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ABSTRACT

Neglected tropical diseases caused by trypanosomatid parasites are a continuing and escalating
problem, which devastate the less economically developed cultures in countries in which they are
endemic by impairing both human and animal health. Current drugs for these diseases are regarded
as out-of-date, expensive, with unacceptable side-effects and mounting parasite resistance,
meaning there is an urgent need for new therapeutics. Natural products have long been a source of
potent, structurally diverse bioactive molecules. Herein are reviewed natural products with
reported trypanocidal activity, which have been clustered based on core structural similarities, to
aid the future discovery of new trypanocidal core motifs with potential routes to synthetically

accessible natural product cores suggested.



INTRODUCTION

Trypanosomatid parasites are a group of biochemically related, exclusively parasitic,
kinetoplastid eukaryotes, in most cases responsible for life threatening and debilitating Neglected
Tropical Diseases (NTD’s), which affect some of the poorest communities in the world.!
Encompassed within the family are the causative agents of Human African Trypanosomiasis
(HAT), namely, two subspecies of Trypanosoma brucei: T. b. gambiense, causing a slow onset,
chronic form of the disease in 24 countries throughout West and Central Africa, and 7. b.
rhodesiense, causing a fast onset, acute form of the disease in 13 countries throughout Eastern and
Southern Africa.>* Furthermore, the related animal-infective species T. vivax, T. congolense and
T. brucei brucei, are the most important causative agents of Animal African Trypanosomiasis
(AAT), locally named nagana in western Africa.’ In both HAT and AAT, parasites are transmitted
via the bite of the tsetse fly vector (Glossina species).®*” HAT and AAT are endemic exclusively
within sub-Saharan Africa where they risk the lives of approximately 65 million people and cause
economic loss of $4.5 billion per year.?

In addition to HAT, other trypanosomatid parasites are responsible for Chagas' disease
(American trypanosomiasis) within South and Central America,” and leishmaniasis throughout
southern Europe, south-eastern Asia, Northern Africa and the Americas.!® Chagas' disease is
caused by the Trypanosoma cruzi parasite, which is transmitted via the triatomine insect vector
native to America, where an estimated 6 to 7 million people are infected with the disease.® The
disease also shows prevalence in North America, primarily in Mexico, with increasingly
significant numbers of infections in the United States.!! The third human disease caused by

trypanosomatid parasites, leishmaniasis, is caused by more than 20 different Leishmania species



in both the New and Old Worlds, and these include L. amazonensis, L. major, L. infantum and L.
donovani. The disease is transmitted via the bite of the female phlebotomine sand fly vector, with
an estimated 300,000 new infections each year and over 1 billion people living in areas at risk,
primarily throughout the tropics and subtropics.'’

All three human infective diseases, HAT, Chagas' disease and visceral leishmaniasis are deadly
if untreated. HAT infections are characterized as either early or late stage, with parasites in early
stage infections being confined to the bloodstream and some intratissue locations, which can
progress rapidly to the CNS in late-stage infection. Drugs exist to treat both early- and late-stage
infections; however, due to generic flu-like symptoms of early-stage infection, the disease often
eludes diagnosis until late-stage infection has been reached, where characteristic symptoms of
neurological problems and sleep disturbance are presented.® Most drugs currently approved for the
treatment of HAT are antiquated, expensive and often have undesirable side effects, with
increasingly reported drug resistance becoming an urgent issue.!?'* They must be administered
via injection, which increases treatment costs and risks the spread of other diseases endemic in
these areas such as hepatitis and the HIV. 1316

Chagas' disease reaches the fatal chronic stage in 30-40% of patients infected with 7. cruzi
parasites with the disease commonly going undetected until this stage. Often the disease can take
many (sometimes as long as 30) years to reach the chronic stage, after which the disease onset is
rapid and patients die of heart failure caused by parasite damage to the cardiac system, even with
treatment.” Treatments for the disease, such as nifurtimox, have unacceptable side-effects and due
to developing resistance are becoming less effective.!”!®

The fatal visceral form of Leishmania accounts for at least 60,000 deaths per year, with 600

million people living in at-risk areas. The main effective treatments for visceral infections, are



liposomal amphotericin B and meglumine antimonate. Pentavalent antimonials are the standard
first-line treatment for both visceral and cutaneous leishmaniasis in most parts of the world, but
they require administration by injection, and the emergence of resistance towards them has limited
their usefulness. Alternative therapies such as miltefosine, originally an anticancer agent now used
in the Indian sub-continent for the treatment of leishmaniasis, and paromomycin, an
aminoglycoside with a defined target, see limited use due to their high costs and poor availability.
Many of these drugs are only realistically affordable to those in less developed areas through WHO

t.lO

programs, by providing the treatments at up to 90% reduced cost.”” As with existing drugs for

Chagas' disease and HAT, there is increasingly reported parasite resistance and problematic side
effects accompanying these drugs.!® %!

A combination of treatment pricing, unacceptable side effects and increasing resistance of
current treatments means there is an urgent need for the discovery of new trypanocidal and
antileishmanial therapies. Drug development for NTD’s is often overlooked by drug developers,
with only 4% of treatments developed between 2000 and 2011 targeting these diseases, even
though they account for 11% of the global disease burden.?? This is mostly due to the fact that
pharmaceutical companies cannot recover the vast cost of drug development and production for
such treatments.?>**

One of the major factors impeding the development of new drugs against trypanosomatid
diseases is the lack of known effective drug targets. Drug targets must be genetically verified as
essential and potential inhibitors must be shown to be chemically “on-target” (with validated direct
inhibition or downstream metabolic disruption of a target protein function) to be effective and

efficacious for the development of potential treatments. Target determination using known active

trypanocidal compounds is one approach that would highlight more vitally needed effective drug



targets and greatly benefit the design of new treatments. The Drugs for Neglected Diseases
initiative’s (DND1’s) guide for drug screening against kinetoplastid diseases states that ideal lead
compounds against HAT and leishmaniasis must fulfil the following criteria: activity <10 uM
against parasite cells; >10-fold greater potency against parasites versus mammalian cells; the
biochemical and whole-cell activities must correlate.?> These criteria highlight the need for new
potent and selective trypanocidal compounds and importantly those which showing chemically
validated, “on-target” activity.

Natural products are secondary metabolites produced by organisms in order to provide an
evolutionary benefit, i.e. an advantage over other competing organisms, often this results in
chemical compounds that are toxic towards the surrounding organisms. These secondary
metabolites can be products of various biosynthetic pathways such as polyketide synthases, the
mevalonate pathway and shikimate pathway. Crossover between separate pathways, as well as
post-synthetic modifications are often involved to furnish the final bioactive natural product, which
ultimately generates a wide variety of complex structural motifs, often with potent biological
activities in various cell types. Due to the nature of their biosynthesis, natural products and their
medicinally used derivatives typically have lower hydrophobicity and higher stereochemical
content than purely synthetic compounds.?® These structural features are greatly beneficial in both
pharmacokinetic parameters and structural diversity of drugs. As a result, natural products have
been the inspiration for a vast number of current treatments targeting a wide range of diseases,
with 49% of new drugs from 1981-2014 being natural products or structural derivatives thereof.?’
This places them as promising, largely unexplored, candidates for the identification of new

trypanocidal drugs, by utilizing common cores observed in trypanocidal natural products, in order



to harness their activity, and chemically elaborate to give the required pharmacokinetic parameters
to be effective new treatments.

Herein is presented a review of published natural products displaying trypanocidal activity.
Studies were searched using the National Center for Biotechnology Information’s (NCBI’s)
PubMed service alongside CAS SciFinder database services searching for the terms
“Trypanosoma, natural product” and “Leishmania, natural product”. Compounds mentioned have
been limited to those showing activity in at least one trypanosomatid cell line below 20 uM (within
2-fold activity of DNDi guidelines for lead candidates) as well as conserved structural
characteristics shared with other active trypanocidal natural products. The current literature search
is primarily confined to compounds with trypanocidal activities reported from 2013-2018,
although some older examples have been included to highlight the recurrence of key motifs. While
greatly desired, in vivo data for trypanocidal natural products are not widely reported. This is due
to the high cost of in vivo screening when compared to testing against whole-cell parasite cultures.
Selectivity data (where available) having a SI value >10 has been deemed preferable, but in many
cases the selectivity is significantly lower and in some cases favors potency in mammalian cells.
Initial selectivity of compounds is not strictly necessary however, as often selectivity can be
engineered into drug scaffolds during optimization through various pathways such as differential
uptake, metabolism and binding modes.?®

Existing reviews highlighting selected potent natural products against trypanosomatid parasites
are available. However these often focus on particular sources and do not highlight specific
skeletons shared between the wide variety of natural products reported.?’ 3! The primary focus of

this review is to identify potential synthetically accessible, active core scaffolds which may be



beneficial in the identification of new targets as well as the development of potent trypanocidal

drug compounds.

TRYPANOSOMATID CELL TESTING

Trypanosomatid parasites have complex life cycles, with various morphologies in both insect
and mammalian hosts and as a result biological testing can be performed on a variety of parasite
forms. The most clinically relevant life cycle stage of each parasite are as follows: trypomastigotes
(bloodstream form) of 7. brucei; intracellular amastigotes of 7. cruzi; amastigotes of Leishmania
spp. Due to the significant differences in the environments in which each form of the same parasite
lives, they each display equally significant biochemical differences, often meaning data between
life cycle stages is not tractable. A report examining this artefact within a high-throughput screen
of Leishmania intracellular amastigotes and axenic amastigotes is available.’? In vitro testing of
intracellular parasites requires compounds to be taken up initially by the mammalian host cell, and
then by the parasites encompassed within them; making this more indicative of potential in vivo
results than cell culture testing alone. Testing on intracellular parasites, however, is significantly
more challenging due to the requirements for parasites to remain virulent against cells, a trait often
lost in cultured cell lines. Due to the biochemically related nature of each of the parasite species,
it is plausible that a drug target might be conserved across the trypanosomatid parasites, enabling
discovery of an active, pan-trypanocidal drug. This is an ideal-world scenario whereas in reality
even the subtlest of biochemical differences may mean a potent drug in one parasite species may

be rendered inactive in others.



Below (Table 1) is a list of common control drugs and their activities against the relevant parasite
species and life-cycle stages, to enable comparison of the discussed natural products with typical

positive control values used within the field.



Table 1. Control Drugs Used in Testing of Compounds against the Trypanosomatid Parasites 7.

brucei, T. cruzi, and L. donovani.*

T. brucei T. cruzi L. donovani L. infantum mammalian
drug
ECso (uM)” ECso (uM)* ECso (uM) ECso (uM) ECso (uM)
6.4 (P)° 44.1(H)>
8.3 (P)*
pentamidine 0.0012 (Thr)'? 0.912 1.6 (Ax)* 6.4 (V)3
2.7 (Am)®
23.7 (Am)® 15.8 (T)*
melarsoprol 0.01 (Thg)'"
suramin 0.033 (Thg)*
eflornithine 10.6 (Thr)*
0.024 (P)* 912 (H)*
nifurtimox 2.4 (Thb)* 1.5%
0.004 (Am)>* 37.3 (V)2
benznidazole 30.0 (Thb)"? 9.3%
0.07 (P)*
amphotericin B 0.087 (Ax)* 0.04 (P)¥’ 2.0 (T)*
0.07 (Am)¥
3.12 (P)°
12.6 (P)®
miltefosine 0.9236 2.8 (Ax)* 4.67 (T)*
4.8 (Am)®
2.4 (Am)®
0.005 (P)*
paromomycin 22.7 (Tbr)3®

0.007 (Am)*

“ Abbreviations: 7bg, T. b. gambiense; Tbr, T. b. rhodesiense; Tbb, T. b. brucei; P, promastigote;

Ax, axenic; Am, amastigote; H, HeLa; V, Vero; T, THPI.

® T brucei activities are for bloodstream form parasites.

¢ T. cruzi activities are for epimastigote form parasites.




FLAVONOIDS

One of the most common classes of natural products are the flavonoids, many of which have
been reported to show moderate activity across various trypanocidal parasite species. The FDA
approved drug flavoxate, used to treat bladder discomfort, is built from a 3-methylflavone scaffold
implementing it as a valid platform for drug discovery.*® Described below are a selection of

flavonoids and their derivatives (1-11) shown in in Figure 1.
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Figure 1. Selected flavonoid natural products 1-11 with reported activity against trypanosomatids.
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A comprehensive review on trypanocidal flavonoids is available,*’ and an extensive structural
correlation of a set of flavones and their analogues has been investigated by Baldim et al.*!
identifying key SAR characteristics against trypanosomatid parasites. The simplest flavonol (1), a
constituent of Brassica oleracea,* has reported pan-trypanocidal activity with ECso values of 3.0,
2.2, and 33.0 uM against L. donovani amastigotes, the 7. b. rhodesiense bloodstream form and 7.
cruzi intracellular amastigotes, respectively. Compound 1 additionally shows modest selectivity
with SI values of 21, 29, and 2 for L. donovani, T. brucei and T. cruzi, respectively, as compared
to L6 cells.*’ The closely related flavonol isorhamnetin (2), isolated from a number of sources**~
4 and maintains antiparasitic activities of 11.2 and 12.0 pM against the 7. brucei bloodstream
form* and L. donovani amastigotes, respectively, with no activity in 7. cruzi intracellular
amastigotes up to 90 uM. Compound 2 also showed less potency for L6 cells than 1, with SI values
of 10.7 and 4.6 for L. donovani and T. brucei, respectively.*’* Quercetin (3), a constituent of
numerous plant sources,*”* differing by removal of a single methyl group, displayed a markedly
reduced ECso value of 25.8 uM against the 7. b. brucei bloodstream form*®, however a higher
potency was observed against L. donovani amastigotes with an ECso value of 3.3 uM.*! 3 has also
been shown to have some in vivo activity against L. donovani amastigotes in mice with 15%
inhibition observed using a 30 mg/kg dosing regimen over 5 days.*° Its glycosylated analogue, 4,
isolated from Vangueria edulis, bearing an a-linked rhamnose at the 7-hydroxy group, showed
slightly improved potency against the 7. b. brucei bloodstream form with an ECso value of 20.1
uM.* The sulfonated myricetin analogue 5, one of a number of flavonoids isolated from the plant
Limonium caspium, displayed a similar activity of 21.4 uM (ECso) against 7. brucei, whereas the
glycosylated variant 6 isolated from the same source showed almost two-fold increased potency

with an ECso value of 13.1 pM. Both compounds were also tested against L. donovani
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promastigotes but no activity was reported, with the life cycle stage and subspecies of 7. brucei
not reported.>® The highly methylated flavonol, 7, the most potent in a series of flavones isolated
from the leaves of the plant species Vitex simplicifolia, gave a moderate potency of 12.1 uM (ECso)
against the clinically relevant 7. b. rhodesiense bloodstream form, with a modest SI of 9.8, as
compared to L6 cells. Various flavones, lacking a 3-hydroxy group, have also been shown to have
promising potency against trypanosomatid parasites. One relatively simple example, luteolin (8),
a common flavone isolated from many plant sources, showed low-micromolar inhibition of L.
donovani amastigotes and the 7. b. rhodesiense bloodstream form with ECso values, in turn, of 2.8
and 14.1 pM. It showed modest selectivity, with SI values of 12 and 3 for L. donovani and T.
brucei.®® Luteolin (8) and quercetin (3) have been implicated in the induction of topoisomerase II-
mediated DNA cleavage within L. donovani promastigotes and have shown promising in vivo
activities, with 80% and 90% reduction splenic parasite load compared to PBS, based on a 3.5
mg/kg and 14.0 mg/kg dose administered twice per week over four weeks in male golden
hamsters.’! 7,8-Dihydroxyflavone (9) is a highly potent flavone derivative, showing
antileishmanial inhibition of the 7. b. rhodesiense bloodstream form having an ECso value of 0.27
puM and a SI value of 116. Interestingly, the methylated variant, 7,8-dimethoxyflavone (10),
exhibited a significantly reduced potency with an ECs value of 21.6 uM and SI of 5.%° Finally,
the isoflavan analogue arizonicanol A (11), isolated with a number of potent 2,5-diphenyl-oxazoles
from the roots of the plant species Oxytropis lanata, showed good trypanocidal activity, with an
ECso of 4.1 uM against the 7. congolense bloodstream form, highlighting the potential for further
core scaffold simplification while maintaining potency.>?

Flavon-3-ol natural products have been shown to inhibit 7. brucei pteridine reductase 1

(TbPTR1), with compounds 1 and 2 showing low micromolar ICso values of 12.8 and 13.9 uM
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respectively.*® PTR1 has been genetically validated as essential in 7. brucei and plays a key role
for in vivo virulence.®> With their synthetic accessibility, which is discussed later in this review,
flavonoids are placed as having a potentially strong core structure for the development of future
lead compounds, and have a strong resource of SAR studies, and examples demonstrating in vivo
activity and on-target effects against a potential new drug target in 7. brucei. Their generally
modest potency, however, requires vast improvement to attain desirable activity levels for a lead

drug candidate.

XANTHONES

The structurally related class of xanthones is characterized by a core structure containing a
tricyclic core of two substituted phenyl rings with a central pyrone motif. An extensive review
examining clinical trials of xanthones is available, which describes their physiochemical and
pharmacokinetic properties in order to aid the development of lead xanthone-like drug
candidates.”* The FDA-approved amlexanox, an orally available drug used in the treatment of
mouth ulcers, bears a structurally related chromeno-pyridinone core, highlighting xanthone-like
cores as having good pharmacokinetic parameters.>® A number of trypanocidal xanthones have

been reported, some structurally interesting examples (12-16) are shown below (Figure 2).
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Figure 2. Selected xanthone natural products (12-16) with reported activity against

trypanosomatids

Sterigmatocystin (12), a pentacyclic natural product isolated from a fungal strain from the
Microthyriaceae order, showed high potency with an ECsp of 0.13 uM against 7. cruzi amastigotes,
but along with a strong, undesirable potency for Vero cells with an SI of 0.46.%> The prenylated
xanthone a-mangostin 13 isolated from the pericarp of Garcinia mangostana fruits showed
impressive pan-trypanocidal activity, with ECso values of 7.9, 8.9, and 8.0 uM respectively for the
T. brucei bloodstream form, 7. cruzi intracellular amastigotes and L. infantum amastigotes.
However, a-mangostin showed a similar potency for MRC-5 leading to SI values of 0.95, 0.84
and 0.93, respectively.’® The chlorinated xanthone 14 isolated from the fungus Chaetomium sp.
showed a high potency against 7. cruzi intracellular amastigotes and L. donovani promastigotes,
with ECso values of 3.8 and 7.9 uM, respectively, and good selectivities of 31 for 7. cruzi and 6.8

for L. donovani. Its activity against 7. b. rhodesiense bloodstream form was considerably less
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potent, with an ECso of 109 pM.?* The related structures 15 and 16 isolated along with 14 showed
potencies against the 7. b. rhodesiense bloodstream form in having ECso values of 13.3 and 19
uM, respectively, with 15 showing no activity in 7. cruzi intracellular amastigotes up to 27 uM,
and 16 having an ECso of 19.8 uM. Compounds 15 and 16 showed moderate activities against L.
donovani promastigotes with ECso values of 14.3 and 9.6 uM, respectively.®’

The pan-trypanocidal nature of many reported xanthones places them as potential interest for
further evaluation against multiple trypanosomatid cell lines, with overall activities slightly higher
than those seen in the 3-flavonols. Combined with the vast knowledge accumulated by several
xanthones progressing through clinical trials for other diseases, this makes them a favourable target

for further development.

QUINONES

Numerous trypanocidal quinones have been reported, with a postulated mode of action of
naphthoquinones generating reactive oxygen species and inhibiting mitochondrial function within
the parasites.”®>° Unlike higher eukaryotes such as mammalian cells, which contain thousands of
mitochondria, trypanosomatid parasites remarkably contain only a single mitochondrion.®® This
means that they are particularly susceptible to disruption of mitochondrial function, thus this is
proposed as a potential drug target and putative mechanism toward a selective mode of action.®!
Mitomycin, a FDA-approved quinone natural product, is used as an anticancer therapy, and
exemplifies the promising pharmacokinetic qualities of this scaffold.*® Structurally interesting

quinone examples (17-21) have been identified and are discussed below (Figure 3).
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Figure 3. Selected quinone natural products (17-21) with reported activity against

trypanosomatids

Komaroviquinone (17), a potent inhibitor of 7. cruzi trypomastigotes, was isolated from the plant
species Dracocephalum komarovii,** and has an interesting tetracyclic core structure including a
1,4-oxygen bridged cyclohept-5,6-ene gave an ECso value of 0.25 uM. An extensive synthetic
SAR study of komaroviquinone-derived analogues has been completed producing potent
trypanosomatid inhibitors, of which four displayed submicromolar activities.®* Another tetracyclic
natural product, the abietane-derived product 18 isolated from the plant species Salvia cuspidata,

which also shows activity against 7. cruzi epimastigotes, although with markedly reduced potency
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(ECso of 16.6 uM). Three synthetic analogues were prepared from 18, extending from the free 12-
hydroxy motif, the most potent of which being a trimethylsilyl ether showing a more promising
ECso value of 5.4 uM. All of the examples showed no mammalian activity up to 15 uM in Vero
cells, although this is a low maximum threshold level.** Even the simple anthraquinone
damnacanthal (19) showed moderate activity against 7. cruzi intracellular amastigotes with an
ECso value of 39.5 uM but having a low selectivity with a SI value of 0.79.% Ascidiathiazone A
(20), a structurally related tricyclic thiazoquinone isolated from the tunicate Aplidium sp., showed
low micromolar activity against 7. b. rhodesiense bloodstream form, with an ECso value of 3.1
uM, and a high SI of 50 versus L6 cells. This compound exhibited no activity against 7. cruzi
intracellular amastigotes and L. donovani amastigotes up to 250 pM. Several synthetic
thiazoquinone analogues were prepared, with one key example showing sub-micromolar activity
against 7. b. rhodesiense bloodstream form along with increased selectivity, and another showing
modest pan-trypanocidal activities. In vivo studies were carried out investigating the antimalarial
activity of 20. A furan ring-based analogue was tested in vivo for activity against P. berghei, and
gave 85% reduction in parasitaemia for mice using ip injection and 45% reduction on oral
administration, thereby highlighting the good oral bioavailability of these scaffolds.®® The bis-
glycosylated benzanthraquinone actinosporin A (21), a constituent of the bacterium
Actinokineospora sp., also demonstrated moderate activity against 7. b. brucei bloodstream form,
with an ECso value of 15.5 uM with a good SI of >13. A compound family member of 21,
actinosporin B (22), was found to be inactive against the 7. b. brucei bloodstream form in the same
study, and both compounds were reported to show no activity against L. major (the life cycle stage

was not reported).’
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Quinones are a reasonably promising class of structurally related trypanocidal compounds, with
a suggested mode of action inhibiting mitochondrial function; a validated drug target. Due to the
structural diversity of many of the natural products reported, firm SARs are challenging to
conclude, although there have been promising correlations found in isolated examples. Related
thiazoquinones have been shown to have good oral bioavailability through in vivo testing against

plasmodial parasites.

INDOLE ALKALOIDS

Indole alkaloids are a class of natural products typically biosynthesized from tryptophan, and
they contain an indole moiety furnished with either isoprenyl-derived units or other alkaloid
moieties. Indole is a key nucleus of many bioactive molecules and natural products and drugs, with
many indole-containing drugs used in the current market for a wide range of diseases from
delavirdine as an anti-HIV medicine to binedaline as an antidepressant. A key review on the
pharmaceutical uses of indoles is available, highlighting the importance of indole-based ring

t'68

systems in existing drugs and pharmaceutical development.”® A number of trypanocidal indole

alkaloids (23-30, Figure 4) have been collated and are discussed below.
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Figure 4. Selected indole alkaloids and derivatives (23-32) with reported activity against

trypanosomatid parasites

One of the most common moieties observed in indole alkaloids is the B-carboline ring system.
Opacaline A (23), a brominated P-carboline natural product isolated from the ascidian
Pseudodistoma opacum, showed moderate trypanocidal activity with an ECso value of 30 uM
against the 7. b. rhodesiense bloodstream form and an SI of 2.6 when compared to L6 cells.
Interestingly, the synthetic de-bromo analogue 24 showed increased potency against 7. b.
rhodesiense bloodstream with an ECso of 12 uM and a modest SI of 7 in comparison to L6 cells.
Both carbolines 23 and 24 exhibited little or no activity versus 7. cruzi intracellular amastigotes
or L. donovani amastigotes below 100 pM.® Another 6-brominated tryptophan-derived natural

product, iotrochamide A (25), isolated from the sponge lotrochota sp., showed potent trypanocidal
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activity with an ECso value of 4.7 uM against the 7. b. brucei bloodstream form and with a good
SI of >15. The tyrosine-derived analogue iotrochamide B, isolated together with 25, also showed
similar potency and selectivity, suggesting the eastern fragment of these molecules are crucial for
activity.”® Neocryptolepine (26), the methylated indoloisoquinoline isolated from the plant species
Cryptolepis sanguinolenta, showed high to moderate potency against a wide range of
trypanosomal cells, with ECso values of 2.2, 2.0, and 49.5 uM against 7. b. rhodesiense, T. cruzi,
and L. donovani amastigotes, respectively (the trypanosome life cycle stages were not reported).’!
Modest selectivity was observed with SI values of 2.9, 3.3 and 0.13 for 7. b. rhodesiense, T. cruzi,
and L. donovani amastigotes, respectively. Extensive SAR analysis around the neocryptolepine
scaffold has been investigated’"’? with numerous analogues being synthetically prepared, of which
many displayed submicromolar activities against 7. b. rhodesiense. The isomeric compound
cryptolepine (27) isolated from Cryptolepis sanguinolenta,” showed improved potency against
both the 7. brucei bloodstream form and L. donovani promastigotes, having ECso values of 0.3 and
1.6 uM respectively. Compound 27, however, also showed higher mammalian cytotoxicity with
SI values of 29.3 for T. brucei and 0.7 for L. donovani promastigotes as compared to macrophage
cells. Similarly to 26, various ring substitutions of cryptolepine have been investigated, with a key
example being 2,7-dibromocryptolepine (28) that showed a considerable potency of 0.0029 uM
against 7. brucei bloodstream form and 0.5 uM against L. donovani promastigotes, with
exceptional SI values of 2083 and 18, respectively. Furthermore, cryptolepine analogues have
shown promising in vivo activity against 7. brucei in mice with 28 exhibiting similar suppression
of parasitaemia by oral, im and iv administration.”*” Fascaplysin (29), a B-carboline alkaloid
isolated from the marine sponge Hyrtios, contains a similar, almost planar structure with only a

single sp? carbon center. This compound gave selective, submicromolar, trypanocidal activity with
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an ECso value of 0.63 uM against 7. b. rhodesiense (life cycle stage not reported) and a SI value
of 16 when compared to L6 cells.”® A structurally related amino-quinoline class of compounds
named huprines, derived from the naturally occurring huperzines isolated from Huperzia spp.,”’
are known inhibitors of acetylcholinesterase and were developed as a treatment for Alzheimer’s
disease.”® Huprine Y (30) was determined as the most potent in a series of related natural and
synthetic compounds when tested against the 7. brucei bloodstream form, with an ECso of 0.6 uM
and a good SI value of 13 versus L6 cells.”’ Investigation of synthetic bis-huprines has also been
undertaken, with examples retaining similar potency, however, with increased selectivity.*

The manzamines are a family of over 100 complex [-carboline-containing natural products
isolated from a variety of marine sponges, which as a family have shown broad bioactivity and
importantly antileishmanial activity. A comprehensive review on the manzamine alkaloid family
and their antileishmanial activity is available.’! One key example, manzamine A (31), was first
isolated from a sponge of the genus Haliclona and in addition to its known anticancer activity,
possesses potent antileishmanial activity with an ECso of 1.6 uM against L. donovani
promastigotes. This alkaloid displayed significant cytotoxic activity against Vero cells, however,
and gave a SI of just 1.3.82 Another key example, the structurally related compound manzamine X
(32), first isolated from a Xestospongia sp. Sponge,** showed modest antileishmanial activity with
an ECso value of 9.8 uM against L. donovani promastigotes, although with no discernible
cytotoxicity towards Vero cells.®?

Diketopiperazines (DKPs) are a common motif within natural products, originating from the
cyclization of two amino-acid partners during biosynthesis. Tadalafil, marketed under the name
Cialis, is an FDA approved, orally administered treatment for erectile dysfunction, which contains

an indole-linked DKP motif and highlights the usefulness of this core as a drug platform.>* Notable
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trypanocidal indole-linked DKPs have been reported, and some examples (33-36, Figure 5) are

discussed below.

MeO

MeO

Figure 5. Selected indole-containing DKP natural products (33-36) with reported activity against

trypanosomatids

12,13-Dihydroxyfumitremorgin C (33), one of a number of polycyclic DKPs isolated from
Aspergillus fumigatus, displayed good antitrypanosomal activity, with an ECso value of 6.4 uM
against the T. b. brucei bloodstream form and having an SI of 15 when compared to Jurkat cells.®*
The  structurally related  spirocyclic ~ 6-methoxyspirotrypostatin =~ B~ (34)  and
dehydrobis(methylthio)gliotoxin (35), isolated from the same organism showed similar whole-cell
activity with ECso values of 5.7 and 8.5 puM, respectively, against the 7. b. brucei bloodstream

form. Both exhibited modest respective SI values of 3.7 and 16.6 when compared to Jurkat cells.
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Compounds 33 and 35 were shown to inhibit 7. b. rhodesiense cysteine protease with ICso values
of 10.9 and 19.5 uM, respectively. Compound 34 showed no enzymatic inhibition up to 50 pM.34
Although non-essential, cysteine protease has been suggested to play a role in the migration of the
parasites across the blood-brain barrier, making it a target worthy of further investigation.®’
Verticillin B (36) a complex indole-containing DKP with an interesting disulfide-bridging
functionality, isolated from the fungus Nectria inventa, showed extremely potent activity against
T. b. brucei, with an ECso value of 0.007 uM. This compound did, however, exhibit considerable
cytotoxicity with an ECso of <0.6 uM against Jurkat cells. A number of other disulfide-bridged
DKPs were also isolated in the same study and displayed equally high levels of trypanocidal
potency, but also high cytotoxicity demonstrating this as a highly potent but generally cytotoxic
motif 3

A wide range of structurally diverse, trypanocidal, indole-containing natural products has been
reported in the recent literature. Examples such as the cryptolepine, neocryptolepine and related
quinone huprine scaffolds have been subjected to SAR studies, highlighting key trends for both
trypanocidal and leishmanicidal activity. Coupled with the promising in vivo activity of
cryptolepine analogues and ongoing development of huprines as potential Alzheimer’s disease
treatments, there is a solid foundation for the further development of such core structures into
active antiparasitic compounds. Additionally, indole-containing DKP scaffolds have been shown
to be modest inhibitors of 7. b. rhodesiense cysteine protease, which is influential in the
progression of this parasitic disease to the later CNS stage, which may be exploited to prolong the

lifetime of first-stage treatments.

SESQUITERPENE DERIVATIVES
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Terpene-derived natural products encompass a wide range of skeletal motifs, based upon the
number of isoprene units encompassed within the molecule and further structural modifications.
Numerous trypanocidal terpenoids have been reported, with many sharing a common 7,5 or 6,6-
membered, fused ring system, and a number of examples [37-43, Figure 6 and 44-49 Figure 7] are

discussed below.

Me

HO

42

Figure 6. Selected structurally related sesquiterpene and iridoid natural products (37-43) with
reported activity against trypanosomatids

Psilostachyin (37), a sesquiterpene lactone isolated from the plant species Ambrosia tenuifolia,
displayed potent inhibition of 7. cruzi, with ECso values of 4.3 and 12.5 uM against the
epimastigote and trypomastigote forms, respectively, and L. mexicana promastigotes with an ECs

value of 0.42 uM. The SI values against L6 cells were 21 and 34 for 7. cruzi epimastigotes and
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trypomastigotes and 214 for L. mexicana.’® The related natural product family member,
psilostachyin C (38), isolated from Ambrosia sabra showed more potent activity against 7. cruzi
cells with ECso values of 2.3 and 3.4 uM against epimastigote and intracellular amastigotes as well
as 4.5 and 5.7 pM for L. mexicana and L. amazonensis promastigotes.®” Compounds 37 and 38
have both been found to display in vivo activity against 7. cruzi in mice. Of these, compound 37
gave an approximately 1.5-fold reduction in parasitaemia over acute infection (up to 30 days), and
100% survival rate up to 50 days.®® In line, 38 gave a two-fold reduction in parasitaemia over acute
infection and a 20% survival rate over the first 30 days.®” Both compounds out-performed the
current treatment benznidazole in these studies, in which all mice treated with this drug died by
day 35 for the psilostachyin (37) study and 30 for the psilostachyin C (38) study. In both studies,
the sesquiterpenes and benznidazole were given by ip administration as a 5-day treatment of 1
mg/kg per day. The modes of action of 37 and 38 have been explored in 7. cruzi and are reported
to induce trypanosome death by independent modes of action, with the suggested mechanism
action of 37 being heme interaction and of 38 being inhibition of sterol synthesis.®® This could
explain the significant differences of in vivo activity between these two structurally similar
compounds. The related lactone vernolepin (39), the most potent of four sesquiterpene lactones
isolated from the plant Veronia sp., showed a very high activity and a good selectivity against the
T. brucei bloodstream form, with an ECso of 0.19 uM and SI of 14.5 as compared to L6 cells.® A
guaianolide (40) isolated from the plant Tanacetum parthenium, which bears a 5-7-5 fused tricyclic
core structure, gave a moderate trypanocidal activity against both the 7. cruzi epimastigote and
trypomastigote forms with ECso values of 18.1 and 5.7 uM, respectively, but an ECso value of only
67 uM against intracellular amastigotes. Compound 40 showed fairly low cytotoxicity with good

SI values of 5.2, 16 and 1.4 against the epimastigote, trypomastigote and intracellular amastigote
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forms, respectively, when compared to LLCMK cells. Some synergistic effects were observed
between this guaianolide and benznidazole with epimastigotes, and investigations into phenotypic
effects on parasite cells have suggested that trypanocidal action occurs through multiple
mechanisms.”® The carboxylic acid 41, isolated from the plant Eupatorium perfoliatum, which
bears the same 5-7-5 core structure, showed no inhibition against either 7. cruzi or L. donovani. It
was, however, determined as a moderate inhibitor of the T. b. rhodesiense bloodstream form
growth, with an ECsoof 20.7 uM and a SI of 11 when compared to L6 cells. The related compound
42, a suspected dimeric product of 41, and isolated from the same source, displayed an increased
potency against the 7. b. rhodesiense bloodstream form with an ECso of 4.5 uM, and additionally
demonstrated modest potency against both 7. cruzi intracellular amastigotes and L. donovani
amastigotes, with ECso values of 30.3 and 10.2 uM, respectively. The selectivity of 42 was poor,
with SI values of 2.6, <1 and 1.6 for the T. b. rhodesiense bloodstream form, 7. cruzi intracellular
amastigotes, and L. donovani amastigotes, respectively.”! Molucidin (43), the parent compound of
a series of iridoids isolated from the tropical plant species Morinda lucida, which despite being
skeletally distinctive from compounds 37-42, also contains a highly oxygenated, fused polycyclic
core and showed submicromolar potency against 7. b. brucei cells with an ECso value of 1.2 uM,
with a modest SI of 11.2 as compared to HF-19 cells.®? Phenotypic investigation into trypanosome
death by treatment with molucidin analogues has shown flagellar deformation as well as cell cycle
alteration as possible modes of action. In the same study, the free acid of 43 was tested for in vivo
activity, giving complete clearance of parasitemia in mice for 20 days post-infection based on five
consecutive daily doses of 30 mg/kg. Molducin, however showed significant toxicity and caused

death of the mice at day 7.%
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Figure 7. Further selected sesquiterpene natural products and synthetic derivatives (44-49) with
reported activity against trypanosomatids

Nobilin (44), a natural product isolated from Anthemis nobilis, displays a 5-10 fused core
structure related to the 5-7-5 core observed for other trypanocidal sesquiterpenes. It exhibited
potent trypanocidal activity with an ECso value of 3.2 uM against the 7. b. rhodesiense bloodstream
form with a modest SI of 2.1 when compared to L6 cells. A number of synthetic transannular
cyclization products of nobilin have also been investigated, revealing several antitrypanosomal
compounds, the most potent of which, 45, showed near ten-fold increased activity over nobilin,
with an ECso of 0.46 uM and a similar SI of 2.4.** A related natural product deoxyelephantopin
(46), was identified through a bioassay-guided isolation from the tropical plant species
Elephantopus scaber, which contains an additional lactone ring, forming a 5-10-5 fused ring
system. This compound displayed a very high potency against the 7. b rhodesiense bloodstream
form, with an ECso value of 0.07 uM, and a high SI of 65 as compared to L6 cells.”” A number of
elephantopin derivatives have been reported previously, displaying potent antileishmanial

activities, with the parent compound and others having ECso values of <0.28 uM against L. major
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promastigotes. It has been reported that the a-methylene-y-lactone moiety is a key factor in
mediating the anti-trypanosomal activity of sesquiterpene derivatives.’® This is well-known to act
as a strong Michael acceptor, leading to inactivation of the trypanothione cycle, a key aspect in
regulating peroxide levels within trypanosomatids, which therefore induces oxidative stress.”>**’

4-Acetoxydolastane (47), a natural product isolated from the marine alga Canistrocarpus
cervicornis bearing a 6-7-5 fused cyclic core, displayed potent antileishmanial activity with ECso
values of 5.5 and 18 uM, respectively, against L. amazonensis promastigote and intracellular
amastigote forms. Additionally, 47 exhibited low cytotoxicity, with a selectivity index of 93 versus
J774G8 macrophages. Investigation of its mechanism of action revealed induction of
ultrastructural changes, including mitochondrial damage, suggesting interference with the
mitochondrial membrane potential.”® Shagene A (48), a terpenoid isolated from an undescribed
coral genus also displayed inhibitory activity against Leishmania, with an ECso of 5 uM against L.
donovani intracellular amastigotes, with no observed cytotoxicity, and a SI value of >70.”
Interestingly, an almost identical keto variant, shagene B (49), displayed no trypanocidal nor
cytotoxic activity, a drastic effect from minimal structural alteration, alluding to the importance of
the methoxy group substituent.”

The terpenoid lactones are a quite diverse class of natural products, although many of those
active against trypanosomatid parasites are somewhat closely related in structure. Seemingly key
to their activity is the presence of an exocyclic methylene substituent at the a-position of five-
membered lactone ring. Additionally, 5-10 type fused ring systems seem to be common bioactive
cores, with several examples displaying submicromolar activities. Mode of action studies have

been carried out on some key structures, suggesting interference with trypanosome oxidant

regulation and the resultant induction of oxidative stress. Along with promising in vivo results for
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one reported compound, this overall class should provide additional promising leads for the further

development of new trypanocidal and leishmanicidal compounds.

GUANIDINE ALKALOIDS

Guanidine alkaloids are relatively common natural products, and many have been reported to
show trypanocidal activity, with several of those extracted from marine sources appearing to be
particularly potent. A number of guanidine alkaloids of interest (50-54, Figure 8) are discussed

below.

Figure 8. Selected guanidine alkaloid natural products (50-56) with reported activity against

trypanosomatids
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The relatively simple molecule monalidine A (50), one of several guanidine alkaloids isolated
from the marine sponge Monanchora arbuscular, showed potent activity against both 7. cruzi
trypomastigotes and L. infantum promastigotes with ECso values of 8 and 2 uM, respectively.
along with moderate SI values of 3 and 13, respectively, using LLC-MK2 cells. In the same study,
the more complex dimer batzelladine L (51), isolated from the same source, showed improved
activity against 7. cruzi promastigotes, with an ECso value of 2 uM, and retained antileishmanial

activity (ECso of 2 uM) and having SI of values of 11 for both parasite species.!?’ Synthetically

Ol while not

prepared agelasine D (52), first isolated from the sponge Agelas nakamurai,'
containing a guanidine moiety, displays a close chemical analogue in its adenine core, which has
been suggested to aid its uptake via P2 transporters. It exhibited potent pan-trypanocidal activity
against the 7. b. brucei bloodstream form, 7. cruzi intracellular amastigotes, and L. infantum
amastigotes, with ECso values, in turn, of 1.8, 9.0, and 3.0 uM, and SI values of 5, 2 and 6.7,
respectively, as compared to MRC-5 cells. Investigation of several agelasine D structural
analogues highlighted this core structure as having potential for trypanocidal and leishmanicidal
activity, with many compounds surpassing the potency of the parent natural product. One key
example (53) showed potent activity with ECso values of 0.5, <0.25, and 2 uM for the T. b. brucei
bloodstream form, 7. cruzi intracellular amastigotes, and L. infantum amastigotes, respectively.
However, significant cytotoxicity was also shown, with corresponding SI values of 1.8, <3.6 and
0.45 as compared to MRC-5 cells.!??

The simple 2-amino-imidazole-containing fragment-like natural product 54, one in a series of
imidazolium compounds isolated from Agelas oroides, also showed modest pan-trypanocidal

activity against the 7. b. rhodesiense bloodstream form, 7. cruzi intracellular amastigotes and L.

donovani amastigotes, with reported ECso values of 17, 18, and 95 uM, respectively. However, it
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exhibited high cytotoxicity in L6 cells, with SI values, in turn, of 3, 3 and 0.05. Compound 54,
along with other imidazolium compounds in the series, was revealed as an enoyl reductase
inhibitor in the related protozoan species Plasmodium falciparum, suggesting this as a potential
mechanism of action, although this has not been described in trypanosomatids.'®® Sceptrin (55), a
bromo-imidazole natural product containing an interesting tetrasubstituted cyclobutane core, was
originally isolated from Agelas sceptrum.'® It showed modest potency against the T. b.
rhodesiense bloodstream form, with an ECso value of 15.7 uM, in addition to low toxicity in L6
cells with an SI value of >10. This substance, however, showed little activity against 7. cruzi
intracellular amastigotes and L. donovani amastigotes (ECso values of 96 uM and 83 uM,
respectively).!% Dibromopalau’amine (56), a complex dibrominated polycyclic natural product
extracted from the sponge Anixella verrucosa'® bears similar amino-imidazolium moieties to 55.
It proved to be a submicromolar inhibitor of the 7. b. rhodesiense bloodstream form, with an ECsg
value of 0.8 uM, and demonstrated potent inhibition of L. donovani amastigotes (ECso value of
1.9 uM) but low activity for 7. cruzi intracellular amastigotes (ECso value of 120 uM). This
compound showed modest selectivity for both 7. b. rhodesiense and L. donovani, with SI values
of 10 and 4 respectively.'®

Examples of guanidine-derived and related alkaloids have been shown to be potent inhibitors of
individual trypanosomatid species and are modest pan-trypanocidal agents. Although existing
SAR and in vivo studies are limited in this class of alkaloids, preliminary studies have shown some
success. The adenosine-derived natural product agelasine D (52) showed low micromolar
inhibition of all three parasite species investigated, and a follow-up study of synthetic analogues

has yielded submicromolar inhibitors of 7. brucei and 7. cruzi. Despite the unfortunate
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accompanying cytotoxicity thus far shown by these analogues, their scaffold presents a good basis
for further development of trypanocidal agents.

ENDOPEROXIDES

The endoperoxide motif exemplifies the diverse three-dimensional structural nature of bioactive
natural products. Its functionality is rarely seen in synthetic drug compounds, yet is a recurrent
feature in reported highly trypanocidal natural products, many of which are isolated from marine
animals. Examples of some endoperoxide-containing natural products (57-64) are shown in Figure
9. Interestingly FDA-approved drugs artemether and arteether, and the natural product from which
they are derived, artemisinin, all contain an endoperoxide functionality and are all used as frontline
treatments for malaria, a related neglected tropical disease caused by Plasmodium falciparum.>*'%’

This highlights the moiety as a feasible active core in the treatment of other NTD’s such as those

caused by the trypanosomatids.
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Figure 9. Selected endoperoxide-containing natural products (57-64) with reported activity

against trypanosomatids

Manadoperoxide B (57), an endoperoxide isolated from the sponge Plakortis cf. lita showed
submicromolar potency against the 7. b. rhodesiense bloodstream form with an ECso value of
0.0088 uM. Compound 57 additionally showed very high selectivity with an SI value of >3000 as
compared to HMEC cells.!® The hydrolyzed variant, manadoperoxidic acid (58), also isolated
from the Plakortis cf. lita sponge, showed somewhat reduced activity with an ECso value of 5.7
UM and only moderate selectivity (SI value of 3.8 compared with L6 cells). 12-Isomanadoperoxide

B (59), the Z-isomer of manadoperoxide B (57), isolated from Plakortis cf. lita, showed a slight
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reduction in potency but still exhibited submicromolar inhibition of the 7. b. rhodesiense
bloodstream form with an ECso value of 0.032 uM and a SI value of >350 when compared to L6
cells.!'” The structurally related plakortide P (60), isolated from the sponge Plakortis
angulospiculatus showed modest potency against 7. cruzi trypomastigotes with an ECso value of
6.3 uM. The compound, however, exhibited poor selectivity when compared to the other
structurally related endoperoxides discussed, with an SI value of 7.!1° 11,12-Dehydro-13-oxo-
plakortide Q (61) and manadoperoxide I (62), isolated from the sponges Plakortis
angulospiculatus and Plakortis cf. lita respectively, have shown the tolerance of varying
appendages to the endoperoxide core. Compounds 61 and 62 have reported activities against the
T. b. brucei and T. b. rhodesiense bloodstream form parasites with respective ECs values of 0.049
and 0.17 uM, and SI values of 105 as compared to HEK-293 cells for 61 and >160 as compared
to HMEC cells for 62.!%!!! [solation and testing of a range of manadoperoxides are described by
Chianese et al.!%® Ergosterol peroxide (63), a sterol isolated from Pleurotus ostreatus and Trametes
versicolor, showed trypanocidal and leishmanicidal activities with ECso values of 16.8, 13.9, and
4.0 uM against 7. cruzi epimastigotes, L. amazonensis promastigotes, and L. amazonensis
amastigotes, respectively. Sterol 63 showed only modest selectivity, with SI values of >5, 3, and
11 for T. cruzi, L. amazonensis promastigotes, and L. amazonensis amastigotes, respectively.!!%!13
Ergosterol is the dominant de novo synthesized sterol in trypanosomatids, and has been
implemented in signaling for the regulation of 7. brucei growth, potentially alluding to the
trypanocidal activity of 63.!'"* Plakortide E (64), isolated from the sponge Plakortis
halichondroides, possesses a five-membered endoperoxide core as opposed to the six-membered

core displayed in compounds 57-63. Compound 64 showed activity against 7. brucei with an ECso

value of 5 uM and an SI of >20 compared to J744.1 macrophages, but no activity against L. major
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promastigote cells. Plakortide E (64) has been shown to be a non-competitive, reversible inhibitor
of the trypanosomatid cysteine protease, rhodesain, in addition to similar cysteine proteases from
other species.!'!® This suggests a similar mode of action for other endoperoxides, although further
investigation into structure-activity relationships is required.

Endoperoxides comprise a range of extremely potent trypanocidal compounds, with many
examples showing submicromolar activity. Manadoperoxides, in particular, have been revealed as
being very potent, with some key SAR factors and structural tolerances already revealed. While
seemingly complex, these core structures can be readily accessed synthetically, as discussed later
in this review. Insights into their suspected mode of action, via the inhibition of cysteine proteases,
requires further investigation as well as analysis of their in vivo performance against parasitic

infections.

MACROCYCLES

Macrocycles are a diverse branch of natural products, encompassing cyclic secondary
metabolites with rings comprising of 12 or more atoms. Various trypanocidal macrocycles have

been reported, with selected examples (65-71) shown in Figure 10.
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Figure 10. Selected macrocyclic natural products (65-71) with reported activity against
trypanosomatids

Cembrane-type diterpenes are a class of macrocyclic natural products typically comprising a 14-
membered cycle often fused with furanyl rings or bridged at various ring positions. A key
collection of antiprotozoal cembrane diterpenes is available,''® with important examples of the
family being laevigatol B (65) and laevigatol A (66). Laevigatol B (65), isolated from the coral

Lobophytum crassum and Lobophytum laevigatum'!

showed trypanocidal activity against the 7.
b. brucei bloodstream form with an ECso value of 5.3 uM, and SI of >20 as when comparing to

the HEK293T and HepG2 cell lines. Additionally, 65 showed weak activity against 7. cruzi
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intracellular amastigotes, with a 15.2% reduction in cell viability at 50 pM.!'® Interestingly,
laevigatol A (66), the epoxidated analogue of 65 exhibited no reported activity against 7. b. brucei
up to 20 uM.!''® Lobocrasol A, 67, a structurally related macrocycle isolated from Lobophytum
crassum'!” displayed potent leishmanicidal activity and moderate trypanocidal activity with ECso
values of 0.18 and 10.0 uM against L. donovani amastigotes and the 7. b. rhodesiense bloodstream
form with SI values of 310 and 6, respectively, as compared to L6 cells. Hypothemycin (68), a 14-
membered, macrolactone featuring a fused phenolic substituent isolated from the fungi Hypomyces

122 showed potent activity against

trichothecoides,"'*'?° Coriolus versicolor,'*! and Aigialus parvus
the 7. brucei bloodstream form with an ECsg value of ~0.17 uM. In vivo investigation of its activity
showed a 33% cure rate of mice infected with 7. brucei, based on a 10 mg/kg dose administered
once daily for 7 days. At doses higher than 10 mg/kg, however, significant signs of toxicity were
observed in the mice, likely due to the known covalent inhibition of CDX kinases by
hypothemycin.'?*!?* Further to this known activity, the trypanocidal mechanism of 68 was
investigated, revealing covalent inhibition of 7bCLK1 kinase with a recorded ICso value of 0.15
uM.'** No selectivity data have been reported, and the competing activity in human kinases could
be problematic in further development.

Bastimolide A (69), a 40-membered macrolide isolated from the marine cyanobacterium
Okeania hirsute, showed multi-trypanocidal activity against both 7. cruzi intracellular amastigotes
and L. donovani amastigotes with ECso values of 6.5 and 3.0 uM, respectively. However,
compound 69 showed somewhat low selectivity with SI values of 2 and 1 for 7. cruzi and L.
donovani, respectively, as compared to Vero cells.'?> Lobosamides A and B (70 and 71) are 26-

membered polyene macrolactams isolated from the actinobacterium Micromonospora species,

varying only by a single alkene geometry. Lactam 70 showed submicromolar potency against 7.
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b. brucei with an ECso value of 0.8 uM, whereas 71 exhibited an almost 10-fold reduced activity
of 6.1 uM. Both had low toxicity to T98G mammalian cells, with SI values of 83 and 11 for
compounds 70 and 71, respectively. Other macrolactams isolated together with Lobosomides A
and B showed no trypanocidal activity despite their structural similarities.!'?®

Macrocyclic natural products have contributed several low and submicromolar trypanocidal
compounds, some with high selectivity indices versus mammalian cells. Larger macrocycles, such
as bastimolide, present a significant challenge in their synthesis and investigation of SAR, due to
their large size and high flexibility. Smaller macrocycles such as the cembrane-type diterpenes are
more appropriate for such studies, as many structurally related examples are known, some with
reported trypanocidal activities. This foundation of knowledge can help build SAR correlations
for further investigations into the activity of this core structure. However their synthesis remains

challenging and requires intelligent route planning to achieve systematic SAR analyses.

CYCLIC PEPTIDES

A wide range of cyclic peptides are known, with varying reported biological activities, ranging
from beneficial antibiotics to potent neurotoxins. Cyclic peptides vary in ring size, comprised
primarily of amino-acid building blocks, which are cyclized either through the peptide backbone
or by secondary linkages through side chains. Various trypanocidal natural cyclic peptides have
been reported, a number of which (72-77) are shown in Figure 11. It should be noted that many of

the trypanocidal cyclic peptides reported show accompanying antiplasmodial activity.
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Figure 11. Selected natural cyclic peptides (72-77) with reported activity against trypanosomatid
parasites

Venturamides A and B (72 and 73), two cyclic hexapeptides isolated from the cyanobacterium
Oscillatoria species, display an interesting mixed oxazole and thiazole containing core, with a

singular alanine/threonine variation differentiating the two. Both showed moderate
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antitrypanosomal activity with ECso values against 7. cruzi intracellular amastigotes of 14.6 and
15.8 uM for compounds 72 and 73, respectively, but showed no detectable leishmanicidal activity
against L. donovani amastigotes up to 20 uM. They both exhibited low cytotoxicity with moderate
SI values 6 and 3.5 for 72 and 73, respectively, for 7. cruzi amastigotes when compared to Vero
cells.'?’” The structurally related hexapeptide aerucyclamide C (74), the most potent in a family of
cyclic peptides isolated from the cyanobacteria Microcystis aeruginosa, similarly contains both
oxazole and thiazole motifs, with the addition of a methyl-oxazoline replacing one thiazoles
moiety. It showed moderate trypanocidal activity against the 7. b. rhodesiense bloodstream form,
with an ECso value of 9.2 uM, and good selectivity with an SI value of 12 compared to L6 cells.!*
The parent compound family member, aerucyclamide A (75), also isolated from Microcystis

129 showed almost two-fold reduced trypanocidal activity, with an ECso value of 15.9

aeruginosa,
uM, but maintained moderate selectivity with an SI of 8.128

The large peptide tachyplesin I (76), isolated from the crab species Tachypleus tridentatus,'*°
comprises a 17 amino acid chain bicyclic structure, cyclized through two pairs of cysteine-
cysteine disulfide bridges. It displayed good leishmanicidal activity with an ECso value of 9.3 uM
against L. braziliensis promastigote cells and moderate trypanocidal activities with ECso values of
9.3 and 47.9 uM for T. cruzi trypomastigote and epimastigote cells, respectively.!’! These
activities surpass the previously known antifungal and antibacterial activities of 76,'** but remain
only modest in comparison to other trypanocidal natural products. Valinomycin (76), a known
antibiotic and potassium (K") ionophore originally isolated from Streptomyces fulvissimus,'
consists of a 12-membered depsipeptide core, consisting of D- and L-valine, D-a-hydroxyisovaleric

acid and L-lactic acid moieties. Compound 77 showed potent antitrypanosomal and antileishmanial

properties, with ECso values of 0.0032 uM and <0.11 uM for the 7. b. brucei bloodstream form
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and L. major promastigotes, respectively, with very high selectivity (SI values of 3500 and >100
for T. b. brucei and L. major, when compared to 293T cells).!?

Despite the potent trypanocidal and leishmanicidal activity of cyclic peptides, they present a
challenging structural core for further development. Peptide chemical synthesis is challenging and
tedious, with very poor atom economies on regularly applied routes. Desirable promiscuous
enzymatic processes are needed to produce the wide variety of cyclic peptides required for a
systematic SAR study are not yet available. Few trypanocidal cyclic peptides have been
investigated with the focus of elucidating their mechanisms of action, a key factor that must first

be tackled in order to develop them further as trypanocidal agents.

FASCILITATING DEVELOPMENT THROUGH ACCESSIBILITY

The discovery of new drug targets for trypanocidal agents is vital to the development of new and
improved therapeutics that are more appropriate for modern medicinal use than those currently
administered. To facilitate this process, therapeutic scaffolds must be easily synthesized and
chemically modified to allow their further furnishing with a wide variety of moieties and
functionalities. This enables the generation of SAR correlations, in addition to the tailoring of
pharmacokinetic characteristics such as logP, oral bioavailability, protein binding and metabolic
stability. One key derivatization step is to allow the conjugation of biochemical tags, which may
be used to aid target identification, localization and uptake studies of potential therapeutics. An
extensive review of the methods available for the use of various approaches to identify drug modes
of action has been published by our group.'** Key applicable techniques include the use of
photoaffinity labeling chemistry to covalently link modified lead compounds to their target,
enabling subsequent target identification by mass spectrometry or selective isolation using an

installed chemical tag.
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For these techniques, isolation of natural products from their natural sources is often not a viable
option. This is because yields of many isolated natural compounds such as artemisinin, paclitaxel,
and various antibiotics are normally low and may be from limited natural resources. Chemical
modification of existing natural products is limited by existing functional groups and is often
challenging. Synthetically accessible natural product cores that retain the trypanocidal activity of
parent natural products are beneficial in this aspect, as they can be designed to contain chemical
handles for further modification. Unlike natural products themselves, however, cores can also be
designed with synthetic tractability in mind, enabling rapid synthesis for SAR and target

identification studies.

We have suggested routes by which common trypanocidal cores highlighted in this study might
be accessed, enabling the synthesis of furnished cores to further examine modes of action. These

routes are shown in Figure 12.
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Figure 12. Common trypanocidal natural product cores and suggested synthetic routes by which

they may be accessed through precedented chemistry

Flavone and flavonol syntheses are well-known chemical routes, where a variety of o-
hydroxyacetophenones may undergo an aldol condensation with a corresponding benzaldehyde to
form 2-hydroxychalcone derivatives. Chalcones can be either cyclized with molecular iodine to
form flavones, or via the Algar-Flynn-Oyamada reaction with hydrogen peroxide to give the

corresponding flavonol. This approach has previously been used by Lam et al. using a range of
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substituted benzaldehydes and acetophenones in the combinatorial generation of a library of

various flavones and flavonol derivatives.'?>

The formation of B-carboline ring systems can be accessed via an acid-catalyzed Pictet-Spengler
condensation of tryptophan with various aldehydes, giving the corresponding tetrahydro-f3-
carboline unit. This reaction has a wide substrate scope, where additional substitution on the indole
moiety and various aldehydes are tolerated. In some cases, the aldehyde component may be
replaced with a ketone, giving the corresponding 1,1-disubstituted B-carboline unit.!3® Further
oxidation of the monosubstituted tetrahydro-f-carboline ring system can be performed using
hypervalent iodine reagents to give fully conjugated variants. Decarboxylative ring oxidation
occurs where the naked carboxylic acid moiety originating from tryptophan is present during the
oxidation reaction, although it is prevented via simple esterification or further derivatization at this

position.'?’

1,2-Dioxane derivatives can be accessed through the modification of various o,p-unsaturated
aldehydes through initial modification via Ragoussis’ modified Knoevenagel condensation to form
the corresponding skipped diene.!*® Dienes can then be converted to the 4,5-unsaturated 1,2-
dioxane systems through reaction with photo-generated singlet oxygen species.'*” Various
aldehydes can be utilized in the Knoevenagel condensation, or the diene could be installed via
Wittig reaction of phosphonium ylides, giving a very wide scope of possible substitutions. Further
functionalization of the alkene of the 4,5-dehydro-1,2-dioxane core, such as reduction with
Adam’s catalyst (PtO2)/H»,'* or dihydroxylation with OsOa4,'*' are additional options for
molecular derivatization. A recent study by Taglialatela-Scafati et al. investigated a range of 1,2-

dioxane derivatives accessed via similar routes for their antiplasmodial activities.'** The stability
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of the endoperoxide group to further functional group interconversions is surprising. During the
total synthesis of plakortide E by Sun et al., early installation of the 1,2-dioxolane motif was
followed by exposure to various harsh chemical reagents including borohydride reduction, n-

butyllithium, and tin hydride reagents, with reactions proceeding with moderate to high yields.!*’

EXAMPLES OF APPLYING TRYPANOCIDAL NATURAL PRODUCT CORES

The concept of applying active natural product cores in the development of trypanocidal
compounds, as well as aiding identification of novel targets has already been applied. Two
examples are shown in Figure 13. In the case of convolutamine I (78), an antitrypanosomal alkaloid
from the bryozoan Amithia tortusa,'"** a potency and pharmacokinetic-based SAR study examined
analogues of 78. Through the study, a new lead, 79, was developed that showed increased potency
with an ECsp value of 0.5 uM, as compared to the isolated natural product ECso value of 1.1 uM,

and exhibited a significantly improved pharmacokinetic profile.!*’
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Figure 13. Examples utilizing natural product cores to improve synthetic accessibility, drug-
likeness and selectivity while maintaining trypanocidal activity

Chamuvarinin (80), an acetogenin isolated from the plant species Uvaria chamae,'*® which bears
a tri-heterocyclic core, was the subject of an extensive SAR study, with the use of a synthetically
accessible core analogous to that of the natural product. In this study, compounds maintaining the
low micromolar activity of the natural product (ECso of 1.3 uM vs. the 7. b. brucei bloodstream
form and a SI value of 2 vs. HeLa cells)!'*’ while significantly improving synthetic accessibility
and importantly selectivity towards mammalian cells were synthesized. Compound 81, one such
example, exhibits pan-trypanocidal activity, with ECso values of 5.1, 12.7, and 15.3 uM for 7. b.
brucei, T. cruzi epimastigotes, and L. major promastigotes, respectively, with SI values of 100, 39

and 33 as compared to Vero cells.'*®
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MODIFICATION OF NATURAL PRODUCT CORES

Natural products often do not follow the Lipinski “rule of 57, however, many are already in use
as potent drugs for a variety of diseases.'#>!>* This should be noted in the further development of
key natural product cores, where factors such as logP, plasma protein binding and solubility should
be monitored, however strict adherence to Lipinski rules is not absolutely necessary.

For natural products where simple or reliable chemical synthesis methods are not viable, for
example, in the case of small cyclic peptides and macrocycles, heterologous expression in
laboratory-culturable systems is a valid alternative. In such systems, it is preferable that enzymes
along the biosynthetic pathway show some promiscuity, allowing the introduction of modified
substrates furnishing the desired products with chemically modifiable handles. This approach has

151

already been shown in the modification of a range of natural products,”>" as well as biologically

active cyclic peptides.'*>'>>

CONCLUSIONS

Natural products historically are an important source of biologically active structures for the
development of treatments for a wide range of human and animal diseases. The natural product
structures described in this review show that certain natural product scaffolds hold great potential
for the pursuit of potent trypanocidal compounds, with many compounds having low or
submicromolar activities against some, or even all three kinetoplastid species, while still
maintaining favorable selectivity. Some key scaffolds uphold the strong reputation of favorable
bioavailability of natural products through their promising in vivo activities, but this number is
relatively small. A priority of further research should be to investigate further those promising
leads that have not yet been tested in vivo. Furthermore, the recurrence of certain core moieties

throughout the large number of trypanocidal compounds examined shows several active compound
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skeletons, some with desirable three-dimensional characteristics often lacking in purely synthetic
libraries, which should be investigated further in the development of urgently required antiparasitic
therapies, and also be key players in the discovery of novel drug targets. Chemical tractability of
these scaffolds will allow easy and rapid structure activity relationships to be explored, as well as
informed positioning of fluorescent and/or affinity tags, to aid uptake, mode of action studies and

target identification studies.
AUTHOR INFORMATION

Corresponding author

*Phone: +44 (0)1334 463412. Fax: +44 (0)1334 462595. E-mail: tks1@st-andrews.ac.uk.

TThese authors contributed equally.

ORCID

Terry K. Smith: 0000-0003-1994-2009

Peter E. Cockram: 0000-0002-6476-9199

Notes

The authors declare no competing financial interest

ACKNOWLEDGMENTS

This work was supported through funding from the EPSRC and the School of Chemistry
(University of St Andrews). The 7. brucei image used in the graphical abstract was used with

permission from Gull Lab courtesy of Sue Vaughan.
REFERENCES

(1)  Goater, T. M.; Goater, C. P.; Esch, G. W. Parasitisms: the Diversity and Ecology of Animal

49


mailto:tks1@st-andrews.ac.uk

2

3)

(4)

)

(6)

()

(8)

)

(10)

(1)

(12)

(13)

(14)

Parasites; Cambridge University Press: Cambridge, UK, 2014.

Franco, J. R.; Simarro, P. P.; Diarra, A.; Jannin, J. G. Clin. Epidemiol. 2014, 6, 257-275.

World Health Organisation. Investing to overcome the global impact of neglected tropical

diseases: third WHO report on neglected diseases; 2015.

http://www.who.int/trypanosomiasis_african/en/ (accessed January 1, 2018).

Clarkson, M. J. Vet. Parasitol. 1976, 2, 9-29.

https://www.dndi.org/diseases-projects/hat/ (accessed January 1, 2018).

World Health Organisation. Research priorities for Chagas disease, human African

trypanosomiasis and leishmaniasis.; 2012.

Kabayo, J. P. Trends Parasitol. 2002, 18, 473-475.

http://www.who.int/chagas/en/ (accessed January 1, 2018).

http://www.who.int/leishmaniasis/en/ (accessed January 1, 2018).

Hotez, P. J.; Dumonteil, E.; Betancourt Cravioto, M.; Bottazzi, M. E.; Tapia-Conyer, R.;
Meymandi, S.; Karunakara, U.; Ribeiro, I.; Cohen, R. M.; Pecoul, B. PLoS Negl. Trop. Dis.

2013, 7, 5-8.

Sokolova, A. Y.; Wyllie, S.; Patterson, S.; Oza, S. L.; Read, K. D.; Fairlamb, A. H.

Antimicrob. Agents Chemother. 2010, 54, 2893-2900.

Baker, N.; de Koning, H. P.; Méser, P.; Horn, D. Trends Parasitol. 2013, 29, 110-118.

Barrett, M. P.; Vincent, I. M.; Burchmore, R. J.; Kazibwe, A. J.; Matovu, E. Future

50



(15)

(16)

(17)

(18)

(19)

(20)

21)

(22)

(23)

24)

(25)

Microbiol. 2011, 6, 1037-1047.

Okwen, M. P.; Ngem, B. Y.; Alomba, F. A.; Capo, M. V.; Reid, S. R.; Ewang, E. C. Harm

Reduct. J. 2011, 8, 1-9.

Reid, S. R. Harm Reduct. J. 2009, 6, 1-11.

Campos, M. C. O.; Leon, L. L.; Taylor, M. C.; Kelly, J. M. Mol. Biochem. Parasitol. 2014,

193, 17-19.

Mejia, A. M.; Hall, B. S.; Taylor, M. C.; Gémez-Palacio, A.; Wilkinson, S. R.; Triana-

Chavez, O.; Kelly, J. M. J. Infect. Dis. 2012, 206, 220-228.

Singh, N.; Kumar, M.; Singh, R. K. 4Asian Pac. J. Trop. Med. 2012, 5, 485-497.

Croft, S. L.; Sundar, S.; Fairlamb, A. H. Clin. Microbiol. Rev. 2006, 19, 111-126.

Mohapatra, S. Trop. Parasitol. 2014, 4, 4-9.

Pedrique, B.; Strub-Wourgaft, N.; Some, C.; Olliaro, P.; Trouiller, P.; Ford, N.; Pécoul, B.;

Bradol, J. H. Lancet Glob. Heal. 2013, 1, 371-379.

Yamey, G.; Torreele, E. Br. Med. J. 2002, 325, 176-177.

Trouiller, P.; Olliaro, P.; Torreele, E.; Orbinski, J.; Laing, R.; Ford, N. Lancet 2002, 359,

2188-2194.

Ioset, J. R.; Brun, R.; Wenzler, T.; Kaiser, M.; Yardley, V. Drug Screening for Kinetoplastid
Diseases: A Training Manual for Screening in Neglected Diseases; DNDi and Pan-Asian

Screening Network:, 2009.

51



(26)

27

(28)

(29)

(30)

G

(32)

(33)

(34)

(35)

(36)

(37)

Stratton, C. F.; Newman, D. J.; Tan, D. S. Bioorg. Med. Chem. Lett. 2015, 25, 4802—4807.

Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2012, 75, 311-335.

Huggins, D. J.; Sherman, W.; Tidor, B. J. Med. Chem. 2012, 55, 1424—1444.

Jones, A.; Grkovic, T.; Sykes, M.; Avery, V. Mar. Drugs 2013, 11, 4058—4082.

Bashir, L.; Shittu, O.; Sani, S.; Busari, M.; Adeniyi, K. Int. J. Biochem. Res. Rev. 2015, 7,

45-79.

Varela, M. T.; Fernandes, J. P. S. Curr. Med. Chem. 2018, 25, E-pub Ahead of Print.

De Rycker, M.; Hallyburton, I.; Thomas, J.; Campbell, L.; Wyllie, S.; Joshi, D.; Cameron,
S.; Gilbert, 1. H.; Wyatt, P. G.; Frearson, J. A.; Fairlamb, A. H.; Gray, D. W. Antimicrob.

Agents Chemother. 2013, 57,2913-2922.

Ashok, P.; Chander, S.; Smith, T. K.; Sankaranarayanan, M. Eur. J. Med. Chem. 2018, 150,

559-566.

Ronin, C.; Costa, D. M.; Tavares, J.; Faria, J.; Ciesielski, F.; Ciapetti, P.; Smith, T. K;

MacDougall, J.; Cordeiro-da-Silva, A.; Pemberton, 1. K. PLoS One 2018, 13, €0193602.

Zhou, L.; Stewart, G.; Rideau, E.; Westwood, N. J.; Smith, T. K. J. Med. Chem. 2013, 56,

796—-806.

Luna, K. P.; Hernandez, 1. P.; Rueda, C. M.; Zorro, M. M.; Croft, S. L.; Escobar, P.

Biomedica 2009, 29, 448—455.

Sokolova, A. Y.; Wyllie, S.; Patterson, S.; Oza, S. L.; Read, K. D.; Fairlamb, A. H.

52



(3%)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

Antimicrob. Agents Chemother. 2010, 54, 2893-2900.

Kondo, J.; Koganei, M.; Maianti, J. P.; Ly, V. L.; Hanessian, S. ChemMedChem 2013, 8,

733-739.

https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm (accessed March 28, 2018).

Tasdemir, D.; Kaiser, M.; Brun, R.; Yardley, V.; Schmidt, T. J.; Tosun, F.; Riiedi, P.

Antimicrob. Agents Chemother. 2006, 50, 1352—64.

Baldim, J. L.; Alcantara, B. G. V. de; Domingos, O. da S.; Soares, M. G.; Caldas, 1. S.;
Novaes, R. D.; Oliveira, T. B.; Lago, J. H. G.; Chagas-Paula, D. A. Oxid. Med. Cell. Longev.

2017, 2017, 1-12.

Buckingham, J.; Munasinghe, V. R. N. Dictionary of Flavonoids; CRC Press: Boca Raton,

USA, 2015.

Liu, P.; Deng, T.; Hou, X.; Wang, J. Plant Foods Hum. Nutr. 2009, 64, 141-145.

Cao, X.; Wei, Y.; Ito, Y. J. Lig. Chromatogr. Relat. Technol. 2008, 32, 273-280.

Xiao, H.; Rao Ravu, R.; Tekwani, B. L.; Li, W.; Liu, W.-B.; Jacob, M. R.; Khan, S. I.; Cai,

X.; Peng, C.-Y.; Khan, I. A.; Li, X.-C.; Wang, W. Nat. Prod. Res. 2016, 6419, 1-5.

Borsari, C.; Lucian, R.; Pozzi, C.; Poehner, I.; Henrich, S.; Trande, M.; Cordeiro-Da-silva,
A.; Santarem, N.; Baptista, C.; Tait, A.; Di Pisa, F.; lacono, L. Dello; Landi, G.; Gul, S.;
Wolf, M.; Kuzikov, M.; Ellinger, B.; Reinshagen, J.; Witt, G.; Gribbon, P.; Kohler, M.;
Keminer, O.; Behrens, B.; Costantino, L.; Nevado, P. T.; Bifeld, E.; Eick, J.; Clos, J.;

Torrado, J.; Jiménez-Anton, M. D.; Corral, M. J.; Alunda, J. M.; Pellati, F.; Wade, R. C.;

53



(47)

(4%)

(49)

(50)

(1)

(52)

(53)

(54)

(55)

Ferrari, S.; Mangani, S.; Costi, M. P. J. Med. Chem. 2016, 59, 7598-7616.

Calixto Junior, J. T.; de Morais, S. M.; Gomez, C. V.; Molas, C. C.; Rolon, M.; Boligon, A.
A.; Athayde, M. L.; Oliveira, C. D. de M.; Tintino, S. R.; Coutinio, H. D. M. Saudi J. Biol.

Sci. 2016, 23, 434—440.

Mohamed, S. S. M.; Elokey, K. M.; Bachkeet, E. Y.; Bayoumi, S. A. L.; Carnevale, V.;

Klein, M. L.; Cutler, S. J.; Ross, S. A. Nat. Prod. Commun. 2015, 10, 1897-1900.

Hussain, H.; Al-Harrasi, A.; Abbas, G.; Rehman, N. U.; Mabood, F.; Ahmed, I.; Saleem,
M.; Van Ree, T.; Green, 1. R.; Anwar, S.; Badshah, A.; Shah, A.; Ali, I. Chem. Biodivers.

2013, /0, 1944-1971.

Gadetskaya, A. V; Tarawneh, A. H.; Zhusupova, G. E.; Gemejiyeva, N. G.; Cantrell, C. L.;

Cutler, S. J.; Ross, S. A. Fitoterapia 2015, 104, 80—85.

Mittra, B.; Saha, A.; Chowdhury, A. R.; Pal, C.; Mandal, S.; Mukhopadhyay, S.;

Bandyopadhyay, S.; Majumder, H. K. Mol. Med. 2000, 6, 527-541.

Banzragchgarav, O.; Murata, T.; Odontuya, G.; Buyankhishig, B.; Suganuma, K.

Davaapurev, B. O.; Inoue, N.; Batkhuu, J.; Sasaki, K. J. Nat. Prod. 2016, 79, 2933-2940.

Sienkiewicz, N.; Ong, H. B.; Fairlamb, A. H. Mol. Microbiol. 2010, 77, 658—671.

Gomes, A. S.; Brandao, P.; Fernandes, C. S. G.; da Silva, M. R. P. C.; de Sousa, M. E. da

S. P.; Pinto, M. M. de M. Curr. Med. Chem. 2016, 23, 3654-3686.

Almeida, C.; Ortega, H.; Higginbotham, S.; Spadafora, C.; Arold, A. E.; Coley, P. D.;

Kursar, T. A.; Gerwick, W. H.; Cubilla-Rios, L. Lett. Appl. Microbiol. 2014, 59, 58—64.

54



(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

Al-Massarani, S.; EI Gamal, A.; Al-Musayeib, N.; Mothana, R.; Basudan, O.; Al-Rehaily,

A.; Farag, M.; Assaf, M.; El Tahir, K.; Maes, L. Molecules 2013, 18, 10599-10608.

Pontius, A.; Krick, A.; Kehraus, S.; Brun, R.; Konig, G. M. J. Nat. Prod. 2008, 71, 1579—

1584.

Menna-Barreto, R. F. S.; Goncalves, R. L. S.; Costa, E. M.; Silva, R. S. F.; Pinto, A. V_;

Oliveira, M. F.; de Castro, S. L. Free Radic. Biol. Med. 2009, 47, 644—653.

Molina Portela, M. P.; Fernandez Villamil, S. H.; Perissinotti, L. J.; Stoppani, A. O. M.

Biochem. Pharmacol. 1996, 52, 1875—1882.

Simpson, L. In International Review of Cytology 1972; vol. 32 pp. 139-207.

Menna-Barreto, R. F. S.; de Castro, S. L. Biomed Res. Int. 2014, 2014, 1-14.

Uchiyama, N.; Kiuchi, F.; Ito, M.; Honda, G.; Takeda, Y.; Khodzhimatov, O. K.;

Ashurmetov, O. A. J. Nat. Prod. 2003, 66, 128—131.

Suto, Y.; Nakajima-Shimada, J.; Yamagiwa, N.; Onizuka, Y.; Iwasaki, G. Bioorg. Med.

Chem. Lett. 2015, 25, 2967-2971.

Lozano, E. S.; Spina, R. M.; Tonn, C. E.; Sosa, M. A.; Cifuente, D. A. Bioorg. Med. Chem.

Lett. 2015, 25, 5481-5484.

Sandjo, L. P.; de Moraes, M. H.; Kuete, V.; Kamdoum, B. C.; Ngadjui, B. T.; Steindel, M.

Bioorg. Med. Chem. Lett. 2016, 26, 1772—-1775.

Lam, C. F. C.; Pearce, A. N.; Tan, S. H.; Kaiser, M.; Copp, B. R. Mar. Drugs 2013, 11,

3472-3499.

55



(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

Abdelmohsen, U. R.; Cheng, C.; Viegelmann, C.; Zhang, T.; Grkovic, T.; Ahmed, S.;

Quinn, R. J.; Hentschel, U.; Edrada-Ebel, R. Mar. Drugs 2014, 12, 1220—1244.

Kaushik, N. K.; Kaushik, N.; Attri, P.; Kumar, N.; Kim, C. H.; Verma, A. K.; Choi, E. H.

Molecules 2013, 18, 6620—6662.

Chan, S. T. S.; Pearce, A. N.; Page, M. J.; Kaiser, M.; Copp, B. R. J. Nat. Prod. 2011, 74,

1972-1979.

Feng, Y.; Davis, R. A.; Sykes, M. L.; Avery, V. M.; Quinn, R. J. Bioorg. Med. Chem. Lett.

2012, 22, 4873-4876.

Larghi, E.; Bracca, A.; Arroyo Aguilar, A.; Heredia, D.; Pergomet, J.; Simonetti, S.;

Kaufman, T. Curr. Top. Med. Chem. 2015, 15, 1683—-1707.

Jonckers, T. H. M.; Van Miert, S.; Cimanga, K.; Bailly, C.; Colson, P.; De Pauw-Gillet, M.
C.; Van den Heuvel, H.; Claeys, M.; Lemicére, F.; Esmans, E. L.; Rozenski, J.; Quirijnen,
L.; Maes, L.; Dommisse, R.; Lemiére, G. L. F.; Vlietinck, A.; Pieters, L. J. Med. Chem.

2002, 45, 3497-3508.

Grellier, P.; Ramiaramanana, L.; Millerioux, V.; Deharo, E.; Schrével, J.; Frappier, F.;

Trigalo, F.; Bodo, B.; Pousset, J. L. Phyther. Res. 1996, 10, 317-321.

Hazra, S.; Ghosh, S.; Debnath, S.; Seville, S.; Prajapati, V. K.; Wright, C. W.; Sundar, S.;

Hazra, B. Parasitol. Res. 2012, 111, 195-203.

Oluwafemi, A. J.; Okanla, E. O.; Camps, P.; Munoz-Torrero, D.; Mackey, Z. B.; Chiang, P.

K.; Seville, S.; Wright, C. W. Nat. Prod. Commun. 2009, 4, 193—198.

56



(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

Kirsch, G.; Konig, G. M.; Wright, A. D.; Kaminsky, R. J. Nat. Prod. 2000, 63, 825-829.

Liu, J.-S.; Zhu, Y.-L.; Yu, C.-M.; Zhou, Y.-Z.; Han, Y.-Y.; Wu, F.-W_; Qi, B.-F. Can. J.

Chem. 1986, 64, 837-839.

Camps, P.; Cusack, B.; Mallender, W. D.; El Achab, R. E.; Morral, J.; Mufioz-Torrero, D.;

Rosenberry, T. L. Mol. Pharmacol. 2000, 57, 409—417.

Defaux, J.; Sala, M.; Formosa, X.; Galdeano, C.; Taylor, M. C.; Alobaid, W. A. A.; Kelly,
J. M.; Wright, C. W.; Camps, P.; Mufioz-Torrero, D. Bioorg. Med. Chem. 2011, 19, 1702—

1707.

Sola, L.; Artigas, A.; Taylor, M. C.; Gbedema, S. Y.; Pérez, B.; Clos, M. V.; Wright, C. W_;

Kelly, J. M.; Mufioz-Torrero, D. Bioorg. Med. Chem. Lett. 2014, 24, 5435-5438.

Ashok, P.; Lathiya, H.; Murugesan, S. Eur. J. Med. Chem. 2015, 97, 928-936.

Rao, K. V.; Kasanah, N.; Wahyuono, S.; Tekwani, B. L.; Schinazi, R. F.; Hamann, M. T. J.

Nat. Prod. 2004, 67, 1314-1318.

Kobayashi, M.; Chen, Y. J.; Aoki, S.; In, Y.; Ishida, T.; Kitagawa, 1. Tetrahedron 1995, 51,

3727-3736.

Watts, K. R.; Ratnam, J.; Ang, K.-H.; Tenney, K.; Compton, J. E.; McKerrow, J.; Crews,

P. Bioorg. Med. Chem. 2010, 18, 2566-2574.

Abdulla, M.-H.; O’Brien, T.; Mackey, Z. B.; Sajid, M.; Grab, D. J.; McKerrow, J. H. PLoS

Negl. Trop. Dis. 2008, 2, €298.

Siilsen, V. P.; Frank, F. M.; Cazorla, S. I.; Anesini, C. A.; Malchiodi, E. L.; Freixa, B.; Vila,

57



87)

(88)

(89)

(90)

C2))

92)

(93)

R.; Muschietti, L. V; Martino, V. S. Antimicrob. Agents Chemother. 2008, 52, 2415-2419.

Siilsen, V. P.; Frank, F. M.; Cazorla, S. I.; Barrera, P.; Freixa, B.; Vila, R.; Sosa, M. A.;
Malchiodi, E. L.; Muschietti, L. V; Martino, V. S. Int. J. Antimicrob. Agents 2011, 37, 536—

543.

Siilsen, V. P.; Puente, V.; Papademetrio, D.; Batlle, A.; Martino, V. S.; Frank, F. M,;

Lombardo, M. E. PLoS One 2016, 11, 1-14.

Kimani, N. M.; Matasyoh, J. C.; Kaiser, M.; Brun, R.; Schmidt, T. J. Molecules 2017, 22,

3-11.

Cogo, J.; Caleare, A. D. O.; Ueda-Nakamura, T.; Filho, B. P. D.; Ferreira, I. C. P

Nakamura, C. V. Phytomedicine 2012, 20, 59—66.

Maas, M.; Hensel, A.; Da Costa, F. B.; Brun, R.; Kaiser, M.; Schmidt, T. J. Phytochemistry

2011, 72, 635-644.

Suzuki, M.; Tung, N. H.; Kwofie, K. D.; Adegle, R.; Amoa-Bosompem, M.; Sakyiamah,
M.; Ayertey, F.; Owusu, K. B. A.; Tuffour, I.; Atchoglo, P.; Frempong, K. K.; Anyan, W.
K.; Uto, T.; Morinaga, O.; Yamashita, T.; Aboagye, F.; Appiah, A. A.; Appiah-Opong, R.;
Nyarko, A. K.; Yamaoka, S.; Yamaguchi, Y.; Edoh, D.; Koram, K.; Ohta, N.; Boakye, D.

A.; Ayi, I; Shoyama, Y. Bioorg. Med. Chem. Lett. 2015, 25, 3030-3033.

Kwofie, K. D.; Tung, N. H.; Suzuki-Ohashi, M.; Amoa-Bosompem, M.; Adegle, R.;
Sakyiamah, M. M.; Ayertey, F.; Owusu, K. B.-A.; Tuffour, I.; Atchoglo, P.; Frempong, K.
K.; Anyan, W. K.; Uto, T.; Morinaga, O.; Yamashita, T.; Aboagye, F.; Appiah, A. A.;

Appiah-Opong, R.; Nyarko, A. K.; Yamaguchi, Y.; Edoh, D.; Koram, K. A.; Yamaoka, S.;

58



(94)

(95)

(96)

97)

(98)

99)

(100)

(101)

(102)

(103)

Boakye, D. A.; Ohta, N.; Shoyama, Y. Antimicrob. Agents Chemother. 2016, 60, 3283—

3290.

De Mieri, M.; Kaiser, M.; Brun, R.; Thormann, U.; Imanidis, G.; Hamburger, M. Bioorg.

Med. Chem. 2015, 23, 1521-1529.

Zahari, Z.; Jani, N. A.; Amanah, A.; Latif, M. N. A.; Majid, M. . A.; Adenan, M. L

Phytomedicine 2014, 21, 282-285.
Schmidt, T.; Nour, A.; Khalid, S.; Kaiser, M.; Brun, R. Molecules 2009, 14, 2062-2076.
D’Silva, C.; Daunes, S. Expert Opin. Investig. Drugs 2002, 11,217-231.

Dos Santos, A. O.; Britta, E. A.; Bianco, E. M.; Ueda-Nakamura, T.; Dias Filho, B. P.;

Pereira, R. C.; Nakamura, C. V. Mar. Drugs 2011, 9, 2369-2383.

von Salm, J. L.; Wilson, N. G.; Vesely, B. A.; Kyle, D. E.; Cuce, J.; Baker, B. J. Org. Lett.

2014, /6, 2630-2633.

Santos, M. F. C.; Harper, P. M.; Williams, D. E.; Mesquita, J. T.; Pinto, E. G.; da Costa-
Silva, T. A.; Hajdu, E.; Ferreira, A. G.; Santos, R. A.; Murphy, P. J.; Andersen, R. J;

Tempone, A. G.; Berlinck, R. G. S. J. Nat. Prod. 2015, 78, 1101-1112.
Wu, H.; Nakamura, H.; Kobayashi, J. Bull. Chem. Soc. Jpn. 1986, 59, 2495-2504.

Vik, A.; Proszenyak, A.’; Vermeersch, M.; Cos, P.; Maes, L.; Gundersen, L. L. Molecules

2009, 74,279-288.

Tasdemir, D.; Topaloglu, B.; Perozzo, R.; Brun, R.; O’Neill, R.; Carballeira, N. M.; Zhang,

X.; Tonge, P. J.; Linden, A.; Riiedi, P. Bioorg. Med. Chem. 2007, 15, 6834—6845.

59



(104) Walker, R. P.; John Faulkner, D.; Van Engen, D.; Clardy, J. J. Am. Chem. Soc. 1981, 103,

6772-6773.

(105) Scala, F.; Fattorusso, E.; Menna, M.; Taglialatela-Scafati, O.; Tierney, M.; Kaiser, M.;

Tasdemir, D. Mar. Drugs 2010, 8, 2162-2174.

(106) Aiello, A.; Fattorusso, E.; Giordano, A.; Menna, M.; Miiller, W. E. G.; Perovi¢-Ottstadt, S.;

Schroder, H. C. Bioorg. Med. Chem. 2007, 15, 5877-5887.
(107) http://www.who.int/en/news-room/fact-sheets/detail/malaria (accessed March 28, 2018).

(108) Chianese, G.; Fattorusso, E.; Scala, F.; Teta, R.; Calcinai, B.; Bavestrello, G.; Dien, H. A.;

Kaiser, M.; Tasdemir, D.; Taglialatela-Scafati, O. Org. Biomol. Chem. 2012, 10, 7197.

(109) Chianese, G.; Scala, F.; Calcinai, B.; Cerrano, C.; Dien, H.; Kaiser, M.; Tasdemir, D.;

Taglialatela-Scafati, O. Mar. Drugs 2013, 11, 3297-3308.

(110) Kossuga, M. H.; Nascimento, A. M.; Reimao, J. Q.; Tempone, A. G.; Taniwaki, N. N.;
Veloso, K.; Ferreira, A. G.; Cavalcanti, B. C.; Pessoa, C.; Moraes, M. O.; Mayer, A. M. S.;

Hajdu, E.; Berlinck, R. G. S. J. Nat. Prod. 2008, 71, 334-339.

(111) Feng, Y.; Davis, R. A.; Sykes, M.; Avery, V. M.; Camp, D.; Quinn, R. J. J. Nat. Prod. 2010,

73,716-719.
(112) Ramos-Ligonio, A.; Lopez-Monteon, A.; Trigos, A. Phyther. Res. 2012, 26, 938-943.

(113) Leliebre-Lara, V.; Fidalgo, L. M.; Pferschy-Wenzig, E. M.; Kunert, O.; Lima, C. N.; Bauer,

R. Molecules 2016, 21, 1-10.

(114) Haubrich, B. A.; Singha, U. K.; Miller, M. B.; Nes, C. R.; Anyatonwu, H.; Lecordier, L.;

60



Patkar, P.; Leaver, D. J.; Villalta, F.; Vanhollebeke, B.; Chaudhuri, M.; Nes, W. D. J. Lipid

Res. 2015, 56, 331-341.
(115) Oli, S.; Abdelmohsen, U.; Hentschel, U.; Schirmeister, T. Mar. Drugs 2014, 12,2614-2622.

(116) Thao, N.; Luyen, B.; Brun, R.; Kaiser, M.; Van Kiem, P.; Van Minh, C.; Schmidt, T.; Kang,

J.; Kim, Y. Molecules 2015, 20, 12459—-12468.

(117) Quang, T. H.; Ha, T. T.; Minh, C. Van; Kiem, P. Van; Huong, H. T.; Ngan, N. T. T.; Nhiem,
N. X.; Tung, N. H.; Tai, B. H.; Thuy, D. T. T.; Song, S. B.; Kang, H. K.; Kim, Y. H. Bioorg.

Med. Chem. 2011, 19, 2625-2632.

(118) Thao, N.; No, J.; Luyen, B.; Yang, G.; Byun, S.; Goo, J.; Kim, K.; Cuong, N.; Nam, N.;

Van Minh, C.; Schmidt, T.; Kang, J.; Kim, Y. Molecules 2014, 19, 7869-7880.

(119) Nair, M. S. R.; Carey, S. T. Tetrahedron Lett. 1980, 21, 2011-2012.

(120) Nair, M. S. R.; Carey, S. T.; James, J. C. Tetrahedron 1981, 37, 2445-2449.

(121) Agatsuma, T.; Takahashi, A.; Kabuto, C.; Nozoe, S. Chem. Pharm. Bull. 1993, 41, 373—

375.

(122) Isaka, M.; Suyarnsestakorn, C.; Tanticharoen, M.; Kongsaeree, P.; Thebtaranonth, Y. J.

Org. Chem. 2002, 67, 1561-1566.

(123) Schirmer, A.; Kennedy, J.; Murli, S.; Reid, R.; Santi, D. V Proc. Natl. Acad. Sci. USA 2006,

103, 4234-4239.

(124) Nishino, M.; Choy, J. W.; Gushwa, N. N.; Oses-Prieto, J. a; Koupparis, K.; Burlingame, A.

L.; Renslo, A. R.; McKerrow, J. H.; Taunton, J. Elife 2013, 2, 1-15.

61



(125) Shao, C. L.; Linington, R. G.; Balunas, M. J.; Centeno, A.; Boudreau, P.; Zhang, C.; Engene,
N.; Spadafora, C.; Mutka, T. S.; Kyle, D. E.; Gerwick, L.; Wang, C. Y.; Gerwick, W. H. J.

Org. Chem. 2015, 80, 7849-7855.

(126) Schulze, C. J.; Donia, M. S.; Siqueira-Neto, J. L.; Ray, D.; Raskatov, J. A.; Green, R. E.;
McKerrow, J. H.; Fischbach, M. A.; Linington, R. G. ACS Chem. Biol. 2015, 10, 2373—

2381.

(127) Linington, R. G.; Gonzalez, J.; Urefia, L. D.; Romero, L. I.; Ortega-Barria, E.; Gerwick, W.

H. J. Nat. Prod. 2007, 70, 397-401.

(128) Portmann, C.; Blom, J. F.; Kaiser, M.; Brun, R.; Jiittner, F.; Gademann, K. J. Nat. Prod.

2008, 71, 1891-1896.

(129) Portmann, C.; Blom, J. F.; Gademann, K.; Jiittner, F. J. Nat. Prod. 2008, 71, 1193—1196.

(130) Nakamura, T.; Furunaka, H.; Miyata, T.; Tokunaga, F.; Muta, T.; Iwanaga, S.; Niwa, M.;

Takao, T.; Shimonishi, Y. J. Biol. Chem. 1988, 263, 16709-16713.

(131) Lofgren, S. E.; Miletti, L. C.; Steindel, M.; Bachere, E.; Barracco, M. A. Exp. Parasitol.

2008, /18, 197-202.

(132) Brockmann, H.; Schmidt-Kastner, G. Chem. Ber. 1955, 88, 57-61.

(133) Pimentel-Elardo, S. M.; Kozytska, S.; Bugni, T. S.; Ireland, C. M.; Moll, H.; Hentschel, U.

Mar. Drugs 2010, 8, 373-380.

(134) Tulloch, L. B.; Menzies, S. K.; Coron, R. P.; Roberts, M. D.; Florence, G. J.; Smith, T. K.

IUBMB Life 2018, 70, 9-22.

62



(135) Yao, N.; Song, A.; Wang, X.; Dixon, S.; Lam, K. S. J. Comb. Chem. 2007, 9, 668—676.

(136) Kuo, F. M.; Tseng, M. C.; Yen, Y. H.; Chu, Y. H. Tetrahedron 2004, 60, 12075-12084.

(137) Kamal, A.; Tangella, Y.; Manasa, K. L.; Sathish, M.; Srinivasulu, V.; Chetna, J.; Alarifi, A.

Org. Biomol. Chem. 2015, 13, 8652—-8662.

(138) Ragoussis, V.; Panopoulou, M.; Ragoussis, N. J. Agric. Food Chem. 2004, 52, 5047-5051.

(139) Clennan, E. L.; Mehrsheikh-Mohammadi, M. E. J. Am. Chem. Soc. 1983, 105, 5932-5933.

(140) Tanemura, K.; Suzuki, T.; Nishida, Y.; Satsumabayashi, K.; Horaguchi, T. Synth. Commun.

2005, 35, 867-872.

(141) Robinson, T. V; Pedersen, D. S.; Taylor, D. K.; Tiekink, E. R. T. J. Org. Chem. 2009, 74,

5093-5096.

(142) Fattorusso, C.; Persico, M.; Basilico, N.; Taramelli, D.; Fattorusso, E.; Scala, F.;

Taglialatela-Scafati, O. Bioorg. Med. Chem. 2011, 19, 312-320.

(143) Sun, X.Y.; Tian, X. Y.; Li, Z. W.; Peng, X. S.; Wong, H. N. C. Chem. - A Eur. J. 2011, 17,

5874-5880.

(144) Davis, R. A.; Sykes, M.; Avery, V. M.; Camp, D.; Quinn, R. J. Bioorg. Med. Chem. 2011,

19, 6615-6619.

(145) Pham, N. B.; Deydier, S.; Labaied, M.; Monnerat, S.; Stuart, K.; Quinn, R. J. Eur. J. Med.

Chem. 2014, 74, 541-551.

(146) Fall, D.; Duval, R. A.; Gleye, C.; Laurens, A.; Hocquemiller, R. J. Nat. Prod. 2004, 67,

63



1041-1043.

(147) Florence, G. J.; Morris, J. C.; Murray, R. G.; Osler, J. D.; Reddy, V. R.; Smith, T. K. Org.

Lett. 2011, 13, 514-517.

(148) Fraser, A. L.; Menzies, S. K.; King, E. F. B.; Tulloch, L. B.; Gould, E. R.; Zacharova, M.

K.; Smith, T. K.; Florence, G. J. ACS Infect. Dis. 2018, 4, 560-567.

(149) Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2016, 79, 629—661.

(150) Mishra, B. B.; Tiwari, V. K. Eur. J. Med. Chem. 2011, 46, 4769—4807.

(151) Goss, R. J. M.; Shankar, S.; Fayad, A. A. Nat. Prod. Rep. 2012, 29, 870—889.

(152) Oueis, E.; Stevenson, H.; Jaspars, M.; Westwood, N. J.; Naismith, J. H. Chem. Commun.

2017, 53, 12274-12277.

(153) Koehnke, J.; Mann, G.; Bent, A. F.; Ludewig, H.; Shirran, S.; Botting, C.; Lebl, T.; Houssen,

W. E.; Jaspars, M.; Naismith, J. H. Nat. Chem. Biol. 2015, 11, 558-563.

64



FOR TABLE OF CONTENTS ONLY

65



