protein synthesig.64]
isoniazid (25) water pyridine Disrupts bacterial cell wall by
carboxylic acid inhibiting synthesis of mycolic
acids[165,166]
kanamycin (26)  water aminoglycosie Binds to the 30S subunit of the
bacterial ribosomeesulting in
inhibition of protein synthesig67]
linezolid (27) water oxazolidinone Inhibits initiation process of protein
synthesis[168]
monensin(28)  ethanol ionophore Acts as an ionophore by interfering
with cell membrane permeabilify69]
rifampicin (29) dimethyl ansamycin Inhibits DNA-dependent RNA
sulfoxide polymerase, leading to a suppressio
RNA synthesis and cell deattvo]
sulfacetamide methanol  sulfonamide Interferes with biosynthesis of folic
(30 acid by competitively binding to
bacterial paraaminobenzoic acid
(PABA) requiredfor bacterial
growth[171]
vancomycin water glycopeptide Complexes wittD-Ala-D-Ala terminal
(31 of peptide chaimesulting in inhibition
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Figure22. Nineantibiotics[163-165,167172]included inMRSA metabolomics study
to evaluate the MOAfacladophorol D 17).
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4.4 Results

4.4.1 Evaluation of Cladophorol D1(7) against S. aureus Strains
To probethe selectivity otladophorol D 17) and to identify resistant strains $f
aureus experiments were performed by Dyr. Cas
to evaluate activity 017 againstmultiple S. aureusstrains. This testing indicated tHet
inhibits three of five strains &. aureudested, including methicillinresistant strain of
S. aureugAH1263) andtwo multi-drug resistanfMDR) strainsprovidedby the CDC
(CDC474 and CDCA480jFigure 23). Two strains, a methicillisensitive S. aureus
(UAMS1) and an MDR strain resistanto tetracycline and susceptible to oxacillin
(CDC470Q, were resistant td7, making them viable options for pursuing a metabolomics
study comparing the metabolome of sensitive versus res&tantreusn the presnceof

17 for possible elucidation of mechanisms of resistance
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Figure 23. Evaluation of cladophorol D 1{) against mltiple strains of
Staphylococcus aureud®JAMS1: osteomyelitis methicillirsensitiveS. aureus(ATCC
49230);AH1263 MRSA strain regularly used by the Quave 1&R0)C47Q a multidrug
resistant (MDR)S. aireusstrain resistant to tetracycline and suscepttbleoxacillin;
CDC474 an MDRSS. aureusstrain susceptible to tetracycline and resistant to oxacillin;
CDC480: an MDRS. aureusstrain resistant to both tetracycline and oxacillin). Data
generatedbyDr Cassandra Quaveds | ab at Emory

4.4.2 Evaluaton of Antibiotics with Known MOASs

Before starting the metabolomics experimeagch selected antibiotievas
evaluated against an-lhouse strain of MRSAATCC 33591) to determine thidCso and
MICgo values Table 8, Figure 24). Since ICso and MIGyo values are impacted by
experimental conditiongt was important to exgimentally obtain these measurements
while using reported literature values as a starting pOihthe antibiotics tested, MRSA
strain ATCC 33591was relatively irsensitive toclindamycin(24), isoniazid(25), and
sulfacetamid€30). Since these antibioscact via unique MOAs, they were included in the
experiment despite threrelative lack of inhibition against MRSAwhich could be

anticipated to result in modest, if any, disruption to the MRSA metabolome
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Figure24. Growth inhibition of MRSA treated with nine antibiotics in aWéll
microplate Growth of tis strain ofS. aureugATCC 33591 )wasnot inhibited by exposure
to clindamycin (24), isoniazid (25), or sulfacetamidg30) treated with a maximum
concentration of 650, 650, and 320 pg/mL, respectively

Table8. ICso and MIGy valuesmeasiredfor the nne antibiotics chosen for the
MRSA metabolomics study for evaluating the MOA of cladophor¢l D).

ICs0 MIC 90
(Mg/mL) (Hg/mL)
ciprofloxacin (23) 0.12 0.39
clindamycin (24) > 650 > 650
isoniazid (25) > 650 > 650
kanamycin (26) 0.34 0.93
linezolid (27) 0.160 0.64
monensin(28) 0.33 0.57

rifampicin (29) < 0.00023 < 0.00@4
sulfacetamide(30) > 320 > 320
vancomycin(31) 0.55 0.84

The results of the antibiotic dose response experimerdgsubgquently used to
choose concentration® evaluate at theulture volume planned for the metabolomics

experimentMore specifically, the goal was to identify concentrations that inhibited MRSA
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growth relative to a solvent control by betw@@rand50%. This range was chosen so that
the effect of a given antibioticon the MRSA metabolomeould be observedvhile
minimizing the amount of dead cells, which could skew resulfsdysing onrmetabolites
associated witlsatabolism andell death Since the dture environment varied drastically
from the initial evaluatioperformedn 96-well plates, the concentrations selected did not
result in ideal MRSA growth suppression for all of the antibiotics teistestaledup
preliminary experiment@-igure25). Additionally, the dose response curve for some of the
antibioticsexhibitedvery steep slope#dicating great sensitivityp minute differences in
antibiatic concentration.Ciprofloxacin (23), monensin (28), and vancomycin(31)
produced optimal MRSA growth inhibitidmetween20 and 5o at 0.0®, 0.35, and 0.25
pg/mL, respectivelylsoniazid(25) and rifampicin 29) did not suppress MRSA growth
sufficiently atany tested concentratis with the highest concentrations tested beirig
mg/mL and0.23 ng/mL, respeately. Since25 did not suppress MRSA growth at any
concentration tested in the - 9&ll plate format (maximum concentration of 650 pg/mL),
there will likely not be an observable reduction of MRSA growth witls #mtibiotic.
Therefore, the concentration @f5 mg/mL for 25 will be used for the metabolomics
experiment.Clindamycin @4), kanamycin 26), linezolid (27), and sulfacetamidé30)
suppressed MRSA growth too much at the concentrations té&tethe antibiotics that
did not acheve ideal growth curves at any of the tested concentratiofd|ow-up
experimentwas performedto identify optimal antibiotic concentrationd-igure 26).
Additionally, cladophorol DX7) was included in tis evaluation Results from the follow

up growth curve experiment identified the following optimal concentrations: 0.45 mg/mL
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for clindamycin @4), 0.10 pg/mLfor kanamycin 26), 0.15 pg/mLfor linezolid 27), 0.50

mg/mL forsulfacetamié 30), and0.20 pg/mL for cladoporol D (17).
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Figure25. MRSA growth curvegxposed to each ofine antibioticqselected for
the metabolomics experim@nOptical density(OD) readings at 600 niwererecorded
regularly over the course of 6.5 hours to track growth of MRSA, with higher OD values
indicatinggreater cell densityhe goal was to achieve a final OD reading for the antibiotic
treatment conditions that was betweer8806 of the maximursignal obtained for MRSA
treated with a solvent control.
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Figure 26. Follow-up evaluation of MRSA growth exposed to adjusted
concentrations of the antibiotics clindamyci@4), kanamycin 26), linezolid @7),
rifampicin 29), and sulfacetamide() as well as cladophorol C17).

4.4.3 Preliminary Evaluation ® Metabolomics Workflow with Four of the Nine

Antibiotics

Before performing a full scale metabolomics experiment with cladopho¢b¥)D
a pilot experiment wasxecutediusing a subset ohé antibioticgo confirmthat thesteps
shown inFigure 21 produce results that discriminate between the different treatment
conditions For each condition, a total of six replicates wamtuded with two replicates

of each treatment generated eatdy for three days (i.e., in three batchesfter
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intracellular metabolite extractiodd NMR spectraldata were collected on an 800 MHz
NMR spectrometer for both nonpolar and polar metabolites using £i0@Iphosphate
buffered DO, respectively. Thepectral data for the nonpolar metabolitesntained few
resonances in regions of the spectrum illustrative of important functional grosiesd
revealing substantiahethyl and methylene envelgiadicating the presence of fatty acids
which are not distiguihable by NMR spectroscopyhese features did not vary among
treatments Thus, statistical analyses were not performedtt data sefpertaining to

lipid-soluble metabolites

Spectra from the polar metabolomezghibited a greater number of complex
resmancesand by eye appearedo vary by treatmenffFigure27). The NMR spectral data
for the polar metabolitewere pre-processed using Metabolaind statistically anaied
with PLS Toolbox. A principal component analysis (PCA) vemsployed todetect
relationships between exposure to different antibiotics and features of the MRSA
metabolomédFigure28, Figure29). Evaluation of PCA results indicated that although the
treatment conitions were not distinguishabbeccording to le first principal component
(PC)), there was obvious separation between conditions in PCs 2, 3, dndliad.
metabolomes of MRSA exposed fprofloxacin and monensiwere statistically different
from the othe conditionsvia PC2 and were distinguishalftem each other in PC3. PC4
revealed differences betwettre vancomycin treatment arstilifacetamide and the solvent
control Metabolomes associated wihlfacetamidexposuréneavily overlapped with the
solvert controlwhich supports the previously obsedvminimal impact sulfacetamide had

on this strain of MRSAFigure24, Table8).
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Figure 27. 'H NMR spedra (phosph#e buffered RO, 800 MHz NMR of
intracellular metabolite extracts from MRSA treated with ciprofloxacin (red), monensin
(green), sulfacetamide (purple), vancomycin (orange), or a solvent control (black).

Examination oPCAloadings for PCg, 3, and £nabled preliminary consideration
of MRSA metabolites whose concentrations were affected by antibiotic ex{ésyues
29). Variability in metabolite abundances amotrgatmeng arosefrom differences in
NMR spectral gnals between -1 ppmand 7.58.5 ppm There is a wide variety of
metabolites wh proton spectral signals in the-4 ppm rangeincluding lipids, sugars,
amino acids, lactiacid, and acetate, while signals in the 8% ppm range might
correspond toprotons in puring aromaticgroups or the amino group of an amino

acid[173,174]For PC2, spectroscopic features with positive loadiwgseassociated with
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metabolites that have increased concentraiioMdRSA treated with either ciprofloxacin

or monensinNMR spectral signals around 1.5, 1.9, 2.1, 2.4, 3.2, 3.4, 3.9, 7.7 and 8.4 ppm
were all noticeably upregulated in PZ Positive loadings in PG corresponeld with
increased concentrations of metabolitesf treatment of MRSA witltiprofloxacinwhile
negative loadingaereassociated with increased concentratiwin®etabolites ithe other
treatment conditions. Interestingly, some of the spectral signtilgpositive loadingsn

PC2 werenegative in PQ3, induding 1.9, 3.2, 3.4, 3.9, 7.7, aBd ppm, suggesting that
their presence ithe positive region oPC 2 was due to monensin. Additionally, BC
contained a higher concentration of the metabolite corresponding to the signal at 2.4 ppm
which suggests thimetabolite corresponds to treatrhehMRSA with ciprofloxacin PC

4 differentiated treatment of MRSA with vancomycaiprofloxacin,or monensinfrom
treatment of MRSA with sulfacetamide or the solvent confrbk loadings plot for P@
looked very sinlar to the loadings for P@ with anly slight differences: 0.9 ppm was
negative in PG4 (absent in P@), 1.5 ppm had variance in both positive and negative
directions (only positive in PQ), and 3.2 ppm was absent in BOComparison ofH

NMR spectral gnalsof extractsfrom MRSA treated with ciprofloxacin to the loadings

plot for PC 3, which differentiated ciprofloxacin from the other treatment conditions,
revealedpositive peaksn the loadings plot corresponded to observaHI&IMR spectral
signals (Figure 30). Although NMR metabolomics produced results that showed
differentiation between treatment conditions, additional analysis using mass spectrometry
would aid in identificabn of metabolites. Thus, for tHell metabolomics experiment
exploring the MOA of cladophorol DL7), both NMR spectroscopy and LC/MS will be

used to identify and quantify metabolite differences between treatmeditions.
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Figure28. Principal component analysis (PC#gores plot®f metabolomics data
from *H NMR spectra ofpolar, intracellular metabolites from MRSAATCC 33591)
treated with either ciprofloxacin (5 monensin (n=5), sulfacetamide (n=4), vancomyci

(n=5), or a solvent control (h=8}olored circles correspond to the 95% confidence interval
for eachtreatment
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Figure 29. A. PCA loadings for'tH NMR metabolomicsof polar, intracellular
extracts of MRSA(ATCC 3354). Spectroscopic featuresith positive loadings are
associated with metabolites exhibiting increased concentsatianeatments that fall in
the positive region of the scores ploe( ciprofloxacin and monensin treatments for PC
2) whereasspectrosopic features with negative loadings indicate metabolites with
increaseatoncentratioa corresponidg to treatments thdall in the negative region of the
scores ploti(e., sulfacetamide, vancomycin, and solvent control treatments for A& 2)

Overlay d loadings plots from P@ (red), PG (orange), and P€(black) in NMR spectral
region with the greatest amount of \aility.
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Figure30. Overlay of loadings plot for PC 3 with NMR spectral data acquired for
intracellular metholite extracts from MRSA treated with ciprofloxacin, the treatment
differentiated by PC 3. Positive loadings valuesespond to NMR spectral signals that
are upregulated in the ciprofloxacin treatment condition.

4.5 Discussion

Of the available techniquesrfevaluating mechanisms of action (MOA)ystems
biology approachsuch as metabolomics,ase of the mosefficientand comprehensive
optionswhen the MOAof a candidate drugs completely unknownespeciallywhen
compared to approaches that assm®s putative MOA at a time. The global picture
provided by omics approaches allows for a fuller appreciatigetirbatims to cellular
pathways associated with exposure to a d@fythe omics approaches, metabolomics
measures the end products of biochehpathwaysnd canamplify minor changeghat

occur in the transcriptome, proteome, or gendmae] Another situation where
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metabolomics proves to be the best analysis optiomfienstanding the MOAf available
drugsisin cases wheréhe target pathogen has poorly understood biology or a complex
infectioncycle, which makes an unbiased approach for exploring MOA more suitable than
targeted methods75] Mycobaderium tuberculosigs one such pathogen that presents both
of these challenges which is in part why recent MOA studies of this pattesgploy
metabolomic$148,152] Although the biology ofS. aureusis better understood thavi.
tuberculosis a metabolomics approach is still considered a powerful tool for elucidating

MOA of novel antibiotics.

A simple approach to deciphehethera novel antibiotic acts via a known rmew
MOA is to compare metaboiones of the pathogen exposed to the novel antibitic
antibiotics whose MOA#$ave previously beeoharacterizedIf the novel drug induces
pathwayperturbationghat overlap witta known antibioti@s, this supports the hypothesis
thatthe two antibioticshae a common MOAagainst the target pathogérhis approach
was successfully applied in a stud§ Mycobacterium smegmati® nonpathogenic
bacteium used as a model fit. tuberculosisin whichthe effecs of three novel chemical
leadswith unknown MDAs were compared to 12 antituberculosis drugs with known
MOAs [148] Through principal component analysis (PCA) amthogonal partial least
squares discriminant atysis (OPLSDA) of 'H NMR spectral datahat study reported
that the newdrugs shared a commoMOA with one another Metabolomes of\.
smegmatiexposed to these drugdso clustered withthose treated witlthe antibiotics
ampicillin, D-cycloserine, and vancomygimll of which disrupt cell wall formation
supportinghe hypothesis that the new drugs also disrupt cell wall formatidine present

study, a similar approach is planned to determine if the Inmvigbiotic natural product
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cladophorol D 17) acts against MRSA vian MOA in common with one of nine antibiotics
with known MOAs. The pilot experimentith the antibiotics ciprofloxacin, monensin,
sulfacetamideand vancomycin confirmed thah &NMR-basedmetabolomics approach
distinguistes metabolite differences in MRSA treated with these different antibiotics.
Comparison of théH NMR spectral signalsesponsible for the observed variance in
antibiotic treatmentconditions to NMR metabolomics studies presented in literature
allowed some conclusions to be dra@iprofloxacinhas previously been reportedaiter

the pool of deoxynucleotidemdpeptidoglycan precursorsiltimately impactingNA and

cell wall syntlesis[150] H NMR spectral signals for deoxyribose sugars fall within the
spectral range of-4 ppm where differezes were observed for BJprincipal conponent

that differentiated ciprofloxacin from the other treatment conditions); however, downfield
signals (68 ppm) associated with protons of the base unit of a deoxynucleotide were absent
in this loadings plot, dproving the hypothesis that MRSA expasuo ciprofloxacin
disrupted deoxynucleotides in the current experin(@mure 29). A previous study
reported that metabolitesssociated with th&icarboxylic acid cycleincluding citrate,
isocitrate, and dxoglutarate were upregulated during treatmemtff S. aureuswith
ciprofloxacin. PC3 contains increased NMR spectral signals corresponding to these
moleculeg150] Evaluation of the impact of monensin @attle ruminal fluid, which
contains a diverse array of microbdsund that metabolic pathways associated with
metabolism of linoleic acid and some amino acids, including phenylalaaire
upregulated176] PC 2, which differentiated monensin and cipoofacin from the other
treatment conditions, contained upregulated signals in both the upfididgin) and

downfield (7.58.5 ppm) regions that might correspond to these types of metabohtes.
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next stedor this projecwill be to perform the full metaolomics experiment with all nine
antibiotics and cladophorol D17), combining NMR and M$ased metabolomics

analysis

If the metabolome of MRSA treated with cladopdld (17) does not overlap with
one of the other antibiotic treatments, another approach that can be taken to edutidate
ant i bMOA is to &xamine whichmetabolites are upregulated or downregulated
without compring to other known drug%his information can be used to determine which
biochemical pathways are impacted doyy individual antibioticA study evaluating the
effect of antibiotics againsEscherichia colisuccessfully employed untargeted mass
spectronetry-based metabolomics to characterize the MOAs of nine antibiotics, supporting

that this is a viable approach for elucidating unknown and possibly novel M@As.

Comparing responses latedbacterial strains to an antibiotic is another possible
approach for assessing MOA. By comparimgtabolomes oftrans from the same
bacterial species with varying susceptibility to a given antibiotic treatment, it is possible to
identify subtle differences indicative of how the antibiotic inhibits growth of a more
sensitive strain. Additionally, this approastay leadto identification ofmechanisms of
resistance thahave led toa susceptiblestrain becoming insensitiveThis approach is
complementary to the method presented in the current work as both methods provide
information about what biochemical pathways peturbed.This method was successfully
used to evaluat8. aureusstrainswith varying degrees of susceptibility theantibiotics
methicillin, gentamicin, ciprofloxacin, erythromycin, and fusidic adehdingto the
finding that certain lipid groupare wpregulated in resistant bacterial strains conferring

antibiotic resistance to the bactelias] The screening againSt aureustrains pgormed
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by Dr . Cas s a pidppicteds@nsiive and resistard lmda that could be used

for a future study obacterialresistance pathwayslevant tacladophorol D 17).

4.6 Materials and Methods

4.6.1 Determindion of Antibiotic Dosage for Metabolomics

MRSA (ATCC 33591)wasgrown at 3 °C with shaking atLl20rpm in 10 mL of
Difco Nutrient Brothovernight. @tical density at 600 nm (OD60@Rs measure(BioTek
ELXx800 Absorbance Microplate Readexidculture was diluted to obtaian OD600 of
0.0 (approximate cell density 1 x 46ellsmL). MRSA culturewas distributed to wells
in a 96well plateand the following antibiotics were added in serial dilution down thepl
along with solvent contrel based on the solubility of each antibiot@profloxacin
(dissolved in 0.5% agousacett acid, concentration range 0.038 pg/mL) clindamycin
(water, 0.015550 pg/mL) isoniazid(water, 0.015650 pg/mL) kanamycinwater, 0.015
33 nug/mL) linezolid (dimethyl sulfoxide, 0.0183 pug/mL) monensirn(ethanol, 0.0183
pg/mL), rifampicin (dimethyl sulfoxide, 0.0002383 pug/mL) sulfacetamidéwater, 0.015
320 pg/mL) and vancomycin (water, 0.01833 pg/mL) Concentrationrangeswere
selected based on reported Md®@alues for the antibiotics in literatur€o prepare the
plate, 5 pL of each treatmewas added to the top row which contained 145 pL of MRSA
culture. Then 50 pL of the top row was transferred, after mixing, to the next row and the
same volume was transferred down the plate resulting in a titate volume of 100 puL
in all wells. Theplate was incubated at 3 with shaking a0 rpmfor 6 hours. OD600

readings wereecordedand dose response curves were plotted in GraphPad.
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Based on thedose responseesults, antibiotic concentrations thatugpressed
growth by 2050% relative to thesolvent control were selected for a follayp study
performed with the MRSA culture volume intended for the metabolomics experibient (
mL). To simplify the number of controls necessary due to the different bvigbof the
antibiotics chosen for thexperiment,every culture condition (treatments and control)
contained a mixture of all of the solvents used to dissolve the different antibiotics (0.53%
agueous acetic acid (0.1 % of final solution); water (0.66%nal solution); ethanol
(0.14% of finalsolution); methanol (0.08% of final solution); and dimethyl sulfoxide

(0.33% of final solution)).

4.6.2 Sample Preparatignintracellular Metabolite Extraction and NMR Spectral

Acquisitionfor Pilot Experiment

A total of 30 MRSA cultures(ATCC strain 33591)vere growrnover the course of
three days (10 cultures per day for 5 treatment conditions tested in duphcataL of
Difco Nutrient Brothdispensed in 25 mL tissue culture flasks37 °C withshaking a60
rpmfor 6.5 hours, the amount of time it tofik MRSA to reach late exponential growth
For each test day, media was qneated with the different solvents and antibiotic
treatments (solvent control: mix of 5 solvents described in previous section; cipoifiox
[final concentration 0.05 pg/njlplus ethanol, methanol, water, and DMSO to amounts
defined in previous section; monen§iimal concentration 0.35 pg/mlplus dilute acetic
acid, methanol, water, and DMSO; sulfacetanjitigal concentration 0.6 mg/njLplus
dilute acetic acid, ethanol, watemd DMSO; and vancomycifinal concentration 0.25
pg/mL] plus dilute acetic acid, ethanol, methanol, and DMSO. Thérpated media was

then inoculated with MRSA to achieve a starting delhsity of abouf x 10’ cells/mL.
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After incubation, the cells @&re separated from the media using vacuum filtration viath P
filters (Supor, 0. 45 andrihepralls veere sinsed &vith chiledl |
0.6% aqueous NacCl solutiomhe filter was transferred to sterile50 mL polypragpylene

tube containingold 70% aqueous ethanalortexed to transfer cells from the filter to the
solvent and the70% aqueous ethanulas transferred to sterile 15 mL polypropylene

tube containing 0.5 mm ziro@/silica beadsThe cells were lysedby vortexing the
cell/mettanol/bead mixture and then centrifuged to pellet the cells and beads. After the
supernatant was transferred taglassscintillation vial, the celdqueous ethantbead
mixture was rinsed tlee times with70% aqueous ethanolhe resulting intracellular
extract was dried in a speed vacuum concentrator before being subjected to liquid/liquid
partition with a 3:1.4:1.6 mixture of chloroform, water, and methanol. The resulting
nonpolar and polaextracts were dried in the speed vacuum concentrator and |yeghili
prior to NMR spectral analysiFhe nonpolarsamplesvereresuspended with50 € L o f
CDCls while the polar samples were dissolve®®8% DO solution containing 56M
phosphate buffep(H 7 . 2, unc or r-(&imdthylsily)prepiordc a&el,2,33M 3
d4 (TMSRd4) as an internaktandard for chemical shift referencirmgfore being
transferred to 3 mm NMR tub€e$i NMR spectra were acquired on a 16.4 T (700 MHz for

H) Bruker Advance 1l HD instrument with a 5mm indirect broadband cryoprobe

4.6.3 Metabolomic Data Analysis

H NMR spectral datavere preprocessed Metabolab TMS wasused to align
spectra at 0.00 pprndall spectra were manually phased daselinecorrected prior to
removal ofthe spectral regions around TM&.00 to 0.50),D.0 (4.50to 5.50, and

unoccupied downfield regio®(61to 14.60. All spectra weraoisefiltered, binned (0.005
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ppm),andprobalilistic quotient normalizedPLS toolbox version 8.1 iMatlabwas used

to construct principal component analy$C@) plots.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

Natural product drug discovery continues to pdewaluable leads for nemvedicines
despite the shift in focus of pharmaceutmanpanieso combinatorial chemistry and high
throughput screeningf synthetic chemical librariesver the last few decadgs. The
decision to deprioritize natural product discovery programs w part due to challeag
presented bthelimited supply of natural producés well as difficulties encountered while
pursuing synthetic routes since many natural products are comprised of cengftelds
Additionally, there is a high rate cé-discovey of knownbioactivemolecules in screening
programg179] Taking steps to understand the mechanisms of action (MOASs) of these
complex molecules, aeportedin chapters 1 and 4&an help boost thékelihood that
pharmaceutical comparsiegoursue development ofudys derived from natural products,
especiallyif the MOA isfound to benovel. An additional benefit to elucidating the MOA
of a natural product is that it can help identify the u ghérmacophorehich can in turn
lead to a medinal chemistry programowards development déad molecules with

reduced structural complexityso]

Synthetic biology provides aumber of solutions to exisg challenges with
natural product drug developmeKnowledge of théiosynthetic gene clusteesnicoding
enzymes required faassemblyof these complexnoleculesis the first step towards a
biological solution to natural produsynthesisMore specifically geneticengineering to
express biosynthetic gene clusters gtalablenicrobial system such &s colicanenable
accesdo complexchemical structures (including with control of stereochemisiry

improveal yields[181] Additionally, research on cryptic biosynthetic gene clusters has
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providedpromisingroutes to promotingproduction of novel chemical entitigi2] In the

field of chemical ecology, induction of chemicaffenses produced by cryptic biosynthetic
gene clusters has been reported. For exam@éeptomycesp. andAspergillussp. co
isolated off Heronsland in Australia were found to be involved in chemical warfare where
a metabolite produced by the fungAspergillussp. stimulated nitric oxide production by
the bacteriunStreptomycesp. which in turn activated a silent biosynthetic gene cluster
tha produced the antifungal natural product heronapyrroles®. Identifying such
interactions or exploring the role of a natural prodaoctts native environment, as was
donein chapter 2, can assist in promoting productiothese unique, bioactivaolecules

from cryptic biosynthic gene clusters.

Advancements in the field of natural products chemistry have been greatly aided by
improvements instructure elucidationnstrumentation, construction @mall molecule
databases, and the use of informatics tools to analyze complex dafabetscesin
instrumentatiorhavemade it possibléo identify natural productgroduced in very small
natural yieldsand to quickly identify known compoundgithin complex mixturesin
chapter 1 microgram quantities of new and previously identif@génobacterial natural
products were isolatedithoutthe sensitivity and spectral dispersafran 800 MHANMR
spectrometer, deciphering the structures would not have been fe@sibfgers 1 and 3
made use of NMR spectroscopy and LC/M&Tly in theisolation processo assist in
dereplication efforts. Although thdid lead to identification of known naturpfoducts,
thenovelty of the bioassays used for screening meant thatifekeowvn natural products
were responsible for the observed bioactiMiteir promise for treating a neglected disease

with few pharmacological options provided motivation for stned characterizatian
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The future of natural products chemistry looks briytaluableresources taid in the
identification of moleculessuch asthe Global Natural ProductsSocial Molecular
Networking (GNPS)databasg184] MarinLit,[7] and the Natural Product Atlgsss]
continue toemergeand increase in sophistication. New approaches to data analytics, such
asmolecula networking, enable organizati@md hypothesisiriven exploratiorof large,
complex datasets that would otherwise benatielming to analyzgi8e] New informatis
systemshave also been developed to amalyNMR spectral datdor example, Small
Molecule Accurate Recognition Technology (SMART97] This technigie makes use of
nortuniform sampling 2D NMR spectroscopy and deemlutional Neural Networks
to aid in dereplication and early idéditation of natural products before substantial
investment inpurification efforts Computer Assisted Structural Eluciaem (CASE)
[188,189]prevens incorrect structural assignments by computatilyngeneratingpossible
structures based on experimental NMR spectral featfudhker increasing efficiency of

natural products research efforts.

This dissertatiorexplored three distinct topics related to the field of natural products:
discovery of therapeuticfrom marine organisms, evaluation of thétOAs against
pathogensand identiication of their defensive roles in their native environmetthapter
1 contributes valuable knowledge for possible treatment options for malaria hhtioeig
discovery of nanomolar &imalarial activityin the known cyanobacterial natural product
lyngbyabellin A @) andthroughthe evaluation of thtMOA of the antimalarial natural
product kakeromamide BL). Chapter 2 provides insights about the protective role of
peyssonnoside A7f against a marine funguand gives a more comprehensive

understanding for why the red alBayssonelia sp. produces this natunatoduct in such
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high abundance. Chapter 3 demonstrates the potential for identifying natural products with
anthelmintic activity from marine organisms, however, further steps are still needed to
identify the bioactive molede(s). Currently, natural prodts from the bioactive fractions
submitted to collaborators in the Aroian lab have been purified and once bioactivity results
are returned, structure elucidation of the active natural product(s) will be completed with
the asstance of Bhuwan Chhetri of @ahKubanek labbefore returning pure natural
product(s) to the Aroian lab for evaluation of potency against infectious hookworms
Chapter 4 presents a viable methodewploring the MOA of a novel compound through

the systemdbiology approach of metaboloos. To complete the work presented in this
chapter, a full metabolomics experiment with cladophordl D &nd nine antibiotics with
known MOAs will be performed with the help of Nol&arrett of the Kubanek lab. €h
resulting intracellular metabolite extracts will be evaluated using NMR spectroscopy and
LC/MS analysis.Despite chapters 3 and 4 being adversely impacted by the shutdown
caused by COVIELY9, the work presented in this digs¢ion represents a substahbady

of work that has positively contributed to the field of natural products. Additionally, every
effort will be made to progress the research presented in chapters 3 and 4 to the point of

publication.
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APPENDIX A. NMR DATA TABLES AND SPECTRA

jk191009-0: #494-526 RT:3.92-4.17 AV: 33 NL: 1.60E8
T: FTMS + p ESI Ful ms [150.00-2000.00]
813.3958

R=22495
10 z=1

9

9

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1 355.0695

R=33998 5373116 911.2137
1 z=1 R=28688 R=21459
5 z=1 z=1
0
200 400 600 800 1000 1200 1400 1600 1800 200¢C
m/z

Figue A 1. HRESIMS of kakeromamide B1), m/z [M+H]* calculated for
CaHsaNeO7S 791 . 4166, found 791. 41 Baculatedefor= 2. 0
CsHseNgO;SNa8 1 3. 3985, found 813.3958 (& = 3.3 pj
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Figure A2. 'H NMR spectrum of kakeromamide B)(in CDsCN (700 MHz)
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Figure A3. COSY spectrum of kakeromamide B {n CDsCN (700 MHz).
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Figure A4. HSQC NMR spectrum of kakeromamide B {n CD:CN (700 MHz)
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JK170828-0 #190-253 RT: 1.50-1.99 AV: 64 NL: 5.00E8
T: FTMS + p ESI Ful ms [150.00-2000.00]

650.2971
R=26031
100+ z=1
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30 R=26968

] =1 [713.1597
20 R=24765

] z=1 900.2332
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Figure A 6. HRESIMS of ulongamide A 2), m/z [M + Na]" calculated for
Cs2HasNsO0sSna 650.298, found 650.2971a¢= 1.8 ppm).
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Figure A7. 'H NMR spectrum of ulongamide 2&)in CDCk (700 MHz).
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Figure A8. COSY spectrm of ulongamide AZ) in CDCk (800 MHz).
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Table A1l. Comparison ofH NMR chemical shifts of ulongamide &) reported
in literature[47] (500 MHz, CDC}$) to experimental values @f(700 MHz, CDC4).

Literature Values Experimental

N-Me-Val Ala-thz-ca
Unit Values (2) (ppm) M#
C/ H Uy J( i Bz Uy J(i n H N-MoPhe |
1
2 .68, qd 2.69, m 0.01 KW .
Lactic acid "Amha
3 4. 31, I 4.31, m 0
ulongamide A (2)
4a 1. 43, I 143, m 0
Amha 4b 1.54, I 1.55;m 0.01
5 1. 43, I 143, m 0
6 0.97, t 0.97, t (7.0) 0
7 1.22, d 1.22, d (6.9) 0
NH 8. 95, d 8.94,d (10.6) 0.01
1
2
3 8. 04, 8.03, s 0.01
Ala-
thz-ca 4
5 5.33, qu 5.3 quint(6.6) 0
6 1.45, d 1.45, d (6.7) 0
NH 8. 17, d 8.16,d (6.7) 0.01
1
2 4.50, d 4.50, d (10.8) 0
N-Me- 3 233 m 2.33,m 0
val 4 0.59, d  060d(6.8) 0.01
5 0.84, d 0.85, d(6.4) 0.01
N-CHjs 2.99, 2.99, s 0
1
N-Me- 2 6.08, dd 6084dd(9.456) 0
Phe 33 3.14, dd 3.15dd (152 55) 0.01

3p 3.26, dd) 3.264dd(151,94) O
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4
5/9
N-Me-
Phe ot
7
N-CHs
1
| act 2
acid
3

Table A 1 (continued)

7.

16,
.29,
.25,

.20,

.15,
. 33.6)

d

q
d

7.16, d (7.5)
7.29,1(7.5)
7.24, m

3.20, s

5.16, q (6.7)
1.33,d (6.7)
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jk190830-0: #790-885 RT: 6.27-7.02 AV: 96 NL: 6.62E6
T: FTMS + p ESI Fullms [100.00-2000.00]

338.3410
R=34962
10 z=1
9
9
s 361.3262 3?1—32&28?
R=35141 =2
- z=1
8 ZTl
7 |
7 |
6 |
|
6 |
|
5 |
s 216.9989 ‘
R=45027 ‘
4 2=2
|
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| R=29940
3 | z=1
3
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2
1 826.4768
Res2712 1134.7229
1 e R=19296
) z=1
1
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m/z

Figure A 9. HRESIMS of lyngbyabellin A ), m/z[M + H]* calculated for
CooH41CI2N40O7S; 691.1788, found 691.177%( 25 ppm);m/z[M + Na]" calculated for
CooH40CIoN4O7SNa 713.1608, found 713.1598( 25 ppm).
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Figure A11 COSY NMR spectrum of lyngbyabellis (3) in CDCEk (700 MHz).
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Table A2. Comparison ofH NMR chemical shifts of lyngbyabellin /8) reported
in literature[4s] (500 MHz, CDC}$) to experimental values 8f(700 MHz, CDC4).

C/ H Literature Values Experimental & (py
Values (3) 0 19 18
i J(i n Hz Uy J( i n H.
1
2
3 5.31, dd 5.30,dd (10.9,2.3) 0.01
da 1.33, n 131, m 0.02
4b 1.72, n 1.73, m 0.01
5 1.60, nm 1.64, m 0.04 W
6a 2.00, n 1.99,p (2.4) 0.01
6b 2.22, d 222, m 0
(114. 2, 1 lyngbyabellin A (3)
7
8 2. 05, s 2.05,s 0
9 1.31, s 1.31,s 0
10 1.36, s 1.35,s 0.01
11
12
13 8.09, s 8.08, s 0.01
14
15 5.24, dd 5.25, dd (8.6, 6.6) 0.01
15-NH 7.27, d 7.07,d (9.0) 0.2
16 197 m 1.94, g (2.6) 0.03
17a 1.13, n 1.13,d (6.8) 0
17b 1.50, nm 152, m 0.02
18 0.90, t 0.91,t(7.4) 0.01
19 0.75, d 0.76, d (6.8) 0.01
20
21a 3.70, dd ( 3.67,dd(17.1,4.0)0 0.03
21b 4.70, dd ( 4.73,dd(17.1,92) 0.03
21-NH 7.97, dd 7.87, m 0.1
22
23
24 8.23, d 8.23,d (0.6) 0
25
26 6.13, d 6.14, d (0.6) 0.01
27
28 1.24, s 1.24,s 0
29 1.38, s 1.38,s 0
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jk190911-0:#417-433 RT: 3.31-3.43 AV: 17 NL: 1.98E7
T: FTMS + p ESI Full ms [150.00-2000.00]
671.2383
R=25164
z=1

55 609.2384
R=27298
z=1

279.1047
R=38247 409.2189
z=1 R=32508
z=1

JLz,u.qul bt
by R L L e e B e e prre
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I
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Figure A12. HRESIMS of 1&-lyngbyaloside C 4), m/z[M + Na]* calculated for
CaoHa49BrO1oNa 671.2401, found 671.238&( 27 ppm).
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Figure A13. 'H NMR spectrum for 1B-lyngbyaloside C4) in CDCk (700 MHz).
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Table A 3. Comparison ofH NMR chemical shifts ofl8Elyngbyaloside C4)
reported in literatur@9,190] (600 MHz, CDC}) to experimental values df (700 MHz,
CDCls).

C/ H n Literature Values Experimental & (pr
Values (4)

v J( i n Hz iy J( i n H:

1
2a 2.49, d 2.52,d (12.2) 0.03
2b 2.38, d 2.41,d (12.2) 0.03
3
18E-lyngbyaloside C (4)
3-OH 4.57, b 4.60, s 0.03
4a 2. 009, n 2.13, m 0.04
4b 1.28, n 1.26,m 0.02
5 4. 10, n 412, m 0.02
6a 1.89, n 1.92,m 0.03
6b 1.15, n 1.19, m 0.04
7 3.79, t 3.81,1(10.3) 0.02
8a 1.70, n 1.72, m 0.02
8b 1.45, n 1.46, m 0.01
9a 1.45, n 1.46, m 0.01
9%b 1.32, n 1.30, m 0.02
10 1. 48, n 1.48, m 0
11 4. 26, n 429, m 0.03
12a 2. 77, d 2.79,d (15.3) 0.02
12b 1.44, dd 144, m 0
13
l4a 1.97, n 1.98, m 0.01
14b 1.63, n 1.65, m 0.02
15a 2.17, n 2.13,m 0.04
15b 2.18, n 2.18, m 0
16 5.76, dt 5.77, dt (14.3, 6.8) 0.01
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Table A 3 (continued)

17 5.99, dd | 6.01,4dd(15.2,10.7) 0.02
18 6. 63, dd | 6.67,dd(135,10.7) 0.04
19 6. 17, d 6.19, d (13.5) 0.02
20 0. 80, d 0.81,d (6.7) 0.01
21 1.50, S 1.53,s 0.03
1 Nj 4.97, b 4.99, d (1.9) 0.02
2 Nj 3.46, dd 349, m 0.03
2 9-Me 3.49, s 3.49, s 0
3 Nj 3.42, dd 3.44,dd (9.4, 3.3) 0.02
3 --Me 3.48, s 3.48, s 0
4 Nj 3.08, dd 3.11, t (9.4) 0.03
4 )-Me 3.52, S 3.54,s 0.02
5 Nj 3.53, dg 3.56, m 0.03
6Nj 1.25, d 1.27,d (6.2) 0.02
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jk190911-0: #506-539 RT: 4.01-4.27 AV: 34 NL: 1.17E8
T: FTMS + p ESI Full ms [150.00-2000.00]
683.2385
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Figure A 15. HRESIMS of lyngbyaloside5) m/z [M + Na]" calculated for
Ca1H49BrO10Na 683.2401, found 683.238&( 23 ppm).
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Figure A16. 'H NMR spectrum for lyngbyalosid&)in CDCk (700 MHz).

116



] |
. | ]
= SRR U
: ' | l 3 M| ‘
"g““ T
. ! | ﬂ ¥ "
P l'
|
—j{ . . ‘gl‘ " |
—.-iE fi ' '
1 1 . i
F .
' \ I
' o
bob X
) ]
byl !
a i '
. |
]
|
]
I

4.5 4.0
f2 (ppm)

Figure A17. COSY NMR spectrum for lyngbyalosidB)(in CDCl; (700 MHz).
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Table A4. Comparisa of *H NMR chemical shifts of lyngbyalosid&)(reported
in literature[50] (600 MHz, CDC}$) to experimental values 6f(700 MHz CDCB).

C/ H Literature Values Experimental Values &
(5) (ppm)
U J(in Hz U J(in Hz
1
2 2.66, (¢ 2.68, q (7.0) 0.02
3
3-OH 4. 79, d 4.81,d (1.7) 0.02
da 2.20, dd | 223,dd(12.0,45) 0.03
4b 1.13, t 1.15,t(11.6) 0.02
5 4.12, m 4.14, m 0.02 lyngbyaloside (5)
6a 2.20, dd | 223,dd(12.0,45) 0.03
6b 1.02, ¢ 1.03,q (11.1) 0.01
3.73, bt 3.73, bt (10.8) 0
1.82, m 184, m 0.02
9 3.87, bd 3.89, bd (10.6) 0.02
10a 2.13, m 2.14, m 0.01
10b 1.98, m 1.99,m 0.01
11 5.40, dt 5.43, dt (10.7, 7.7) 0.03
12 5.37, t 5.38, 1 (10.3) 0.01
13 2.54, m 2.55;m 0.01
l4a 1.65, d« 1.66,m 0.01
(14.0, 10
14b 1.42, bdd 1.44, dd(15.0, 10.7) 0.02
15 5.48, bdd 5.49,dd (11.1,6.7) 0.01
16 5.70, dd ( 572,dd(15.3,6.7) 0.02
17 6.13, dd ( 6.15,dd (15.0,11.2) 0.02
18 6. 67, dd ( 6.68,dd(8.6,10.9) 0.01
19 6.36, d 6.38, d(13.5) 0.02
20 1.18, d 1.20,d (7.2) 0.02
21 0.91, d 0.92,d (7.0) 0.01
22 1.04, d 1.06, d (6.3) 0.02
106 5.01, d 5.03,d (1.7) 0.02
20 3.52, dd 3.51,dd (3.3, 1.9) 0.01
2Np-Me 3.48, s 3.50, s 0.02
36 3.44, dd 3.47,dd (9.3, 3.3) 0.03
3 9-Me 3.47, s 3.49, s 0.02
40 3.11, t 3.13,t(9.4) 0.02
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Table A 4 (continued)

4 ¥-Me 3.54, s 3.56, s 0.02
56 3.57, m 3.58, m 0.01
66 1.27, d 1.29, d (62) 0.02
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jk190911-0: #360-378 RT: 2.86-3.00 AV: 19 NL: 8.40E7
T: FTMS + p ESI Full ms [150.00-2000.00]
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Figure A18 HRESIMS of lyngbyabellidike 1 (LYNL1).
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Figure A19. 'H NMR spectrum of lyngbyabellitike 1 (LYN1) in CDCk (700 MHz).
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jk190911-0!#385-412 RT: 3.05-3.26 AV: 28 NL: 8.46E7
T: FTMS + p ESI Full ms [150.00-2000.00]
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Figure A20. HRESIMS of lyngbyabellidike 2 (LYN2).
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Figure A21. *H NMR spectrum of lyngbyabellitike 2 (LYN2) in CDCk (700 MHz).
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APPENDIX B. PERMISSION FOR REUSE OF COPYRIGHTED
MATERIAL
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