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Summary

The great breakthroughs in modern malaria drug discovery and development were a
result of studies of medicinal plants used to treat malaria such as Cinchona by the Incas
and Artemisia annua by the Chinese. South Africa is ranked as the third most biodiverse
country in the world hosting a flora that contains 24000 taxa from 368 plant families.
While malaria transmission in South Africa isrestricted to three provinces, many plants
have been used traditionally by local populations to treat this disease. Spured on by the
medicinal use of plants, various researchers have studied the antiplasmodial properties
of South African plant species. While several compounds with antiplasmodial activity
have been discovered, the traditional approach of bioassay guided fractionation for
identification of active ingredients from plants is long, tedious, laborious and
incompatible with high throughput screening (HTS) plartforms. A way to address this
challenge is to prepare sample libraries that are readily deliverable to HTS. The Council
for Scientific and Industrial Reseach (CSIR) embarked on a collection programme of
several of the South African flora during the period between late 1998 and 2005. All
plant material collected was dried, ground, stored and catalogued in a database with
their GPS co-ordinates, collection sites and geographical information. These were
transferred to the University of Pretoria repository. The aims of this study were to
contribute to the building of the South African national natural product library through
the investigation of a selected subset of plant materials from this repository and to
evaluate the antiplasmodial activity of samples generated for the library and to isolate
and characterize biologically active compounds using modern hyphenated analytical

techniques from selected species.

A literature survey was carried out to identify South African plants to include in this
study. A scoring system was applied to rank them and 100 species belonging to 41
families were selected. A total of 64 plant materials (belonging to 41 species from 25
families) were extracted with organic solvents [DCM:MeOH (1:1) and 100% MeOH] and
fractionated using a ppSPE workstation following a protocol adopted from National
Cancer Institute. Subsequently, 480 extracts and fractions were formatted into 96 deep
well plates at a concentration of 5 mg/mL in 100% DMSO using a liquid handler and
stored in a robotic freezer as part of the natural product library. Additionally, 2 plant
species, Turraea obtusifolia and Artemisia afra were extracted using acetone and the

resulting extract fractionated using the same method on the ppSPE workstation. Copies
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of 256 extracts and fractions were made and screened in vitro against asexual
Plasmodium falciparum NF54 parasites at dual point concentrations of 10 and 20
pg/mL. The screening results indicated that the fractionation was successful in
concentrating active compounds into one or sometimes two fractions. Fractions
obtained from Aloe marlothii (Xanthorrhoeaceae/Asphodelaceae) roots, Mundulea
sericea (Fabaceae) leaves, Syzygium cordatum (Myrtaceae) stems, Hypericum
aethiopicum (Hypericaceae) aerial part, Kirkia wilmsii (Kirkiaceae) leaves, Euclea
natalensis (Ebenaceae) roots, Ziziphus mucronata (Rhamnaceae) bark displayed good
activity (ICs001 0 d )g andh warranted further investigations to identify active
ingredients. In this study, A. marlothii roots were further explored for isolation and
identification of the active ingredient responsible for the observed antiplasmodial
activity. Turraea obtusifolia (Meliaceae) leaves and Artemisia afra (Asteraceae) leaves
extract and subsequent SPE fractions were also tested in vitro for their antiplasmodial
activities against asexual P. falciparum NF54 parasites. Both species had fractions that
exhibited good antiplasmodial potency, hence, were selected for further phytochemical

investigation.

A. marlothii roots active fractions were analysed using UPLC-QTOF-MS. From this
analysis, aloesaponol | (45), aloesaponarin | (46) and aloesaponol Il were identified as
the major compounds. These compounds belong to the anthraquinones and pre-
anthraquinones classes. Using mass-directed purification, six pure known compounds
were isolated. These were aloesaponol | (45), aloesaponarin | (46), chrysophanol (48),
aloesaponol IV (51), b-sorigenin-1-O-methyl ether (52) and emodin (53). These were
all assayed against asexual and sexual (late-stage gametocytes, >90% stage IV/V) P.
falciparum parasites using the SYBR Green | and luciferase assays, respectively.
Aloesaponarin | (46) displayed good equipotent activity against the asexual P.
falciparum NF54 (drug-sensitive) and K1 (multidrug-resistant) strains with ICso values
of 1.58 pg/mL (5 pM) and 1.54 pg/mL (5 puM), respectively. Aloesaponol | (45),
aloesaponol IV (51) and emodin (53) displayed moderate activities against the asexual
NF54 strain of P. falciparum. Against the sexual stages, aloesaponol IV (51) exhibited
pronounced activity against late-stage gametocytes (ICso = 6.53 pug/mL (22.6 pM))
demonstrating a 3-fold selective potency towards these sexual stages compared to
asexual forms of the parasite. Emodin (53) showed a moderate gametocytocidal activity

with percentage inhibition of 35% and 55% at 10 and 20 pg/mL, respectively, while



aloesaponarin | (46), b-sorigenin-1-O-methyl ether (52), and aloesaponol | (45) were all
inactive. The transmission-blocking potential of aloesaponol IV (51) was validated by in

vitro inhibition of exflagellation of male gametes (94% inhibition at 20 pug/mL).

To try and tentatively identify biological targets and mode of action (MoA) of the most
active antiplasmodial compounds isolated from A. marlothii roots in silico tools were
used. Aloesaponol IV (51) was submitted for analysis on two different online target
prediction tools, SEA and SuperPred. These two tools predicted 2 and 123 targets,
respectively, with only one common target predicted, DNA topoisomerase II.
Aloesaponol IV (51) was subsequently docked into the crystal structure of P. falciparum
DNA topoisomerase Il and favourable binding poses were identified. Aloesaponarin |
(46), the most active compound against the asexual stage was docked against the
crystal lattice of hemozoin. The results provided valuable insight into its mechanism of
action. Overall, this is the first report of the isolation of these compounds from A.

marlothii roots and of their activity against P. falciparum gametocytes.

The crude extract and all subsequent fractions prepared from T. obtusifolia were
analysed using UPLC-QTOF-MS. A biological scoring approach was applied using the
results of the antiplasmodial activity, the UPLC-QTOF-MS, the GNPS platform and
Jupyter notebook. A total of 21 ions were identified as the most likely bioactive
compounds as they had r > 0.85 and p value < 0.03. Although a tentative identification
of the selected ions, using databases such as the Dictionary of Natural Product and
Metfrag, was not successful, these ions were mainly matching limonoids and pregnane-
steroids. Mass-directed purification was undertaken and seven pure compounds were
isolated and their structure elucidated using NMR and MS. These were identified as
three novel steroids, which were given the names turranin M (78), turranin N (79) and
turranin O (80) and four known compounds, nymania 1 (68), rubralin B (81),
alphapolynin C (82) and trichilia substance Tr-B (83). The compounds were screened
against asexual P. falciparum NF54 parasites. Rubralin B (81) displayed a good activity
with an ICsp value of 3.47 ug/mL (4.57 uM) indicating this compound strongly contributed
to the overall activity of the fraction. Nymania 1 (68) and turranin O (80) demonstrated
moderate activity, while the remaining compounds were inactive. This the first report of
the isolation of these compounds, except for nymania 1, from T. obtusifolia. Additionally,

this is the first report of their antiplasmodial potency.
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The biological scoring approach was likewise applied for A. afra extract and all
subsequent SPE fractions, which were analysed UPLC-QTOF-MS. A total of 10 ions
were identified as the most likely bioactive compounds. Acacetin was identified as one
of these ions. The rest of ions were idenfied as flavonoids and sesquiterpenes. A
targeted purification using prep. HPLC enabled the isolation of eleven pure compounds.
Their structures were elucidated using NMR and MS. These were identified as
zuurbergenin (90), costunolide (91), verlotorin (92), 1-dehydroartemorin (93), 12-oxo-
phytodienoic acid methyl ester (94), acacetin (85), 7-O-methylacacetin (84), 7 , 3-tif, 4 N;j
O-methylluteolin (95), arteanoflavone (96), 7 , 3-tmethilpuercetin (97) and retusin
(98). These compounds were tested against asexual NF54 strains of P. falciparum. 1-
dehydroartemorin (93), acacetin (85) and retusin (98) demonstrated good activities with
ICs0 values of 3.95, 4.18 and 6.03 pg/mL, respectively. Zuurbergenin (90), 12-oxo-
phytodienoic acid methyl ester (94), arteanoflavone (96) and 7 , 3-tmedhiNpuercetin
(97) displayed moderate activities with ICso values between 14 and 23 pg/mL. This is
the first report of the isolation of these compounds, except for acacetin (85) and 7-O-
methylacacetin (84), from A. afra. Likewise, this is the first report of the antiplasmodial
effect of zuurbergenin (90), costunolide (91), verlotorin (92), 1-dehydroartemorin (93)

and 12-oxo-phytodienoic acid methyl ester (94).
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Chapter 1. General introduction

1.1 Role of natural products in drug discovery

Throughout the ages, nature has been a source of solutions to sustain human basic
needs, including foods, shelter, clothing, and moreover, medicines. Humans have
relied for centuries on plants to prevent and heal diseases. Various accounts of the
use of plants in the traditional treatment of ailments exist. Records written in cuneiform
on clay tablets, dating from 2600 BC, report the use of cedar (Cedrus) and cypress
(Cupressus sempevirens) oils, liquorice (Glycyrrhiza glabra), myrrh (Commiphora)
and poppy juice (Papaver somniferum) by the Mesopotamian people. These species
are still used to date for the treatment of ailments ranging from coughs and colds to
parasitic infections and inflammation. The i E b éPra9 y rfrans Egypt, which dates
from 1500 BC, details about 700 drugs (mostly plants), including formulas such as
gargles, poultices, snuffs, infusions, and ointments prepared with milk, beer, wine and
honey as vehicles. The first Materia Medica from China dating from 1100 BC
documented 52 prescriptions. The Greeks also furthered significantly the rational use
of herbal drugs. Theophrastus (~300 BC), the authorof i Hi st or y @aGreekP| ant s«
philosopher and natural scientist, discussed the medicinal potentials of herbs including
the fact that cultivation can be used to modify their characteristics. Dioscorides (100
AD), a Greek physician, precisely documented the collection, storage and utilization
of medicinal herbs. Galen (1307 200 AD) is a well-known practitioner and teacher of
pharmacy and medicine in Rome for his complex prescriptions and formulas used in

compounding drugs, sometimes contai fi3pg doze

Natural products were used in empirical way as a result of trial and error without
identification of active ingredients until the establishment of rational clinical
investigation of medicinal herbs in the 18" century. During the time preceding World
War 11, several natural products isolated from higher plants became therapeutic agents
and some of them are still in application such as morphine (1) and codeine (2) from
Papaver somniferum L. [4, 5], digoxin (3) from the Digitalis leave [6], atropine (4) and
scopolamine (5) from Atropa belladonna and other plants of the family Solanaceae [7,
8].
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Figure 1.1: Chemical structures of morphine (1), codeine (2), digoxin (3), atropine (4)
and scopolamine (5).

For a long time, the structural studies of natural products (NPs) served as the main
driver for drug discovery and still represent a productive source for new leads and
pharmacophores for medicinal chemistry. NPs have been the source of most of the
active components of medicines developed prior to the arrival of high-throughput
screening and the post-genomic period. Before 1990s, more than 80% of drug
ingredients were either natural products or inspired by a natural compound. This
percentage has been decreasing due to the introduction of combinatorial and high-
throughput chemistry and the availability of large libraries of synthetic compounds.
However, data for new drugs approved from 1981 to 2007 still indicates that almost
half of those accepted since 1994 are based on NPs. This shows that NPs continue
to play a greatly considerable role in the drug discovery and development process [9,
10].



1.2 Natural Product libraries

Natural product drug discovery is known for being a time and resource consuming
process. Starting with screening of crude extracts followed by bioassay-guided
fractionation and purification, dereplication, isolation and structure elucidation of active
compounds may take several months, one year or even more [11]. However, the
turnaround time offered by high-throughput screening added to the advances in
purification technologies and development of various techniques are applied to
reintroduce NPs in drug discovery as a very useful source of novel lead compounds.

Sample libraries have become the approach adopted by many countries.

In Australia, GRIDD6 $NatureBank at Griffith Institute for Drug Discovery holds a
natural product library containing around 20 000 extracts and 112 000 fractions
derived from Australian plants and marine invertebrates stored in a format that is
readily available for high-throughput screening and accessible to researchers.
Furthermore, it stores more than 30 000 archived biota samples [12]. The Eskitis
Institute for Drug Discovery houses two libraries, Nature Bank and Queensland
Compound Library, which contain lead-like enhanced extracts prepared from passing
crude extracts through SPE cartridges, simplified fractions, obtained from subsequent

subjection of extracts to chromatography (HPLC), and pure natural compounds [13].

In the United States of America, the National Cancer Institute (NCI) Natural Products
Repository stores around 80 000 plant samples, 20 000 marine invertebrates and
marine algae and 16 000 microbes collected from several parts the globe or accrued
through collaborations. Further, it generated over 230 000 extracts and 326 000
fractions stored in a standardised format of 384-well plates at a concentration of 5
mg/mL in DMSO that is accessible for HTS campaigns [14-16]. Phytopharmacon
contains over 30 000 plant-derived extracts and compounds including 4 000 extracts,
25 000 semi-purified fractions and 500 pure compounds isolated from assay-guided
purification [17]. In Spain, PharmaMar possess a library of marine organisms
containing more than 250000 samples [18]. Fundacion MEDINA hosts a Natural
Product library with over 135000 extracts and fractions and 190000 microbial

collections [19].

In South Africa, the Council for Scientific and Industrial Research (CSIR) embarked

on a projectthatai med at <coll ecting most of South Af



creation of a plant-based extract library which resulted in a repository of 30 000
extracts representing 7 000 plant species and 10 000 plant materials. Many screening
campaigns of the CSIR extract library have been conducted, however, these faced
several challenges for which the greatest was the replication/purification of the extracts
classified as fAhitso i[20, 21]hTee CGSIRhas simce exited
the Bioprospecting discovery phase and the existing repository has been transferred
to the University of Pretoria. The repository of plant material is being used to build a
natural product library of extract, fractions and compounds.

1.3 Background on malaria

1.3.1 Incidence and mortality (current state of malaria in the world)

The World Health Organisation (WHO) reported an estimated 241 million and 627 000
malaria cases and death, respectively, worldwide in 2020. The huge burden of malaria
cases and death is carried by the African region (Figure 1.2) accounting for 95% of
malaria cases and 96% of malaria deaths. Sadly, an estimated 80% of all malaria
deaths were children under 5 years old. Thirty-two countries in sub-Saharan Africa
account for about 93% of all malaria deaths worldwide. Four African countries, the
Democratic Republic of the Congo, Mozambique, Nigeria, and United Republic of

Tanzania account for just over half of all malaria deaths globally [22].

progr
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Figure 1.2: Map of malaria distribution across de globe showing how the urge burden
of the disease is carried by sub-Saharan Africa (Source: CDC [23]).

1.3.2 The Plasmodium parasite life cycle

The genus Plasmodium comprises more than 200 species, of which five species are
known for causing malaria in human: P. falciparum, P. knowlesi, P. ovale, P. vivax and
P. malariae [24, 25]. The species P. falciparum is the most lethal among them. The
Plasmodium parasite has a very complex multistage life cycle occurring in both the
human host and the Anophele mosquito vector (Figure 1.3) marked by the presence
of several proteomically definite stages [26]. Sporozoites are injected into a human
extravascular space by a bite of an infected Anophele female mosquito. Thereafter the
sporozoites invade the hepatocytes (liver cells) where they multiply by the process of
schizogony and maturing into schizonts. Mature schizonts rupture and release
merozoites into the bloodstream. The merozoites invade the erythrocytes and start the
asexual intra-erythrocytic cycle of development by progressing from ring to
trophozoites before maturing into schizonts that contains daughter merozoites. Upon
rupture of the formed erythrocytic schizont, a new batch of merozoites is released and
infect new erythrocytes and so perperuating the life cycle of the parasite. A small
portion (~1% of the parasite population) of asexual parasites commit and differentiate
through five developmental stages (stages Ii V) into sexual forms of Plasmodium



known as gametocytes. The matures gametocytes (males and females) are the
terminal parasitic stage of P. falciparum in the human, and are transmitted to the
mosquito via blood meal. In the mosquito midgut, male gametocytes develop into male
gametes by exflagellating. The male and female gametes form a zygote by fusing. The
development continues through the formation of ookinetes and oocysts. The cycle is
completed by the release of sporozoites from oocysts and their migration to the

mosquito salivary glands [25, 26].

// i
1. Transmission to human &
(injects sporozoites via bite)

2. Sporozoites enter liver and
infect hepatocytes

9. Sporozoites develop

Life Cycle of the Malaria Parasite

mitotic replication

schizont

8. Migrates through
midgut wall,

trophozoite
forms oocyst

3. Liver cells rupture and
merozoites released

4. Intraerythrocytic cycle
(asexual fsymptomatic cycle)
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Figure 1.3: Life cycle of Plasmodium parasite (Source: E.Y. Klein [27]).

Considering the development of the Plasmodium parasite in human, all the stages are
potential targets for antimalarial drugs: liver stages, asexual blood stages and
gametocytes. Individual parasitic stages may be targeted or simultaneously multiple

stages. For the malaria eradication goal, emphasis is placed upon molecules able to
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cure by targeting the intra-erythrocytic asexual forms of Plasmodium and additionally
displaying activity against sexual forms in order to prevent human-to-mosquito and

mosquito-to-human parasite transmission [28-30].

1.3.3 Treatment of malaria

Artemisinin-based combination therapies (ACTs) are recommended by the WHO as
first line drugs for the treatment of uncomplicated malaria in children and adults
(except for first trimester pregnant women). These combinations are indorsed:
artesunate + amodiaquine, dihydroartemisinin + piperaquine, artesunate +
sulfadoxinei pyrimethamine (SP), artesunate + mefloquine, and artemether +
lumefantrine. Severe malaria is treated with intravenous or intramuscular artesunate
for at least 24 h until oral medication can be tolerated and the 3 days ACT regimen

can thereafter be implemented [31].

1.4 Traditional uses of plants in the fight against malaria

It is well documented that plants play an undeniable role in the fight against diseases.
Communities from malaria endemic regions continue to rely upon medicinal plants for
treatment because of their availability and low cost. Over 1 200 plant species from 160

families are recorded for their use in the treatment of malaria and fever [32].

A study conducted by Nguta et al. (2010) reported the use of 27 plant species
distributed in 20 families by the Msambweni community of Kenya for the treatment of
malaria. Among them, Azadirachta indica (Meliaceae), Zanthoxylum chalybeum
(Rutaceae), Ricinus communis (Euphorbiaceae), Aloe deserti (Liliaceae), Launea
cornuta (Compositae), Harrisonia abyssinica (Simaroubaceae) and Lantana camara
(Verbenaceae) were the most utilised species. Leaves were the first commonly used
part followed by roots [33].

An ethnobotanical survey conducted by Ngarivhume et al. (2015) in the Chipinge
district in Zimbabwe has recorded the utilization of 28 plant species from 16 families
by traditional healers to manage malaria. Cassia abbreviata Oliv. (Leguminosae),
Aristolochia albida Duch (Aristolociaceae) and Toddalia asiatica (L.) Lam. (Rutaceae)
were the most cited species. Roots represented the most used plant part. The plant
parts were mostly stored as dried powders in sealed bottles. Hot or cold water extract

were prepared from the powders and taken as the active medicine [34].



In Mogovolas district, a northern region of Mozambique, 37 plant species belonging to
22 families are used by traditional healers to treat malaria with the most employed
being Ochna kirkii Oliv. (Ochnaceae), Ehretia amoena Klotzsch (Boraginaceae), and
Pteleopsis myrtifolia (M.A.Lawson) Engl. & Diels (Combretaceae). The plant part
utilised were leaves, roots, stem barks and stems administered essentially by oral

route and bathing (topical application) [35].

In Namibia, 102 plant species from 41 families have been reported by Juliani et al.
(2020) for their use in the traditional treatment of malaria and associated symptoms
(fever and headache). Species from the genus Combretum (C. glutinosum, C.
latialatum, C. lanceolatum, C. spinesis, C. micranthum, C. zeyheri, C. psidioides, and
C. platysterum) followed by Diospyros (D. mespiliformis, D. chamaethamnus, D.
peregrina, D. lyciodes, D. sylvatica, and D. tomentosa) were the mainly utilised. The
leaves and roots were the main plant parts used. The common method of preparation

were infusions followed by steam bathing and decoctions [36].

In South Africa where malaria transmission is limited to three provinces (KwaZulu-
Natal, Mpumalanga, and Limpopo), medicinal plants are used for the treatment of
malaria and associated symptoms [37]. Bapela et al. (2015) investigated 20 plant
species utilised by Venda people to fight malaria and related symptoms, including
Albizia versicolor Welw. ex Oliv. (Fabaceae), Tabernaemontana elegans Stapf.
(Apocynaceae), Diospyros mespiliformis Hochst. ex A.DC. (Ebenaceae), Syzygium
cordatum Hochst. (Myrtaceae) and Vangueria infausta Burch. subsp. infausta
(Rubiaceae). Roots were the commonly used plant part. Decoction followed by

infusion were the main way of preparation [38].

This study focuses on medicinal plant species from South Africa, for which the record
of traditional use in the treatment of malaria and associated symptoms (fever mainly)

exist.

1.5 Natural product as potential source for antimalarial drugs

1.5.1 History of antimalarial natural product drug discovery

NPs have played a successful role in the research and development of antimalarial
drugs used in modern medicine. Barks of several Cinchona species were utilised by
the Incas of South America as a remedy for tropical fever. In the 1630s these species
were introduced to Europe and later on established as an antimalarial treatment.
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These were used in oral administration as dried powder dissolved in wine. Later, in
1820, Joseph Caventou and Pierre Pelletier extracted quinine (6) from Cinchona bark
[7, 39, 40]. Quinine served as basis for the synthesis of derivatives, which were used
for the treatment of malaria in modern medicine such as chloroquine (7), primaquine

(8), amodiaquine (9), quinacrine (10) and mefloquine (11) (Figure 1.4) [39].

Chloroquine (7) was successfully used as the drug of choice for malaria for many years
and played an important role in reducing malaria burden around the globe until its
effectiveness was decreased due to parasite resistance. Therefore, the hope for
malaria eradication was diminished because the resistance to chloroquine spread over
almost all malaria endemic areas. Chloroquine (7) became increasingly ineffective,
leading to the need for new effective and affordable drugs to treat malaria [41].
Primaquine (8) is the only antimalarial drug that prevent relapses in Plasmodium ovale
and vivax infections and is potent against gametocytes. However, its utilization is
limited due to its haemolytic toxicity in people with glucose-6-phosphate
dehydrogenase (G6PD) deficiency [42]. Amodiaquine (9) and mefloquine (11) are still

used in combination therapy for treatment of uncomplicated malaria [43].
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Figure 1.4: Chemical structures of quinine (6) and derivatives, chloroquine (7),
primaquine (8), amodiaquine (9), quinacrine (10) and mefloquine (11),
used for the treatment of malaria (*chiral center).

CF3

Another successful story of NPs in malaria drug discovery came from the investigation
of Artemisia annua. This herb was well known in Chinese traditional medicine as
treatment for febrile illnesses and malaria. Chinese scientists screened A. annua
against P. falciparum and confirmed the activity of the ethanolic extract against the
parasite. A novel sesquiterpene lactone called quinghaosu or artemisinin (12) was

isolated and identified as the active ingredient in 1972 while its structure was
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elucidated in 1976 [40, 44, 45]. Some derivatives were synthesised from artemisinin
such as dihydroartemisinin (13), artemether (14), artesunate (15) and arteether (16)
(Figure 1.5) and they are currently used to treat malaria in combination therapy (ACT)
though several cases of resistance have been reported around the globe as discussed
later in the chapter [46].

Figure 1.5: Chemical structures of artemisinin (12), dihydroartemisinin (13), artemeter
(14), artesunate (15) and arteether (16).

1.5.2 Natural products as source for new antimalarial compounds

Past successes of NPs in antimalarial drug research portends that new chemical
scaffold may continue to surface from this source and this optimism drives sustained
drug development in this field. Many NPs from various structural classes with

antimalarial potency have been reported in the literature.

An indole alkaloid, alstonine (17) identified in some species from Apocynaceae family
(Alstonia boonei De Wild, C. roseus (L.) G. Don, Picralima nitida (Stapf) Th. & H. Dur,
Rauwolfia caffra Sond., and Rauwolfia vomitoria Afzel. [47]) and himbeline (18), an

alkaloid isolated from Galbulimima species [48], were identified as slow acting hit
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compounds against P. falciparum 3D7 strains with 96 h I1Cso values of 0.17 uM and

0.58 uM, respectively [49].

Quinolones were isolated from the species Crinum firmifolium tested for their
antiplasmodial activity and among them, 2-(6-methylheptyl)quinolin-4(1H)-one (19)
exhibited a significant potency against P. falciparum Dd2 and 3D7 strains with ICso
values of 583 = 330 nM and 501 + 82 nM, respectively [50].

3,4-dehydrotheaspirone (20), a sesquiterpene-derived spiro heterocycle, which had
been extracted from Laumoniera bruceadelpha (Simaroubaceae) bark displayed
selective activity against P. falciparum 3D7 strains with an ICso value of 27 nM (SI 100)
[51].

Of the 44 lindenane-type sesquiterpenoid monomers and dimers found in various
Chloranthus species and Sarcandra glabra (Chloranthaceae) screened against P.
falciparum Dd2 strains, 26 displayed potent activity. Among them, sarglabolide J (21)
and chlorajaponilide C (22) demonstrated activities comparable to artemisinin with no
toxicity (ICso values 7.2 nM, SI =561 and 1.1 nM, SI = 4900, respectively) [52].

12
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Figure 1.6: Chemical structures of alstonine (17), himbeline (18), 2-(6-methylheptyl)

quinolin-4(1H)-one (19), 3,4-dehydrotheaspirone (20), sarglabolide J (21)
and chlorajaponilide C (22).
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1.6 Problem statement and justification

Malaria is a very old disease and communities have been using plants to fight against
the disease. This success was demonstrated by the main breakthroughs in malaria
drug discovery and development which were a result of studies of medicinal plants
used to treat malaria such as Cinchona by the Incas and Artemisia annua by the
Chinese [53]. The current approved treatment for uncomplicated malaria in all endemic
countries is artemisinin-based combination therapy. A policy implemented after many
cases of chloroquine and later sulphadoxinel pyrimethamine treatment failures due to
the spreading of resistant P. falciparum strains. The ACT regimen has significantly
reduced morbidity and mortality associated with malaria. However, there is a number
of arising resistance of P. falciparum toward artemisinin. Reduced in vivo sensitivity of
P. falciparum to artesunate has been reported in western Cambodia [54]. Mefloquine
resistance emerged at the Thaii Cambodian border some few years after its
introduction. Furthermore, in the same area, delayed parasite clearance and high
failure rates with artesunatei mefloquine and artemetheri lumefantrine, and reduced
susceptibility to artemisinin derivatives and their partner drugs were observed [55-57].
Dihydroartemisinini piperaquine was introduced in 2010 as first-line treatment for
uncomplicated P. falciparum malaria in Cambodia and the parasite resistance to both
components was discovered just few years following the implementation of this
regimen [58-60]. Furthermore, artemisinin-resistant P. falciparum has been identified
in Uganda and Rwanda, suggesting a possible emergence and local spread of the
resistance in Africa [61-65]. New safe effective antimalarial medicines are urgently

needed to prevent a global malaria emergency.

The focus of global malaria programs is now placed upon eradication rather than
control and one of the components of this ambitious goal is to develop safe and
effective transmission-blocking drugs. Hence, for new antimalarial candidates,
emphasis is placed upon molecules with the additional ability to block human-to-
mosquito transmission of the parasite. This means that, ideal molecules are those that
cure the disease by targeting the intra-erythrocytic asexual blood stage forms of
Plasmodium and also target sexual gametocyte forms in order to prevent human-to-
mosquito and mosquito-to-human parasite transmission. To date, primaquine is the
only WHO approved drug possessing activity against gametocytes. However, its use

is limited because of the toxicity issues in G6PD deficient individuals. Therefore, there

14



is an urgent need to develop new molecules that can target malaria parasites and

effectively block human-to-mosquito transmission [28, 29, 66-68].

Since the identification of malaria, many plant species have been detected by various
communities as possessing antimalarial effects. Furthermore, the fact that current
antimalarial treatment consists substantially of natural compounds and related
derivatives and the variety of chemicals present in nature suggest that NPs continue
to be a non-negligible source of molecular scaffolds in the search for new antimalarial
drugs. However, the traditional approach of bioactivity-guided fractionation has not
coped well in recent years due to a number of reasons including incompatibility of
crude extracts with biological high-throughput screening (HTS) setups. Furthermore,
once a hit extract has been identified, in the classical approach of natural product drug
discovery, the active ingredient is isolated through a process of bioactivity-directed
fractionation, which can take up to several months. HTS cannot be used for this
approach as a typical HTS assay may be online for only a few weeks, and so the
fractionation would need to be supported by another assay and this adds cost to the
whole process. Additionally, crude extracts are mostly very complex mixtures which
often contain polyphenolic compounds such as tannins, which interfere with assay
readouts in HTS by giving false positive results because they act as promiscuous
protein binders thus making it impossible to use plant extracts in HTS [69]. As
mentioned earlier, sample libraries have become the standard for industrial screening
programs. These libraries are collections of extracts, fractions or compounds kept in
a standardized format and readily deliverable to screening assays with the information
associated with each sample stored in a database. Such library is being implemented
at the University of Pretoria, which inherited the CSIR repository of extract and dry
plant materials. Many screening campaigns of the previously CSIR extract library have
been conducted, which, however, faced several challenges with the greatest challenge
beingt he replication/ purification of the
programmes [20, 21, 70-73]. In this project, selected plant materials were retrieved
from this repository, subjected to high throughput extraction, fractionation and

formatting for library storage and investigated for antiplasmodial activity.
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1.7 Aim and objectives

The aims of this study were:

a) To contribute towards the building of the South African national natural product
library through the investigation of a selected subset of plant materials from the
University of Pretoria repository.

b) To evaluate the antiplasmodial activity of samples generated for the library and
to isolate and characterise biologically active compounds using modern

hyphenated analytical techniques from few selected species.
The overall objectives of the study were:

- Selection of plants with the help of electronic databases Google scholar,
Pubmed and University of Pretoria library using set keywords.

- High-throughput extraction and fractionation of selected plant materials.

- Formatting and dilution of generated extracts and fractions into 96 deep well
FluidEx plates for cold storage.

- ldentification, isolation and purification of active compounds using UPLC-MS-
QTOF and Metfrag, automated flash silica chromatography system and mass-
directed preparative HPLC.

- Biological screening of extracts, fractions and pure compounds against P.
falciparum asexual parasites as well as for transmission-blocking activity
against gametocytes and gametes.

- Structure elucidation of pure compounds using spectral techniques such as
NMR, MS, UV, etc.

- In silico mode of action studies on active compounds.
The specific objectives of Chapter 2 were:

- Literature survey and selection of plants.

- Plant material collection, extraction, fractionation and formatting for library.

- Bioassay screening of samples (extracts and fractions) generated for library
against P. falciparumf or Ahi t o i dentification.

- Selection of A h i far hefurther investigation.
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The specific objectives for Chapter 3 were:

-  UPLC-QTOF-MS analysis of Aloe marlothiir oot fhi t o fractions
of the class of active compounds.

- Mass-directed purification of A. marlothii roots for isolation of identified active
ingredients.

- Structure elucidation of isolated compounds using NMR, MS, etc.

- Biological assaying of pure compounds against asexual and sexual stages of

P. falciparum.
The specific objectives for Chapter 4 were:

- Collection, extraction and fractionation of leaves of Turraea obtusifolia.

- Biological screening of T. obtusifolia leaf extract and fractions against asexual
P. falciparum.

- UPLC-QTOF-MS analysis of T. obtusifolia leaf extract and fractions for
biological scoring of compounds to identify potential active ingredients using
tools provided by GNPS platform.

- Mass-directed purification of T. obtusifolia leaf extract for isolation of identified
active ingredients.

- Structure elucidation of isolated compounds using spectral methods.

- Biological assaying of pure compounds against asexual P. falciparum.
The specific objectives for Chapter 5 were:

- Collection, extraction and fractionation of leaves of Artemisia afra.

- Biological screening of A. afra leaf extract and fractions against asexual P.
falciparum.

- UPLC-QTOF-MS analysis of A. afra leaf extract and fractions for biological
scoring of compounds to identify potential active ingredient using tools provided
by GNPS platform.

- Mass-directed purification of A. afra leaf extract for isolation of identified active
ingredients.

- Structure elucidation of isolated compounds using spectral techniques.

- Biological testing of pure compounds against asexual P. falciparum.

Chapter 6 provides a general conclusion of the study.
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Chapter 2: Antiplasmodial in vitro activity of selected
South African medicinal plants

2.1 Introduction

South Africa is one of most biodiverse countries in the world [1]. Interestingly, the
South African flora contains 24 000 taxa from 368 plant families [2], out of which ~ 5
700 taxa have been used in traditional medicine with 3 000 medicinally accepted [3].
Furthermore, South Africa has a long history of traditional use of plants for health
benefits and in 2007, the country had approximately 190 000 traditional health
practitioners [4, 5]. Though the percentage of the population consulting traditional
healers for their treatment may have decreased, a large proportion still rely on

traditional knowledge to treat various diseases [6].

Although malaria transmission is restricted in only three South African provinces
(Limpopo, Mpumalanga and KwaZulu-Natal), many plants have been used by local
populations to treat the disease [7]. A study was reported on the antiplasmodial
screening of South African medicinal plants used by the Venda people in the treatment
of malaria or associated symptoms. The study highlighted 20 plant species indigenous
to South Africa, which were: Xylopia parviflora (A.Rich.) Benth. Oliv. (Annonaceae),
Ximenia caffra Sond. (Olacaceae), Ximenia americana Linn. (Olacaceae),
Tabernaemontana elegans Stapf. (Apocynaceae), Vangueria infausta Burch. subsp.
infausta (Rubiaceae), Syzygium cordatum Hochst. (Myrtaceae), Senna petersiana
(Bolle) Lock. (Fabaceae), Rauvolfia caffra Sond. (Apocynaceae), Pyrenacantha
grandiflora Baill. (Icacinaceae), Parinari curatellifolia Planch. Ex Benth. (Rosaceae),
Pappea capensis Eckl. & Zeyh. (Sapindaceae), Diospyros mespiliformis Hochst. ex
A.D.C. (Ebenaceae), Dichrostachys cinerea Wight et Arn. (Fabaceae), Cussonia
spicata Thunb. (Araliaceae), Clerodendrum glabrum E. Mey. (Verbenaceae), Clematis
brachiata Thunb. (Ranunculaceae), Capparis tomentosa Lam. (Capparidaceae),
Anthocleista grandiflora Gilg. (Loganiaceae), Bridelia mollis Hutch. (Phyllanthaceae),
Albizia versicolor Welw. Ex Oliv. (Fabaceae) [8]. Nundkumar and Ojewole (2002)
investigated the antiplasmodial properties of a set of medicinal plants used for the
treatment and/or prophylaxis of malaria by communities in KwaZulu-Natal. The work

presented the following species as traditionally utilised for malaria treatment: Psidium
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guajava L., Barringtonia racemosa (L.) Roxb., Rauvolfia caffra Sond., Vangueria
infausta Burch., Sclerocarya birrea A. Rich. Hochst. and Warburgia salutaris (G.
Bertol.) Chiov. [9]. A review article written by Cock et al. (2019) highlighted 27 plant
species used by the Zulu population in the treatment of malaria. These included:
Acacia xanthophloea Benth. (Fabaceae), Adenia gummifera (Harv.) Harms
(Passifloraceae), Annona muricata L. (Annonaceae), Antidesma venosum E. Mey. Ex
Tul. (Phyllanthaceae), Artemisia afra Jacq. Ex Willd. (Asteraceae), Artemisia annua L.
(Asteraceae), Cannabis sativa L. (Cannabaceae), Cassia siamea Lam. (Fabaceae),
Cissampelos mucronata A. Rich. (Menispermaceae), Cissus quadrangularis L.
(Vitaceae), Clematis brachiata Ker Gawl. (Ranunculaceae), Cordia sinensis Lam.
(Boraginaceae), Cussonia spicata Thunb. (Araliaceae), Gardenia thunbergia L.f.
(Rubiaceae), Gnidia cuneate Meisn. (Thymelaeaceae), Lippia javanica Spreng.
(Verbenaceae), Momordica charantia L. (Cucurbitaceae), Pavetta crassipes K.
Schum. (Rubiaceae), Plantago major L. (Plantaginaceae), Senna occidentalis (L.) Link
(Fabaceae), Siphonochilus aethiopicus (Schweinf.) B. L. Burtt (Zingiberaceae),
Solanum nigrum L. (Solanaceae), Spilanthes olerace L. (Asteraceae), Tetradenia
riparia (Hochst.) Codd (Lamiaceae), Uvaria scheffleri Diels (Annonaceae), Vernonia
natalensis Sch. Bip. Ex Walp (Asteraceae) and Vetiveria zizanioides Nash (Poaceae).

Researchers have also studied the antiplasmodial activity of South African plant
species. From their research, extracts, fractions and pure compounds with promising
antiplasmodial potency were identified. Clarkson et al. (2004) screened 134 plant taxa,
native to or naturalised in South Africa and belonging to 54 families, against P.
falciparum D10 strain. The study found 23 plant species that were classified as highly
active antiplasmodial plants as they displayed ICso v al ues @l [B]. Thg /
methanol (MeOH) extract of Albertisia delagoensis N.E. Br. Forman leaf and rhizome
exhibited good antiplasmodial activities with ICso values of 4.1 and 1.6 pg/mL,
respectively [11]. Stem bark Annona muricata Wercklé crude ethanol (EtOH) extract
and its dichloromethane (DCM) fraction displayed good inhibitory activity against P.
falciparum W2 strain with ICso values of 1.45 and 1. Bl) respegtively [12].
Another study conducted by Prozesky et al. (2001) evaluated the antiplasmodial
potency of extracts prepared from 14 South African plant species and nine of them

displayed good activity with ICso O5 pg/mL [13].
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Antiplasmodial compounds were also identified from South African medicinal species.
Pillay et al. (2007) isolated sesquiterpene lactones, from Oncosiphon piluliferum arial
part DCM extract, which displayed significant antiplasmodial activity against asexual
P. falciparum D10 parasites with ICso values ranging from 0.4 to 4.4 pg/mL. The most
active molecules were tatridin A (23) and tanachin (24) with 1Cso values of 0.4 and 0.5
pg/mL, respectively (Figure 2.1). Unfortunately, they also displayed some cytotoxicity
towards mammalian cells [14]. van Zyl et al. (2002) extracted seven abietane
diterpenes from the leaves of five Plectranthus species and tested them for
antiplasmodial effect, from which two demonstrated good activities with ICso values of
3.1 and 4.6 pM (compounds 25 and 26, respectively, in Figure 2.1) against P.
falciparum FCR-3 strain [15].

H
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3 OH
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Figure 2.1: Chemical structures of antiplasmodial sesquiterpene lactones, tatridin A
(23) and tanachin (24), isolated from Oncosiphon piluliferum and
abietane diterpenes, compounds 25 and 26, found in the leaves of a
Plectranthus species.

From the DCM leaf extract of Vernonia staehelinoides Harv., two hirsutinolides, 8a-(2-
methylacryloyloxy)-3-oxo-1-desoxy-1,2-dehydrohirsutinolide-13-O-acetate (27) and

8a-(5'-acetoxysenecioyloxy)-3-oxo-1-desoxy-1,2-dehydrohirsutinolide-13-O-acetate
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(28), were isolated and screened against P. falciparum D10 and K1 strains (Figure
2.2). They both displayed excellent antiplasmodial activities with ICso values of 0.26
and 0.24 pg/mL against D10 and 1.8 and 2.6 pg/mL against K1, respectively. They
also showed some cytotoxicity against the mammalian cells (Chinese Hamster
Ovarion cells) but compound 27 had a better selectivity index (SI = 11) and could still

be considered as hit [16].

OAc

OAc

OAc

27

28

Figure 2.2: Chemical structures of antiplasmodial compounds isolated from Vernonia
staehelinoides [16].

The rich biodiversity of South Africa, the long history of traditional knowledge and the
results of antiplasmodial studies of South African medicinal plants provide the impetus
for continuous search of antiplasmodial lead compounds from South African species.
As mentioned in chapter 1, the traditional process of bioassay guided fractionation is
long, tedious, laborious and incompatible with high throughput screening (HTS). Due
to this, sample libraries have become the standard for industrial screening programs.
Various techniques based on SPE and HPLC have been used to generate these
libraries. At the Hans-Knoll-Institute for Natural Product Research in Jena (Germany),
an automated multistep SPE fractionation was developed by Schmid et al. (1999)
using a RapidTrace SPE workstation with eluents of MeOH and water + a buffer used
in gradient mode on different type of cartridges including styrene-divinyloenzene
based polymers and reversed phase C8 and C18 [17]. The company Sequoia
Sciences, Inc. in San Diego (California, USA), designed a sophisticated protocol,

which integrated automated flash chromatography, SPE and four-channel preparative
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HPLC to produce 160-200 fractions per extract. Organic and water extracts were
fractionated using automated flash chromatography on silica and reversed-phase C18
columns, respectively. Resulting fractions were analysed for the presence of tannins
by LC-MS and positive ones were cleaned on polyamide columns. Flash
chromatography fractions were each further fractionated using the parallel four-
channel preparative HPLC into 40 fractions (20 mL/min, 1 min per collection per tube),
bringing to a total of around 160 fractions per extract. The HPLC fractions were
transferred in 96 well plates using a liquid handler. Each fraction contained one to five
compounds as deduced from LC-ELSD-MS analysis [18]. The US National Cancer
Institute (NCI) in their Program for Natural Product Discovery tested several protocols
to produce pre-fractionated library of natural products extracts. They prepared 100%
water and organic extracts (DCM/MeOH (1:1) + 100% MeOH). The extracts were
prefractionated on a customised positive pressure solid phase extraction (ppSPE)
workstation with two robotic arms working in parallel to generate seven fractions per
extract. Various columns were investigated, including normal phase (diol) and
reversed phases (C4, C8, hydroxylated polystyrene divinylbenzene copolymer (ENV),
(hydr op hi |-baancédidipinylpemzenej Nevinylpyrrolidone copolymer (HLB),
C4/HLB and CB8/HLB). Stepped gradients of increasing polarity from either
hexane/DCM to EtOAc to MEOH or from hexane to EtOAc to MeOH were applied on
normal phase, while gradient of MeCN/H20 or MeOH/H20 to MeCN/DCM or
MeOH/DCM, respectively were wused for reversed phase [19]. Merlion
Pharmaceuticals (Singapore) used reversed phase C18 column on preparative HPLC
for prefractionation of extract to produce four fractions per extract [20]. This study
investigates a selected subset of plant materials retrieved from the University of
Pretoria repository consisting of plants and extracts. A protocol for the purification of
these into semi-purified fractions was adopted based on the NCI methods and they
were evaluated for their antiplasmodial activity with the aim of an accelerated
approach of generating simplified fractions and identifying hits using modern
hyphenated techniques.

2.2 Material and methods

2.2.1 Selection and collection of plant material
A literature search was conducted using Google scholar, Pubmed and the University

of Pretoria library for selection of plants. The key words used were South Africa,

27



Southern Africa, medicinal plants, in combination with malaria and/or fever. The
identified species were then ranked using a scoring system of 1, 2 and 3, representing

weak, medium and strong, respectively. The criteria used for scoring were as follows:

A Treats symptoms of malaria: the score was 3 if the species was reportedly
used for the treatment of all symptoms, 2 if used for the control of either fever
only or any other malaria symptom and 1 if not used for any of malaria
symptoms.

A Directly stated as treating malaria: score 3 for yes and 2 for no.

A Previously tested for malaria:s c or e 3,2f d resoiliti gotive ingredient
uni denti fi edsoanwd tih faccrt ifvye compound known.

A Reported antiplasmodial 1Cso: for ICso < 10 pg/mL, the score was 3, ICso
between 10 and 20 pg/mL corresponded to a score of 2 and the score of 1
applied to the case of ICso> 20 pug/mL.

A Toxicity: if the species is reported not toxic, the score was 3, in case the toxicity
state is unknown, the score was 2 and it was 1 if the species was described
has being toxic.

A Traditionally used: the score of 3 was given to plant utilised traditionally and 2
if not or no knowledge of its traditional application has been reported.

A Plant part studied and/or used: the scores were given as 3 for leaves, 2 for

stem and 1 for roots.

Plants with best scores were selected and then checked for their availability in the
University of Pretoria repository of plants (with ca. 10,000 plant materials from 7,000
species). In cases were the selected species was not found in the repository, it was

replaced by another species from the same genus.

The plant and extract repository was created during the period between late 1998 and
2005 at the Council for Scientific and Industrial Research (CSIR). The CSIR embarked
on a collection programme of several of the South African flora. The collections were
from most parts of the country, collected by trained botanists and all taxonomy done
by the South African Biodiversity Institute (SANBI). All plant samples were dried,
ground, stored and catalogued in a database with their GPS co-ordinates, collection
sites and geographical information [21, 22]. The repository of samples and the
database was transferred to the University of Pretoria in 2020.
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2.2.2 Extraction of plant materials
The method published by the NCI was adopted for extraction, fractionation and library

preparation of extracts and fractions [19].

Selected dry powdered plant materials were retrieved from the University of Pretoria
plant repository. Powdered plant material (7 g) was placed into a fritted glass holder
and 50 mL of DCM/MeOH (1:1) was added to it. The mixture was sonicated for 1 hour
at room temperature after which the filtrate was drained by opening the tap of the glass
holder. The residue in the glass holder was further extracted with 50 mL of MeOH
under sonication for 1 hour at room temperature. The second filtrate (MeOH extract)
was also tapped from the glass holder and combined with the DCM/MeOH extract.
The extracts were concentrated under vacuum using a rotary evaporator and dried in
a Genevac EZ-2 Plus Evaporating System (Genevac Ltd., Ipswich, United Kingdom).

All dry extracts were stored in the cold room prior to fractionation.

2.2.3 Fractionation of extract

Dry extracts (150 i 250 mg) were dissolved in 4 mL of a mixture of MeOH, ethyl
acetate (EtOAc) and methyl tert-butyl ether (MeOH/EtOAC/MTBE) (6:3:1) in test tubes.
The Hamilton Microlab STARIet liquid handler (Hamilton Life Sciences) was used to
transfer a calculated volume of the solution from the test tube to a 96 deep well plate.
A roll of cotton wool was added to the remaining solution in the test tube and the
solvent was evaporated using a Genevac EZ-2 Plus Evaporating System (Genevac
Ltd., Ipswich, United Kingdom) to allow adsorption of the extract onto the cotton wool.
The loaded cotton wool was placed in an empty SPE tubes (6cc, polypropylene), which
was subsequently connected to a reverse phase C8 cartridge (Thermo Scientific,
Hypersep C8, 2g/6mL). The positive pressure solid phase extraction (ppSPE)
workstation (Gilson GX-241 Liquid Handler, WI, USA) was used for the fractionation.
The cartridge was eluted with 8 mL each of water (H20), MeOH and acetonitrile
(MeCN) in the following ratios: for fractions 1 to 6: H20:MeOH 95:5, 80:20, 60:40,
40:60, 20:80, 0:100, respectively, and for fraction 7: MeOH:MeCN 50:50 (Figure 2.3).
Seven fractions (8 mL each) were collected into pre-weighed 2D barcoded test tubes
and placed in a liquid handler for an aliquot to be transferred to the 96 deep well plates

containing their corresponding extracts.
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Crude extract (150-300 mq)

Cy; SPE
|8m|_ |8mL |8mL |8mL |8mL |8m|_ l8mL
Fraction1 Fraction?2 Fraction3 Fraction4 Fraction5 Fraction6 Fraction7
95:5 80:20 60:40 40:60 20:80 MeOH 50:50
H,0:MeOH H,0:MeOH H,0:MeOH H,0:MeOH H,0:MeOH MeCN:MeOH
| D
POLAR NON-POLAR

Figure 2.3: Flow diagram for SPE fractionation of extracts on Hypersep C8 cartridge
using a Gilson GX-241 liquid handler.

2.2.4 Formatting of plant extracts and fractions into 96 deep well plates for
cold storage

Using a Hamilton Microlab STARIet robotic liquid handler, 800 uL of each fraction,
produced from SPE fractionation, was transferred from each 2D-barcoded tube to a
96 deep well plate. As the plates have 96 wells designed in twelve columns, labelled
as 1 to 12, and eight rows, marked as A to H, fractions were transferred to wells in
such a way that fractions 1 to 7 were in wells A to G and their original extracts were
placed in wells H. Hence, each 96 deep well plate contained extracts and subsequent
fractions prepared from 12 different plant materials. The solvents were evaporated to
dryness from the 96 deep well plate and the 2D-barcoded tubes using a GeneVac HT
Series (Genevac Ltd., Ipswich, United Kingdom). The loaded dry 2D-barcoded tubes
were weighed and the masses of fractions were recorded on a comma separated
values Microsoft Excel document used as input file on the liquid handler, which
enabled the instrument (liquid handler) to calculate and transfer the necessary volume
of 100% DMSO (Sigma-Aldrich) to each well of the 96 deep well plate containing the
dry fractions and extract in order to obtain a final stock concentration of 5 mg/mL. The
extract and fractions were then transferred from the 96 deep well plate into FluidX 96-
format tubes (mother plate, 1.0 mL tri-coded tube, external thread) for cold storage.
The FluidX plates were introduced in the Hamilton automated sample storage freezer
(Verso® Q20 for Promolab), which collected individual 2D barcoded FluidX tubes for
cold storage in racks using a customised protocol. The temperature was set to - 20 °C

and the freezer was kept free of frost with a constant flow of dry air.
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2.2.5 Preparation of 96 deep well plates for antiplasmodial screening

In order to prepare samples for biological testing, the mother plates were retrieved
from the freezer (Verso® Q20 for Promolab), thawed and 100 pL of each fraction and
extract were transferred to a new 96 deep well plate using the Hamilton liquid handler.
The resulting copies were used for bioassays, while the mother plate was returned for

storage in the robotic freezer.

2.2.6 Antiplasmodial screening

The antiplasmodial screening was done by Prof. Lynavarié Birkholtz6 s r e greup,r ¢ h
as part of the collaboration between the Department of Chemistry and the Institute for
Sustainable Malaria Control at the University of Pretoria in the Department of

Biochemistry, Genetics and Microbiology.

Samples were screened against asexual NF54 (drug-sensitive) P. falciparum

parasites using the Malaria SYBR Green |-based assay. This technique uses the
fluorescent dye SYBR Green I, which interacts with DNA, to measure inhibition of

parasite proliferation by monitoring the decrease of parasitemia using the correlation

between DNA content (SBR Green | signal) and parasitemia [23, 24]. Parasitology

work and volunteer human blood donation at the University of Pretoria is covered

under ethical approval from the Health Sciences Ethics Committee (506/2018) and

Natural and Agricultural Sciences Ethics Committee (180000094) to Prof. LynaVarié
Birkholtz. The P. falciparump ar asi t es were maintained at 37
(O") suspended in complete culture medium [RPMI 1640 medium (Sigma-Aldrich)
supplemented with 25 mM HEPES (Sigma-Aldrich), 20 mM D-glucose (Sigma-

Al drich), 200 &M PAYpgaxamt)hi e 2(%Sisgpnma mbm bi c a
gentamycin (Sigma-Aldrich) and 0.5% AlbuMAX II] in a hypoxic atmosphere of 90%

N2, 5% Oz and 5% COz2. The culture was synchronised using D-sorbitol (5% w/v) to

achieve an >95% homogenous ring-stage culture. For primary screening, dual point

assays (one biological experiment (n = 1) carried out in technical triplicates) were
performed with 10 and 20 ug/mL of the extract and SPE fractions. P. falciparum (drug

sensitive NF54) parasites (100 uL, 1% parasitaemia and 2% haematocrit) were treated

with an equal volume of either the crude extract or fractions in sterile 96 well plates,

for 96 h at 37eC under hypoxi c escenoedwag i ons .
determined as reported in the literature [23-25]. Data were analysed as mean + S.D.

Chloroquine served as positive control for inhibition of parasite proliferation.
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2.3 Results and discussion

2.3.1 Selection of plants

Using the data base search with set key words, 281 potential South African plant
species were identified as candidates for antiplasmodial screening. After applying the
set criteria, 100 species belonging to
(Table 2.1). The Asteraceae, Euphorbiaceae and Fabaceae were the most
represented families with 12, 11 and 9 species among selected ones, respectively.
Some of the previously investigated plants (nine species) were also selected in order
to help validate the extraction and fractionation protocols. These included Pittosporum
viridiflorum Sims (Pittosporaceae) [26], Vernonia colorata colorata (Asteraceae) [27],
Schotia brachypetala Sond. (Fabaceae) [28], Momordica balsamina L.
(Cucurbitaceae) [29], Salacia kraussii Harv. (Celastraceae) [30], Leonotis leonurus
(L.) R.Br. (Lamiaceae) [31], Schefflera umbellifera Baill. (Araliaceae) [32], Senna
siamea (Fabaceae) [33, 34], Parinari capensis incohata (Chrysobalancea) [35], from

which compounds with excellent to good antiplasmodial activity had been isolated.

The top plant on the list was Ximenia caffra Sond. (Olacaceae), which had the highest
total score of 17, followed by Euclea natalensis (Ebenaceae), Ptaeroxylon obliquum
(Thunb.) Radlk. (Ptaeroxylaceae), Vangueria infausta infausta (Meliaceae),
Achyranthes aspera L. (Amaranthaceae), Leonotis nepetifolia (L.) R.Br. (Lamiaceae)
and Kirkia wilmsii Engl. (Kirkiaceae), each with a total score of 16. Nonetheless, all
species on the list of selected plants (Table 2.1) were considered for extraction and
fractionation. However, the easy accessibility of the sample in the plant materials
repository guided the selection for next step. Hence, some of the interesting plants
which could not be found in the repository were excluded and, in some cases, replaced

by other species.
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Table 2.1: List of 100 plant species selected for extraction and fractionation.

obliquum (Thunb.)

Plant Used for Used for | Previously Reported Toxicity Traditionally used Total score

Malaria malaria | assayed for ICso (Mg/mL) | Not toxic = 3 for any disease (18)

Symptom | Yes=3 malaria <10=3 Mild or unknown | Yes =3

S No=2 No=3 <20=2 =2 No/unknown = 2

Yes (all)=3 Yes with active >20=1 Toxic =1

Yes ingredient

(few)=2 unidentified = 2

None=1 Yes with active

compound
known =1

Ximenia caffra Sond. | 3 [36] 3 [36] 2 [8] 3 [8, 36] 3 [36] 3 [36] 17
(Olacaceae)
Pittosporum 2 [26] 3 [26] 1[26] 3 [10, 26] 3 [26] 3 [26] 15
viridiflorum Sims
(Pittosporaceae)
Euclea natalensis 3[10] 3[10] 2[10] 3 [10] 2 [37] 3 [37] 16
natalensis
(Ebenaceae)
Maesa lanceolata G. | 2 [10] 3 [10] 2[10] 3 [10] 1[38] 3[39] 14
Don (Myrsinaceae)
Ptaeroxylon 2 [40] 3 [10] 2 [10] 3[10] 3 [40] 3 [40] 16
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Radlk.
(Ptaeroxylaceae)

Vangueria infausta 2 [8, 41] 31[8,41] | 218, 41] 3 18] 3 [8, 41] 38, 41] 16
infausta (Meliaceae)

Achyranthes aspera | 2 [42] 310, 2[10] 3 [10] 3 [43] 3[43] 16
L. (Amaranthaceae) 42]

Leonotis nepetifolia | 2 [44] 3 [10] 2 [10] 3 [10] 3 [44] 3 [44] 16
(L) R.Br.

(Lamiaceae)

Momordica 2 [29] 3 [29] 1[29] 3[29] 3[29] 3[29] 15
balsamina L.

(Cucurbitaceae)

Kirkia wilmsii Engl. 2 [45] 3 [45] 2 [45] 3 [45] 3 [45] 3 [45] 16
(Kirkiaceae)

Carica papaya L. 3 [46] 3 [46] 2 [47] 1[47] 3 [46] 3 [46] 15
(Caricaceae)

Clausena anisata 3 [48] 3[10] 2[10] 1[10] 3 [48] 3 [48] 15
anisata (Poaceae)

Clerodendrum 2 [8] 2 2 [8] 3 [8] 3 [8] 3 [49] 15
glabrum glabrum

(Lamiaceae)

Euclea undulata 3[10, 50] 2 2 [10] 3[10] 2 [10] 3 [50] 15

Thunb. (Ebenaceae)

34



Syzygium cordatum

Hochst. (Myrtaceae)

2 [51]

2 [51]

3 [51]

3 [51]

3 [51]

15

Vernonia colorata
colorata

(Asteraceae)

2 [10]

1[27]

3 [10]

1[27]

3[27]

12

Ziziphus mucronata
mucronata

(Cucurbitaceae)

2 [52]

3[52]

2 [10]

2 [10]

3[52]

3[52]

15

Barringtonia
racemosa Roxb.

(Balanitaceae)

2 [53]

3[53]

2[10]

3[10]

2 [10]

3[53]

15

Combretum molle
R.Br. ex G.Don
(Apiaceae)

3 [54]

3 [54]

2 [54]

1[54]

3 [54]

3 [54]

15

Ekebergia capensis

Sparrm. (Meliaceae)

2 [10]

3 [10]

3 [10]

3[10]

15

Erythrina lysistemon

Hutch (Fabaceae)

2 [13]

3 [13]

2 [13]

3[13]

2 [13]

3[13]

15

Helichrysum
nudifolium (L.)

(Asteraceae)

2 [10]

2 [10]

3 [10]

3 [10]

3[10]

15
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Hippobromus
pauciflorus Radlk.

(Sapindaceae)

3 [10]

2 [10]

3[10]

2 [10]

3 [10]

15

Mundulea sericea
(Willd.) A. Chev.

(Fabaceae)

3 [55]

3 [55]

2 [55]

1 [55]

3 [55]

3 [55]

15

Schotia brachypetala

Sond. (Fabaceae)

2 [28]

3[28]

1[28]

2 [28]

3 [28]

3 [28]

14

Strychnos spinosa

(Strychnaceae)

2 [56]

3 [56]

2 [56]

2 [56]

3 [56]

3 [56]

15

Tabernaemontana
elegans Stapf.

(Apocynaceae)

28]

3[8]

28]

3[8]

2 18]

3[8]

15

Diospyros
mespiliformis
Hochst. Ex A. DC.

(Ebenaceae)

2 [57]

3 [57]

2 [57]

3 [58]

2 [57]

3[57]

15

Zehneria scabra
Sond.

(Cucurbitaceae)

2 [59]

3[59]

2 [10]

3[10]

2 [10]

3 [59]

15

Croton menyhatrtii
Pax

(Euphorbiaceae)

2[60]

3[60]

2[10]

3[10]

2 [60]

3[60]

15
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Plumbago zeylanica
L.
(Plumbaginaceae)

2 [10]

3[10]

2 [10]

3 [10]

2 [10]

3[10]

15

Clematis brachiata
Ker Gawl.

(Poaceae)

2 [61]

3[61]

2 [10]

1[10]

3[61]

3[61]

14

Croton gratissimus
gratissimus

(Euphorbiaceae)

2 [13]

2 [13]

3[13]

2 [13]

3[13]

14

Olea europaea
africana

(Olacaceae)

2[10]

2[10]

2 [10]

3[10]

3[10]

14

Setaria megaphylla
T. Durand & Schinz
(Poaceae)

2 [60]

2 [10]

3[10]

2 [60]

3 [60]

14

Acacia xanthophloea

Benth. (Fabaceae)

3 [53]

3 [53]

2 [53]

1[53]

2 [53]

3 [53]

14

Acanthospermum
australe (Loefl.)
Kuntze

(Asteraceae)

3[62]

3[62]

2[62]

1[62]

2 [62]

3[62]

14

Bruguiera

gymnorhiza (L.)

2[10]

3[10]

2[10]

2 [10]

2 [10]

3[10]

14
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Lam.

(Rhizophoraceae)

Cussonia spicata

Thunb. (Araliaceae)

2 [10]

3[10]

2 [10]

2 [10]

2 [10]

3[10]

14

Drypetes natalensis
natalensis

(Euphorbiaceae)

3[7]

2[7]

3[7]

27

3[7]

14

Eucomis autumnalis
autumnalis

(Hyacinthaceae)

2 [60]

2 [60]

2 [60]

3[60]

2 [60]

3[60]

14

Ozoroa engleri R.A.
Fernandez

(Asteraceae)

1[13]

2[13]

3[13]

3[13]

3[13]

14

Plantago major L.

(Pittosporaceae)

2 [63]

3[63]

2[10]

1[10]

3 [63]

3[63]

14

Ranunculus
multifidus Pursh.

(Ranunculaceae)

2[7]

2[7]

2 [10]

3[10]

2 7]

3[7]

14

Salacia kraussii
Harv.

(Celastraceae)

2 [30]

3[30]

1 [30]

1 [30]

3 [30]

3[30]

14

Senna didymobotrya

(Fresen.) Irwin &

2 [64]

3 [64]

2[10]

3[10]

1[64]

3[64]

14
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Barneby
(Caesalpiniaceae)

Strychnos henningsii

(Strychnaceae)

2 [65]

3[65]

2 [65]

2 [65]

2 [65]

3[65]

14

Vepris lanceolata
(Lam.) G.Don

(Rutaceae)

2 [66]

3 [66]

3 [66]

3 [66]

14

Acacia tortilis
(Forssk) Hayne
(Fabaceae)

2 [10]

3 [10]

310, 67]

3[67]

14

Aloe marlothii A.
Berger

(Xanthorrhoeaceae

)

3[68]

2 [67]

3[67]

2 [68]

3[68]

14

Flueggea virosa
(Willd.) Voig

(Euphorbiaceae)

2 [69]

3[10]

1[10, 69]

3[10]

1[69]

3[69]

13

Hermannia depressa
N.E.Br.

(Sterculiaceae)

2 [10]

3[10]

3[70]

3[70]

14

Psiadia punctulata

Vatke (Asteraceae)

2[71]

2[10]

3[10]

2[71]

3[71]

14
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Salvia stenophylla
Burch. Ex Benth.
(Lamiaceae)

2[72]

3[72]

3[72]

3[72]

14

Tarchonanthus
camphoratus L.

(Asteraceae)

2[73]

2 [10]

3 [10]

2 [73]

3[73]

14

Triumfetta
welwitschii Mast.

(Tiliaceae)

2[7]

2 [10]

3 [10]

27

3[7]

14

Hypericum
aethiopicum

(Clusiaceae)

2 [60]

3 [60]

3 [60]

3 [60]

14

Annona
senegalensis
senegalensis

(Annonaceae)

2 [74]

3[74]

2 [74]

1[74]

2 [74]

3[74]

13

Caesalpinia
decapetala

(Caesalpiniaceae)

3[75]

2 [79]

1[75]

3[75]

3[75]

13

Leonotis ocymifolia
(Brum. F.) lwarsson

(Lamiaceae)

2 [60]

2 [60]

2 [60]

3[60]

3[60]

13
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Maytenus undata
(Thunb.) Blakelock
(Celastraceae)

3[60]

2 [60]

1[60]

3[60]

3[60]

13

Nuxia floribunda
Benth.
(Buddlejaceae)

15

Psidium guajava L.

(Illecebraceae)

2[76]

2 [76]

3[76]

3[76]

3[76]

13

Pterocarpus
angolensis DC.

(Fabaceae)

2[77]

2 [77]

3[77]

3[77]

13

Strychnos mitis

(Strychnaceae)

3 [65]

2 [65]

1[65]

3 [65]

3 [65]

13

Teclea gerrardii

I.Verd. (Rutaceae)

2[78]

3[78]

2[78]

1[78]

2[78]

3[78]

13

Artabotrys
monteiroae Oliv.

(Annonaceae)

2 [60]

3[60]

2 [60]

1 [60]

2 [60]

3[60]

13

Balanites maughamii

Sprague

(Balanitaceae)

2 [13]

2 [13]

1[13]

3[13]

3[13]

13
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Bridelia micrantha
Baill.
(Euphorbiaceae)

3[79]

3[79]

2 [10]

1[79]

1[79]

3[79]

13

Capparis tomentosa

Lam. (Rubiaceae)

3[80]

3[8, 80]

2[8, 80]

1 [80]

1 [80]

3[80]

13

Bridelia cathartica

(Euphorbiaceae)

2[81]

3[81]

2 [81]

1[81]

3[81]

3[81]

14

Cissus
quadrangularis
quadrangularis

(Apiaceae)

2[82]

3[82]

2[82]

1[82]

2 [82]

3[82]

13

Conyza albida
Spreng.
(Asteraceae)

2 [60]

2 [10, 60]

3[10, 60]

2 [60]

13

Conyzya scabrida
DC. (Asteraceae)

2 [60]

2[10, 60]

1[10, 60]

3 [60]

3[60]

13

Crinum macowanii
Baker

(Amarylidaceae)

2 [83]

2 [83]

1[83]

3[83]

3[83]

13

Euphorbia hirta

(Euphorbiaceae)

2 [84]

3 [84]

2 [84]

3 [84]

13
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Gardenia thunbergia | 2 [7] 2 2[7] 2[7] 2[7] 3[7] 13
L.f.

(Euphorbiaceae)

Justicia flava Vahl 2 [10] 3 [85] 2 [10] 1[10] 3[85] 2 13
(Acanthaceae)

Leonotis leonurus 3 [60] 3[60] 1[10, 31] 3 [10] 3 [31] 3[31] 16
(L) R.Br.

(Lamiaceae)

Ricinus communis L. | 2 [86] 2 2 [86] 3 [10] 1[86] 3 [86] 13
(Euphorbiaceae)

Rumex sagittatus 2[7] 2 2[10] 2 [10] 2 [10] 3[7] 13
Thunb.

(Polygonaceae)

Schefflera 2 [10, 60] 3[10, 1[32] 3 [10, 60] 2 [60] 3 [60] 14
umbellifera Baill. 60]

(Araliaceae)

Senecio oxyriifolius | 2 [7] 2 2 [10] 2 [10] 2[7] 3[7] 13
DC. (Asteraceae)

Senna occidentalis 2 [87] 3[87] 2 [87] 1[87] 2 [87] 31[87] 13
(L.) Link (Fabaceae)

Senna siamea 3[33] 3 [34] 1[33, 34] 3[33] 3[33] 3 [33] 16

(Fabaceae)
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Solanum nigrum L.

(Poaceae)

3[88]

3[88]

2 [88]

1[88]

2 [88]

3[88]

14

Trichilia emetica
Vahl

(Bignoniaceae)

2 [89]

2 [90]

2[10, 90]

3 [10]

1[89]

3[89]

13

Tridax procumbens

L. (Asteraceae)

3[91]

2 [10]

2 [10]

2 [91]

3[91]

13

Cymbopogon validus
Stapf ex Burtt Davy
(Poaceae)

2 [10]

3 [10]

2 [10]

3[60]

13

Ozoroa
sphaerocarpa R.
Fern. & A. Fern.
(Anacardiaceae)

2[92]

3[92]

2 [93]

3[93]

13

Oedera genistifolia
(L.) Anderb. & K.
Bremer

(Asteraceae)

2[92]

3[92]

3 [94]

13

Schotia latifolia

(Fabaceae)

15

Terminalia sericea
Burch. ex DC.

(Combretaceae)

3[95]

2 [95]

1 [95]

2 [95]

3[95]

12
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Croton
steenkampianus
Gerstner

(Euphorbiaceae)

14

Euclea natalensis
angustifolia

(Ebenaceae)

12

Parinari capensis
incohata
(Chrysobalancea)

3[35]

1[35]

3 [35]

1[35]

13

Agathosma apiculata

E.Mey. (Rutaceae)

2 [60]

3 [60]

2 [60]

12

Conyza
podocephala DC.
(Asteraceae)

2 [10]

3[10]

2 [10]

13

Solanum
panduriforme E.

Mey. (Poaceae)

2 [13]

3[13]

3[13]

12

Clutia pulchella L.

(Euphorbiaceae)

2[92]

2[92]

3[92]

2[92]

12
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2.3.2 Retrieval, extraction and fractionation of plant materials for the library
Selected plant species were searched for in the repository. As a result from this, a total
of 64 plant materials were retrieved, including one species, which was not primary on
the list of selected plants, Grewia robusta (Tiliaceae) bark and leaves/flowers
(collected because it was available and some Grewia species had been reported for
being used as antimalarial treatment [96]) as some species were not found in the
repository. Each plant material was individually sequentially extracted with
DCM/MeOH (1:1) and MeOH. The two extracts were combined and the solvent
evaporated under reduced pressure. The extraction yields were calculated based on
the dry weight of the extracted plant material and the results are included in Table 2.2.
A portion of each extract (150 - 300 mg) was fractionated using the ppSPE workstation
to produce seven fractions per extract collected in pre-weighed 2D barcoded tubes. A
calculated volume of each extract and fractions were transferred to 96 deep well plates
and the solvents were thereafter evaporated from the plates and tubes. The dry
fractions were weighed (Table 2.2) and their masses used to calculate the volume of
DMSO to add to each well of the 96 well plates in order to obtain a final concentration
of 5 mg/mL. This process resulted in a total of 512 samples, representing 64 extracts
and 448 subsequent fractions prepared from 41 species belonging to 25 families,
formatted in 96 deep well plates and ready for high throughput bio-activity assaying.
As the samples were screened in batch, only 256 samples (extracts and fractions of
28 plant materials representing 20 species), have been tested for the antiplasmodial
activity against asexual P. falciparum NF54 parasites. These are the ones reported in
Table 2.2. The SANBI voucher specimens to confirm identification and the data base
codes are also included in Table 2.2.

2.3.3 The effect of plant extracts and fractions on the viability of asexual P.
falciparum NF54 strains

Samples were screened against asexual P. falciparum NF54 strains at 10 and 20

¢ gniL. Chloroquine was used as positive control, displaying 100% inhibition at both

concentrations.
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Table 2.2: Extraction yield and mass of generated fractions from selected plant materials and in vitro activity of extracts and fractions
against asexual P. falciparum parasites, obtained at concentrations of 10 ug/mL and 20 ug/mL (n=1, one biological assay
with technical triplicates). Chloroquine was used as a control compound. Fractions highlighted in yellow showed good
activity while those highlighted in green were moderately active.

i i 0
Extraction Fractionation .AS?‘X.“?" proliferation (%
. inhibition)
Plant species | Plant Voucher
Part number . .
Extract Yield Mass used for Fraction
number (%) fractionation (mg) number Mass (mg) 20 mg/ 10 mig/
Syzygium Leaves | FP00962 | P19157x 8.63 277
cordatum P19157xf4 36.6 69.39 29.66
Stems | FP00962 | P19158x 3.93 250
P19158xf5 304 94.51 50.72
Ziziphus Roots | JM00199 | P19411x 8.77 269
mucronata P19411xf7 12 54.82 16.53
Bark SWO00009 | P22354x 9.3 254.7
P22354xf6 48.1 66.53 36.85
P22354xf7 27.8 94.99 56.5
Hypericum Leaves | BP00365 | P02817x 8.6 230
aethiopicum and P02817xf6 28.1 101.08 50.65
flowers
P02817xf7 20 105.03 81.42
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Kirkia wilmsii Leaves | BP01242 | P13041x 11.3 247
P13041xf4 47.9 113.96 53.53
P13041xf5 18 83.27 12.83

Ptaeroxylon Leaves | DS02088 | P12798x 11 280
obliguum P12798xf7 45.3 64.69 43.1

Leonotis Leaves | BP00444 | P03269x 14 231
leonurus P03269xf6 155 51.7 29.22
P03269xf7 38.9 64.85 38.97

Euclea Roots FPO0873 | P18269x 14.7 242
natalensis P18269xf5 3.12 80.93 49.76
P18269xf7 5.45 86.6 53.36

Maesa Leaves | DS02852 | P17261x 8.3 194
lanceolata P17261xf5 17.4 52.79 24.29

Forssk

P17261xf6 31.1 66.24 30.67
P17261xf7 374 64.03 39.62

Euclea Leaves | DS02049 | P12769x 16.7 260
undulata P12769xf7 37.7 51.3 28.73

Stems DS02029 | P12900x 7.3 207
P12900xf6 4.22 65.55 32.84
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P12900xf7 5.98 50.43 26.12
Hippobromus Roots JS00312 | P20751x 3.2

pauciflorus P20751xf7 68.15 29.78

Stems | ENO0705 | P02019b N/A 233
P02019bf6b 23 77.58 36.73

Cussonia Barks JS00418 | P20770x 3.8 227
spicata P20770xf6 21 56.6 42.68

Capparis Roots DS03928 | P22569x 55 242
tomentosa P22569xf7 36.1 83.62 49.65

Setaria Whole | DS00016 | P04389x 4.2 250
megaphylla plant P04389xf6 17.3 59.14 35.26
P04389x{7 45.3 77.15 39.64
P04389xe8 N/A 66.39 45.96

Artabotrys Leaves | DS00314 | P04630b N/A 198
monteiroae P04630bf6b 19.9 77.68 21.6
P04630bf7b 61.7 93.95 37.19

Aloe marlothii Roots | MM00044 | P03985b N/A 160
P03985bf6b 30.6 100.27 97.76
P03985bf7b 34.7 100.48 99.88
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P03985xe8 N/A 100.07 100.03

Mundulea Leaves | MM0O0O0O0O9 | P03850b 160
sericea P03850bf6b 57.2 99.47 95.8
P03850bf7b 64.5 99 95.31
P03850be8 N/A 94.17 34.66
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The classification criteria for plant extract adopted in this work was based the one

published by Moyo et al. (2016) [90], which was as follows:

a) Good activity:
> 70% inhibimLaond at5Q@% eghimbhi ti on at
b) Moderate activity:
> 70% i nhibimLand &at5Q% eghimbhi ti on at
< 70% inhibimLaond at5Q% eghimbhi ti on at

50

to 70% i nhmband<50% inhéitio n2 Oate ml/0 € g/

c) No or minimal activity:
< 50% i nhi bimLand«50% tinhibkién att1dd/ € g/ mL

Based on the classification criteria,

1 Samples with good activity were (Table 2.2):

A

D> > > D>

A

Extract and Fractions 6 and 7 of Aloe marlothii roots
Fractions 6 of Mundulea sericea leaves,

Fraction 5 of Syzygium cordatum stems,

Fractions 6 and 7 of Hypericum aethiopicum aerial part,
Fraction 4 of Kirkia wilmsii leaves,

Fraction 7 of Euclea natalensis roots,

Fraction 7 of Ziziphus mucronata bark.

2 Samples with moderate activity were:

>

> > >

> > > > P> > D>y D>

Fraction 4 of Syzygium cordatum leaves,
Fraction 7 of Ziziphus mucronata roots,
Fraction 5 of Kirkia wilmsii leaves,

Fraction 7 of Ptaeroxylon obliguum leaves,
Fraction 6 and 7 of Leonotis leonurus leaves,
Fraction 5 of Euclea natalensis roots,
Fraction 5, 6 and 7 of Maesa lanceolata Forssk,
Fraction 7 of Euclea undulata leaves,
Fraction 6 and 7 of Euclea undulata stem,
Fraction 6 of Ziziphus mucronata bark,
Fraction 7 of Hippobromus pauciflorus roots,

Fraction 6 of Cussonia spicata bark,
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Fraction 7 of Capparis tomentosa roots,
Extract and Fractions 6 and 7 of Setaria megaphylla,
Fractions 6 and 7 of Artabotrys monteiroae leaves,

Fraction 6 of Hippobromus pauciflorus stem,

> > > > >

Extract of Mundulea sericea leaves.

2.3.4 Evaluation of hits for further research

Extract and Fractions 6 and 7 of A. marlothii roots displayed the best activity (>97%
and 100% inhibition of parasites proliferation at 10 and 20 pg/mL, respectively). The
antiplasmodial potential of A. marlothii extract had previously been reported. From the
screenings conducted by Clarkson et al. (2004), the DCM extract of A. marlothii whole
plant showed good activity against P. falciparum D10 strain with an ICso value of 3.5
pg/mL [10]. In another study, the methanol extract of A. marlothii roots displayed a
moderate activity with an ICso value around 50 pg/mL [97]. This indicated that the
active ingredients might be less to moderate polar compounds, which can be extracted
with DCM/MeOH (1:1) solvent system, as this extract exhibited good activity in our
study. Thus far, no compound has been reported to be isolated from A. marlothii roots
and tested for their antiplasmodial activity. Hence, A. marlothii roots was further
investigated, as decribed in the next chapter 3, for the isolation and identification of
the antiplasmodial active ingredients.

Mundulea sericea is widely used in traditional medicine for the treatment of various
disease, including malaria [98, 99]. In the current study, Fractions 6 and 7 showed
good activity (99% and >95% inhibition at 20 and 10 ug/mL, respectively), while the
extract displayed a moderate activity (94% and 34% inhibition at 20 and 10 pg/mL).
This indicated that the fractionation was successful in concentrating the active
ingredients in two fractions. The antiplasmodial potency of M. sericea had been
reported [98]. In one study reported by Chepkirui et al. (2021), the DCM/MeOH (1:1)
leaf extract of M. sericea exhibited a good activity against asexual P. falciparum W2
and 3D7 strains with ICso values of 0 . 6 a n d mLl respectavady/ Subsequently,
five flavonoids were isolated from the active extract and three of them were tested for
antiplasmodial activity. Lupinifolinol (29) displayed antiplasmodial potency with ICso
value of 2.0 Wknagéi st Mt ag ai n svhile muhdalin®
(30) demonstrated ICsovaluesof 5. 9 € M and 2and3DZ, Mspacyvaly;
and lupinifolin (31) showed ICso values of 12.1 and 3.6 ¢ Magainst W2 and 3D7,
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respectively (Figure 2.4) [100]. This indicated that flavonoids were responsible of the
observed antiplasmodial activity of M. sericea leaves. Therefore, further investigation
of M. sericeae for identification of the antiplasmodial compounds was not envisaged

in this study.

Syzygium cordatum is used in various countries to traditionally threat several
diseases, including malaria [51]. In the current study, the crude extract of S. cordatum
stem bark showed weak activity (~ 27% inhibition at 20 ug/mL). However, the Fraction
5, displayed a good activity with 90% inhibition at 20 pg/mL and 50% inhibition at 10
pg/mL. This indicated that the fraction has been concentrated in active ingredient(s),
which may be medium polar compound(s). Clarkson et al. (2004) investigated the
antiplasmodial activity of S. cordatum DCM, DCM/MeOH (1:1) and water leaf and twig
extracts. All extracts displayed weak activities with ICso values ranging from 14.7 to
48.3 pg/mL. In another study, the DCM leaf extracts of S. cordatum exhibited a good
activity with an 1Cso value of 6.2 pg/mL against the NF54 P. falciparum strain [8]. The
80% ethanol stem bark extract of S. cordatum displayed a weak activity with 55.46 +
13.43% inhibition at 100 pg/mL [101]. These contradicting results clearly indicated that
the potent compounds should be moderately polar as the DCM extract was reported
as showing good activity and the Fraction 5 in the current study had also good activity.
Therefore, it would be rewarding to further investigate this potent fraction and identify

the compounds responsible for the observed antiplasmodial effect.

Extract prepared from Hypericum aethiopicum aerialparts displayed a weak activity.
However, the Fractions 6 and 7 of the extract exhibited good activity with 100%
inhibition at 20 pg/mL and more than 50% inhibition at 10 pug/mL (Fraction 7 being the
most active with 81% inhibition at 10 pug/mL). This indicated that the fractionation
succeeded in concentrating the active ingredients and separating them from interfering
compounds. Nonetheless, the antiplasmodial activity of H. aethiopicum had previously
been described. Clarkson et al. (2004) reported the good activity of the DCM/MeOH
leaf and flower extract, which displayed an ICso value of 1.7 pg/mL against P.
falciparum D10 strain [10]. In another study, the DCM/MeOH (1:1) leaf extract
exhibited an ICso value of 2.4 ug/mL against K1 strain [60]. Despite reports of good
activity, the antiplasmodial active ingredient has not yet been identified and little is
known about H. aethiopicum constituents. This species was therefore recommended

for further investigation.
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The leaf and bark of Kirkia wilmsii are used for traditional treatment of malaria [45]. In
this work, the leaf and stem extracts showed no or minimal activity against the NF54
strain, while the Fraction 4 of the leaf extract displayed a good activity with 100%
inhibition at 20 pg/mL and ~ 53% inhibition at 10 pg/mL and Fraction 5 exhibited a
moderate activity with ~ 83% inhibition at 20 pg/mL. This implied that K. wilmsii leaf
contains antiplasmodial compounds, which have been concentrated in Fraction 4.
From the study conducted by Clarkson et al. (2004), the DCM/MeOH leaf extract of K.
wilmsii exhibited a good antiplasmodial activity with an ICso value of 3.7 ug/mL against
the P. falciparum D10 strain. There is no report on the identification of active

ingredients. This is, therefore, a species to consider for further investigation.

Euclea natalensis is used in the therapy of various diseases, including as herbal
medicine for the treatment of malaria [37, 102]. In this study, E. natalensis root extract
displayed a weak activity with 47% and 40% inhibition at 20 and 10 pg/mL,
respectively. In constrats to this, Fraction 7 showed a good activity with 86% and 53%
inhibition at 20 and 10 pg/mL, respectively. Like Fraction 7, Fraction 5 exhibited
moderate acitivity with 81% and 50% inhibition at 20 and 10 pg/mL, respectively,
against the NF54 strain. Again, this implied that the fractionation succeeded in
concentrating active compounds in one fraction. Clarkson et al. (2004) investigated
the antiplasmodial effects of DCM, DCM/MeOH (1:1) and water root and stem extracts
of E. natalensis against P. falciparum D10 using the parasite lactate dehydrogenase
assay. The DCM/MeOH (1:1) root and leaf extracts demonstrated promising activities
with ICsp values of 5.1 and 5.3 pg/mL, respectively [10]. The active ingredients have
not been identified but the plant is known for producing naphthoquinones and these
may be responsible for the observed antiplasmodial activity [37]. Further investigation

is needed to confirm this assumption.

Ziziphus mucronata has been widely utilised in African traditional medicine to treat
numerous diseases. The plant is used for malaria and fever treatment in Northern
Namibia [55, 103]. In this study, the Z. mucronata bark extract showed no or minimal
activity, while the Fractions 7 displayed good activity with 95% and 57% inhibition at
20 and 10 pg/mL, respectively, and Fraction 6 exhibited a moderate effect (67 and
37% inhibition at 20 and 10 pg/mL, respectively). Although the root extract was
completely inactive, its Fraction 7 demonstrated a moderate activity with 55% inhibition

at 20 pg/mL. This further confirmed that the fractionation process enabled the
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concentration of active compounds into one fraction. Z. mucronata had been
previously evaluated for the antiplasmodial effect. The stem bark acetone extract
displayed promising potency with LCso value of 4 . 1 3mLeagpihst P. falciparum [13].
In another study, leaf and roots water and MeOH extracts exhibited LCso values > 20
pg/mL against P. falciparum 3D7A strain [55]. Further, Zininga et al. (2017) evaluated
the antiplasmodial potency of ethanol (EtOH) extract and fractions against P.
falciparum 3D7 strain. The crude extract demonstrated an ICso value of 7.4 ug/mL [77].
Additionally, the DCM leaf extract showed inhibitory activity against P. falciparum D10
strain with an ICso value of 12.0 pg/mL [10]. It appears that antiplasmodial compounds
are more concentrated in the aerialpart (stem bark and leaves) than in the roots. The
active ingredients have not been identified yet but the plants is known for producing
peptide alkaloids, quinones, terpenoids and flavonoids [103]. Hence, the plant needs

to be further explored to identify the antiplasmodial compounds.

Ptaeroxylon obliquum is used in the traditional treatment of tuberculosis, parasitic
infections and several other ailments in human and animals, including malaria [40]. In
this work, P. obliquum leaf extract showed no or minimal activity with 37% inhibition at
20 pg/mL, while its Fraction 7 displayed moderate activity with 65% inhibition at 20
pg/mL and 43% inhibition at 10 pg/mL, implying that the fractionation successfully
concentrated the potent components in one fraction. The extract and fractions
obtained from the stems did not show any activity. Based on the report from Clarkson
et al. (2004) study, the DCM/MeOH (1:1) extracts prepared from the roots, leaves and
stems displayed varied activity against asexual P. falciparum D10 parasites with ICso
values of 17, 22.8 and 5.5 pg/mL, respectively [10] indicating that compounds with
more antiplasmodial potency were present in the stems, which contradicted our finding
as in our investigation the stem was inactive. The reason behind this contrast in results
may be that the compounds are selective between strains as in the present study, they
were tested against the NF54 strain. From another study, the DCM leaf extract
displayed an ICso value of 10.9 ug/mL against P. falciparum K1 strain [60]. Overall, P.
obliquum leaf may still be considered for further investigation to identify the active

constituents
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HO 32

Figure 2.4: Chemical structures of Lupinifolinol (29), mundulinol (30), lupinifolin (31)
and luteolin 7-O-b-D-glucopyranoside (32), antiplasmodial compounds
that had previously been isolated from Mundulea sericea and Leonotis
leonurus [31, 100].

Leonotis leonurus leaf extract showed minimal activity against the P. falciparum NF54
strain (49% inhibition at 20 pg/mL), while Fractions 6 and 7 displayed moderate
potency with 52% and 65% inhibition at 20 pg/mL, respectively. L. leonurus is widely
used in traditional medicine for the treatment of various conditions, including fever and
headache [104]. Clarkson et al. (2004) tested the DCM, DCM/MeOH and water
extracts of L. leonurus roots, twigs and leaves against P. falciparum D10 strain. The
DCM/MeOH (1:1) twig and leaf extracts exhibited the best activity with ICso values of
5.4 pg/mL for both [10]. In the study of Mokoka et al. (2011), the DCM/MeOH leaf

extract displayed an ICso value of 2.9 pg/mL against P. falciparum K1 strain [60].
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Agnihotri et al. (2009) isolated six compounds from L. leonurus flowering tops, which
were assayed against P. falciparum D6 and W2 strains. Among them, luteolin 7-O-b-
D-glucopyranoside (32) demonstrated good activity with 1Cso values of 2.2 and 1.8
pHg/mL against the D6 and W2 strains, respectively [31]. Hence, this compound maybe
the active ingredient as it was as equipotent as the extract. L. leonurus was therefore

not considered for further investigation.

Maesa lanceolata leaf extract exhibited minimal activity with 38% inhibition at 20
pg/mL, while its Fractions 5, 6 and 7 showed moderate activities with 53, 66 and 64%
inhibition at 20 pg/mL, respectively. The species is used for the traditional treatment
of malaria. In a study conducted by Katuura et al. (2007), M. lanceolate leaf chloroform
extract displayed a promising activity with an ICso value of 1.6 pg/mL against P.
falciparum [105]. The DCM/MeOH twig extract of M. lanceolate had an I1Cso value of
5.9 pg/mL against P. falciparum D10 strain [10]. Thus far, compounds responsible for
the observed activity have not been identified, however, some studies report that the
species produces triterpenoid saponins [106-108] and these may responsible for the
antiplasmodial effects as some triterpenoid saponins isolated from another Maesa
species (Maesa argentea leaves) exhibited antiplasmodial potency with ICso as low as
0.76 uM (maesargentoside 1ll) against K1 strain [109]. However, M. lanceolata needs

further studies to identify the active ingredients.

Euclea undulata leaf extract displayed minimal activity (40% inhibition at 20 pg/mL),
while Fraction 7 showed moderate activity (51% inhibition at 20 pg/mL). Further, the
extract prepared from the stems exhibited minimal effect (29% inhibition at 20 pug/mL),
while Fraction 6 and 7, demonstrated moderate activity (66 and 50% inhibition at 20
png/mL, respectively). The positive effect of fractionation on the activity is well noticed
on the antiplasmodial screening results of the stem rather than of the leaf. The plant
is used as herbal medicines for various conditions, such as headache, body pains and
chest complains [50]. In the study conducted by Clarkson et al. (2004), the
DCM/MeOH (1:1) leaf and twig extract exhibited promising activities with ICso values
of 11 and 4.6 pg/mL, respectively, against P. falciparum D10 strain [10]. There are no
other reports of antiplasmodial activity of E. undulata and the active ingredients are

not known. Therefore, further studies are needed to identify the potent components.
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Hippobromus pauciflorus root extract exhibited minimal activity (47% inhibition at 20
pg/mL) and Fraction 7 showed moderate effect with 68% inhibition at 20 pug/mL. The
stem extract also displayed minimal potency with 36% inhibition at 20 pg/mL, while
Fraction 7 demonstrated moderate activity with 78% inhibition at 20 pg/mL. In both
cases, the fractionation successfully concentrated the potent compounds into one
fraction. In the Clarkson et al. (2004) study, the DCM/MeOH (1:1) leaf extract had a
weak antiplasmodial effect on P. falciparum D10 strain with an ICso value of 34 ug/mL,
while the extract prepared from twigs showed a good activity with 1Cso value of 5.9
pg/mL [10]. There is no other report on the antiplasmodial activity of H. pauciflorus,
indicating that the plant still needs to be explored to identify the compounds

responsible for the observed activity.

Cussonia spicata bark extract displayed minimal activity (41% inhibition at 20 pg/mL)
and the Fraction 6 showed a moderate activity (57% inhibition at 20 pg/mL), while the
extract and fractions prepared from the leaves were completely inactive. This species
is used for the treatment of malaria as herbal medicine [110]. It had previously been
investigated for antiplasmodial activity. The DCM/MeOH (1:1) leaf and fruit extracts
exhibited moderate activity (ICso values 13 and 14 pg/mL, respectively). Bapela et al.
(2014) tested the DCM and 50% MeOH extracts of C. spicata root bark against P.
falciparum NF54 strain. The DCM extract demonstrated a good activity with an ICso
value of 3.25 pg/mL, while the 50% MeOH extract was inactive (ICso > 50 pg/mL) [111].
In the study conducted by De Villiers et al. (2010), the leaf MeOH extract of C. spicata
showed minimal activity against P. falciparum 3D7 strain (ICso > 20 pg/mL).
Additionally, the petroleum ether (PET)/ethyl acetate (EtOAc) (1:1) leaf and bark
extracts of C. spicata exhibited weak activity against P. falciparum PoW and Dd2
strains with 1Cso values > 45 pg/mL [112]. It was observed that in almost all cases,
the extracts displayed weak activity, which is consistent with our study. However, the
fractionation in our investigation increased the activity by producing a fraction with
moderate potency, which can still be further explored to identify the bioactive

constituents.

Capparis tomentosa root extract displayed minimal activity (32% inhibition at 20
pg/mL), while Fraction 7 showed moderate activity with 84% and 50% inhibition at 20
and 10 pg/mL, respectively. This is another example of the concentration of the

biologically active compounds resulting from extract fractionation. The stem extract
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exhibited only a minimal activity (31% inhibition at 20 pg/mL). C. tomentosa is used
traditionally for the treatment of malaria [113] and has previously been investigated for
its antiplasmodial effect. Clarkson et al. (2004), screened the DCM, water and
DCM/MeOH (1:1) leaf, stem and root extracts against P. falciparum D10 strain and
only the DCM extracts displayed weak activity with ICsp values > 38 ug/mL, while the
remaining extract were inactive (ICso values > 100 pg/mL) [10]. Further, the 70% EtOH
root extract was also assayed in another study against P. falciparum D10, W2 and
3D7 gametocytes and was inactive (ICso value > 200 pg/mL) [114]. Additionally, C.
tomentosa leaf methanol extract did not show any activity against 3D7 P. falciparum
[113]. However, the fact that the roots extract displayed noticeable increase in potency
after fractionation, it is worthwhile to further investigate this sample for the identification
of the bioactive compounds.

Setaria megaphylla whole plant extract, Fractions 6 and 7 displayed moderate activity
at 20 pg/mL with 66, 59 and 77% inhibition, respectively. The antiplasmodial potency
of S. megaphylla had previously been investigated by Okokon et al. (2007). They
reported the effect of S. megaphylla leaf EtOH extract and partitioned fractions on P.
falciparum 3D7 and INDO. The crude EtOH extract showed weak activity against both
strains (ICso values of 49.50 £ 1.24 pg/mL against 3D7 and 79.96 * 3.29 ug/mL against
INDO), while the partitioned petroleum ether (PET), chloroform (CHF) and EtOAc
fractions displayed good to moderate activities with ICsp values of 10.34 +1.16, 11.43
+ 2.18, 8.15 £+ 1.10 pg/mL, respectively, against 3D7 strain and 10.20 + 0.84, 8.05 +
0.12and 8.94 + 1.26 pg/mL, respectively, against INDO [115]. In another study, the
DCM/MeOH (1:1) whole plant extract exhibited an ICso value of 4.5 ug/mL [10]. S.
megaphylla roots and leaves have also been tested in vivo for their antimalarial
activities in mice infected with P. berghei during early and established infections and
they both showed significant activity [116, 117]. To date, the antiplasmodial
compounds have not been reported to be isolated from S. megaphylla, therefore,
further studies are required to identify the constituents responsible for the observed

potency.

Artabotrys monteiroae leaf extract showed minimal activity with 41% inhibition at 20
png/mL, while Fractions 6 and 7 displayed moderate activity with 78 and 94% inhibition
at 20 pg/mL, respectively. This implied that the fractionation was successful in

concentrating the active compounds in the two fractions. The species is used
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traditionally to treat malaria [118]. The antiplasmodial activity of A. monteiroae had
previously been published. In the study conducted by Mokoka et al. (2011), the
DCM/MeOH (1:1) leaf extract displayed good antiplasmodial activity against P.
falciparum K1 strain with an I1Cso value of 8.79 pg/mL [60]. In another study, the
DCM/MeOH leaf extract exhibited an ICso value of 22 pg/mL against the D10 strain,
while the twig extract had an ICso value of 8.7 pg/mL [10]. The plant produces
aporphinoid alkaloids [119, 120], which may be responsible for the observed
antiplasmodial activity as some compounds from this class had shown antiplasmodial
potency [121, 122]. Nevertheless, this species requires further studies to identify the

active com ponents.

Grewia robusta bark, leaf and flower extracts showed no or minimal activity. Further,
the plant has not been previously investigated for antiplasmodial potency making this
the first study against P. falciparum. Nonetheless, some species of the genus Grewia
have been reported as showing antiplasmodial activity such as G. bilamellata CHF
extract displayed good inhibitory effect against P. falciparum D6 and W2 strains with
ICs0 values of 2.3 and 1.7 pg/mL, respectively. Through bioassay guided fractionation,
active compounds were isolated with 1Cso values ranging from 5.5 to 42.2 uM [123]. In

the current, no further investigation was undertaken on G. robusta as it was not potent.

2.4 Conclusion

A total of 100 plant species belonging to 44 families were selected using a scoring
system for extraction, fractionation using high throughput techniques and
antiplasmodial screening, with the aim of contributing to the building of a national
natural product library. From the primary list, 41 species from 25 families were
extracted with organic solvent (DCM:MeOH (1:1) and 100% MeOH) and fractionated
using a ppSPE workstation following a protocol adopted from NCI. These were
formatted into 96 deep well plates at a concentration of 5 mg/mL in DMSO using a
liquid handler for cold storage in the library. A copy of selected samples (a total of 256
samples) were made and screened against the P. falciparum NF54 strain at dual point
concentration of 10 and 20 pg/mL. Overall, the screening results showed that the
fractionation was successful in concentrating active compounds into one or two
fractions. From the screening results, only one extract (A. marlothii roots) showed
good activity together with its subsequent fractions. For the rest of bio-active samples,

the fractionation resulted in an increase in the activity. A total of seven extracts which
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displayed moderate (one extract) or weak (six extracts) antiplasmodial activity
produced fractions with good activity, while ten extracts with no or minimal
antiplasmodial potency gave fractions with moderate activity. Fractions obtained from
Aloe marlothii roots, Mundulea sericea leaves, Syzygium cordatum stems, Hypericum
aethiopicum aerialpart, Kirkia wilmsii leaves, Euclea natalensis roots, Ziziphus
mucronata bark displayed good activity and deserved further investigations to identify
active ingredients. Additionally, although fractions from Artabotrys monteiroae leaves,
Setaria megaphylla whole plant, Capparis tomentosa roots, Cussonia spicata barks,
Hippobromus pauciflorus roots and stems, Euclea undulata leaves and stems, Maesa
lanceolata leaves and Ptaeroxylon obliguum leaves displayed only moderate activity,
they have not been reported in the investigation for the identification of antiplasmodial
compounds. Furthermore, A. marlothii roots and M. sericea leaves were the most bio-
active. However, bio-active compounds had been isolated from M. sericea as reported
in the literature. As no compounds have been isolated from A. marlothii roots and
tested for its antiplasmodial effect, it was selected for further investigation to identify
and isolate the active ingredient responsible for the observed activity. Additionally,
Turraea obtusifolia and Artemisia afra, which were also tested for their antiplasmodial
activity, were further explored to identify their active compounds. The antiplasmodial
activity of their extracts and subsequent fractions were not discussed in this current
chapter because these were extracted with acetone and not DCM:MeOH and MeOH

as the rest of the plant materials.
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Chapter 3: Isolation, characterization and
antiplasmodial screening of compounds from Aloe
marlothii roots

3.1 Introduction

3.1.1 Background to Aloe genera

The genus Aloe L. belongs to the Xanthorrhoeaceae Dumort. family (also called
Asphodelaceae) and sub-family Asphodeloideae (alternatively Alooideae) [1-3]. The
Xanthorrhoeaceae family comprises perennial succulent plants having thick woody
stems, which may be either subterranean or tall and arborescent, branched or
unbranched. The leaves are long and linear, spirally implanted, arising from the tips of
the branches, with dense resiniferous bottoms continuing as a thick covering to the
stem. The flowers are usually borne on a leafless trunk emanating from a basal rosette

of leaves [1, 4].

The Asphodelaceae sub-family includes approximately twelve genera and more than
800 species distributed in Africa, the Mediterranean area and central Asia, with one
genus found in New Zealand. They have succulent or mesomorphic leaves, rhizomes
or dense roots and branched or unbranched inflorescences and frequently cylindrical

flowers [5].

The genus Aloe Linnaeus (1753) has its name deriving from the Greek alsos and
Arabic alloeh, which means bitter. It comprises over 500 species ranging from small
grass-like herbs and stemless succulent rosettestotreeswi t h | ar ge 18
Aloe species grow in Africa, Madagascar, Arabian Peninsula, and eastern Indian

Ocean Islands. They can flower many times and are well-suited to rough climates [6].

Aloe species have been used since ancient civilizations. The Egyptian Ebers Papyrus,
dating from ca. 1552 BC, reports the medicinal benefits of aloes. The Egyptian used
aloes in embalming. The Greeks knew aloes around 400 BC. External application of
aloes has been recommended by the Greek herbal of Dioscorides (41-68 AD) for
haemorrhoids, wounds, ulcers and hair loss, and their internal consumption as a
laxative [6]. To date, around one third of known Aloe species (120 species) are used
for medicinal values for various conditions such as gastrointestinal and inflammatory

disorders, hepatoprotective action, microbial infections, malaria, cosmetic
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formulations, skin problems (wounds, injuries, etc.), and in the food and beverage
industries [7-12]. Some Aloe species extracts, particularly A. vera, are included in
numerous forms of pharmaceutical preparations, which are used as laxative drugs or
in cosmetic industry for the treatment of skin illnesses and as additives for beauty care
[6, 13, 14].

The class of compounds that had been identified in Aloe leaves and roots includes
anthraquinones, pre-anthraquinones, anthrones, flavonoids, coumarins, chromones,

pyrones, acemannan, while the gel contains vitamins, proteins, minerals and enzymes
[9].

3.1.2 Botany and geographical distribution of A. marlothii
A. marlothii A.Berger was named after the German-born South African botanist and
chemist, Hermann Wilhelm Rudolf Marloth (18557 1931). Itis distributed across South
Africa, Zimbabwe, Swaziland, Mozambique and Botswana [6].

A. marlothii is a large, perennial, single-stemmed, and succulent species that can grow
up to 4.5 meters tall. The leaves are large and broad (up to 1500 x 250 mm) with
spines covering their upper and lower surfaces and maroon coloured indentations and
orange tips alongside leaf edges. The inflorescences are branched resembling a
candelabra and produce up to 30 racemes of tube-shaped orange to yellow flowers
(Figure 3.1) [6, 15].

A. marlothii is reported to be a variable species according to its geographical position,
hence the existence of subspecies such as A. marlothii marlothii, A. marlothii orientalis
and A. marlothii bicolor [16].
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Figure 3.1: Picture a. showing A. marlothii candelabra-like inflorescences and b.
showing A. marlothii plant at the collection site at the Manie van der Schijff
Botanical Garden, at the University of Pretoria Hatfield campus (Image
taken by Sephora Mianda at the time of collection).

3.1.3 Traditional uses of A. marlothii

The leaves of A. marlothii are utilized, alone or in a mixture, in eight different recipes
by rural community of northern Maputaland in South Africa to cure hypertension [17].
Erasmus et al. (2012) reported the use of A. marlothii subsp. marlothii roots by
traditional healers in South Africa (Bapedi community) to heal gonorrhoea [18]. The
roots, flowers and leaves of A. marlothii are used in Mozambique in the therapy of
tuberculosis, venereal diseases, while resins are applied for hair treatment [19]. The
leaves are employed in the remedy of pneumonia, chest pain, sore throat [20],
diabetes mellitus (both leaves and roots are used) [21], in veterinary alternative
medicine to treat gall illness and diarrhoea [22]. The sap of A. marlothii are
administered orally by the local community in the Canhane village, Mozambique, to

treat malaria [23].

3.1.4 Previously reported biological assaying of A. marlothii

The traditional applications of A. marlothii has led the scientific community to
investigate claims and explore opportunities for drug development from this plant.
Infusion and acetone extract prepared from A. marlothii leaves were assayed for the
antimicrobial activity against bacterial, fungal and mycobacterial strains (Escherichia
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coli, Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus,
Candida albicans, Cryptococcus neoformans, Aspergillus fumigatus, Mycobacterium
tuberculosis and Mycobacterium bovis) but didnét show any prom
activity (ICso > 0.1 mg/ml) [22]. Fox et al. (2017) reported that A. marlothii leaf gel
material improved the hydration of human skin (volar forearm) after a single
application, although the effect was not statistically significantly different from the
placebo. They also showed that the gel of A. marlothii dehydrated the skin after
multiple application and did not display any antiZrythema effects [24]. Furthermore,
the gel and whole leaf of A. marlothii demonstrated fast wound healing activity (97.2
and 98.07% wound closure after 48h, respectively) with negligible cytotoxicity against
normal human keratinocyte cells (HaCaT) [25]. Du Plessis and Hamman (2014)
showed that A. marlothii gel and whole leaf had no cytotoxicity and apoptogenic effect
against human adenocarcinoma epithelial cells (HeLa), human hepatocellular
(HepG2) and human neuroblastoma cells (SH-SY5Y) [26]. When screened against
Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa, A. marlothii
DCM and 90% MeOH leaf extracts displayed activity only against Staphylococcus
aureus (ICso 0.31 pg/ml), while being inactive against the other two strains. From the
same study, both extracts did not show any significant anti-inflammatory activity [27].
Ndlela et al. (2021) reported that A. marlothii leaf agueous (infusion and decoction)
and MeOH extracts exhibited in vitro activity against gastrointestinal nematodes in
goats [28]. Furthermore, A. marlothii whole plant DCM extract demonstrated promising
antiplasmodial activity against the P. falciparum chloroquine-sensitive strain D10 with
an ICso value of 3.5 pg/ml [29]. Additionally, van Zyl et al (2002) screened the MeOH
extracts of A. marlothii leaf and root against P. falciparum. As compared to the leaf
extract, the root extract showed some activity with 1Cso value of 55.74 + 22.66 pg/ml
[30].

3.1.5 Phytochemistry and reported antiplasmodial activity of compounds
found in A. marlothii

At the genus level, Aloe species have been extensively studied, resulting in more than

130 compounds identified, with A. vera, A. arborescens, A. ferox and A. barbadensis

being the well-researched species [31]. Nevertheless, various class of compounds

had been identified in A. marlothii leaves and roots including anthrones,

anthraquinones, pre-anthraquinones, flavonoids, coumarins, chromones and pyrones.
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The chromone 7-O-methyl aloeresin A (33) and the anthrones 5-hydroxyaloin A 6'-O-
acetate (34) and 5-hydroxyaloin A (35) had been isolated from the leaf exudate of A.
marlothii [32]. Carotenoids (lutein and beta-carotene), fatty acids and vitamin C were
identified in A. marlothii leaves [33].

0 CH,

OH

35

Figure 3.2: Chemical structures of 7-O-methyl aloeresin A (33), 5-hydroxyaloin A 6'-
O-acetate (34), and 5-hydroxyaloin A (35), compounds that were
previously isolated from A. marlothii.
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Figure 3.3: Chemical structures of aloin (36), aloeresin A (37), aloenin (38), 7-
hydroxyaloin (39), aloesin (40), 8-O-methyl-7-hydroxyaloin (41) and
aloeresin D (42), constituents previously isolated from A. marlothii.

Cardarelli et al. (2017) reported that the A. marlothii leaf exudate was rich in total
polyphenols, flavonoids, flavonols, aloin (36) and aloeresin A (37). In the same study,
aloenin (38), 7-O-methyl aloeresin A (33), (5-/7-) hydroxyaloin (35/39), aloesin (40), 8-
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O-methyl-7-hydroxyaloin (41) and aloeresin D (42) were also detected in the leaf
exudate of A. marlothii through the use of LC-ESIi MS/MS [34].

OR o) OH 0 OH CHa, o]

‘ OCH;

OH
45

H;CO
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Figure 3.4: Chemical structures of nataloin (43), homonataloin (44), aloesaponol |
(45), aloesaponarin |1 (46), asphodelin (47), chrysophanol (48),
aloesaponol Il (49) and aloechrysone (50), compounds previously
identified in A. marlothii roots.

Nataloin (43) and homonataloin (44), which are C-glycosyl anthrones, have also been
isolated from A. marlothii leaves [31]. Furthermore, aloesaponol | (45), aloesaponarin

| (46), asphodelin (47), chrysophanol (48), aloesaponol Il (49), and aloechrysone (50),
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were detected in A. marlothii roots through the use of LC-UV and TLC [35] but were

not isolated.

Most of the compounds aforementioned were only tentatively identified as occurring
in A. marlothii leaf and roots through UPLC-MS or HPLC-UV but they were not
isolated. Nonetheless, some of the compounds have been isolated from other aloe
species and tested for their antiplasmodial activity. These include aloin (34) (ICso
107. 20 bogonatalgin,(44) (ICsol 3. 4 6  §36]/akmdsgponol | (45) (ICso 8.0
pg/mL) [37], aloesaponarin | (46) (ICso 5.58 pM) [38], asphodelin (47) (ICs0 8.2 and 6.4
pHg/mL against D6 and W2 P. falciparum, respectively) [39], and chrysophanol (48)
(ICs0 21.05 pg/mL) [40], which were tested in vitro against asexual stages of P.
falciparum and 7-hydroxyaloin (39) and nataloin (43), which showed in vivo

antiplasmodial in a dose-dependent manner [41].

3.2 Material and methods

3.2.1 Collection, extraction and fractionation of A. marlothii roots for storage

The crude DCM:MeOH extract of A. marlothii roots (Bioprospecting code P03985)
used in the study was retrieved from the University of Pretoria plant repository. This
was from a batch of extracts previously prepared by Clarkson et al. (2004) using
sequential extraction with DCM, DCM:MeOH (1:1), MeOH and water. The roots of A.
marlothii were collected in Thanda Nani, 11kms East of Malelane and +/-5km South
of N4 (South Africa) in 2001 as part of the CSIR6 $&latural Product library project. A
Voucher specimen (BP00049) was deposited at the National Herbarium of the South

African Biodiversity Institute and identified. [29].

The extract (160 mg) was fractionated and formatted as described in Chapter 2
(section 2.2.3) for cold storage in a robotic freezer for the library. The seven fractions
prepared through SPE fractionation on a reverse phase C8 column and extracts were
bioassayed for their antiplasmodial activity as part of the samples screened as

described in Chapter 2.

3.2.2 UPLC-QTOF-MS analysis of A. marlothii extract and fractions

For UPLC-QTOF-MS analysis purposes, the samples (extract, fractions and pure

compounds) were prepared at a concentration of 1 mg/mL in MeOH. They were

analysed on a Waters Acquity UPLC System equipped with a binary solvent delivery

system and an autosampler. The WatersBEHCi1is( 2. 1 mm x 100 mm,
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was used. The mobile phase consisted of solvents A = water + 0.1% formic acid (FA)
and B = MeOH + 0.1 % FA, applied in gradient mode (0 min 3% B, 0.10 min 3% B, 14
min 100% B, 16 min 100% B, 16.5 min 3% B, 20 min 3% B) with a flow rate of 0.3
mL/min. The injection volume was 5 LeThe separated compounds were analysed by
a Waters Synapt G2 high definition QTOF mass spectrometer, which was run in
electrospray ionization positive and negative modes. The following MS source
parameters were set for both positive and negative mode: source temperature 120 °C,
sampling cone 20 V, extraction cone 4.0 V, desolvation temperature 300 °C, cone gas
flow 10.0 L/h, desolvation gas flow 600 L/h, capillary 2.6 kV. It was constantly infused
at a r alt/min trdugh 3 separate orthogonal ESI probe to compensate for
experimental drift in mass accuracy. The trap collision energy was 28 V. Compounds
were tentatively identified by generating the respective molecular formula from
MassLynx V 4 and comparing their fragmentation patterns with that of matching
compounds from various search databases including Dictionary of Natural Products,
MetFrag and PubChem.

3.2.3 Collection and preparative extraction of A. marlothii roots

To enable the isolation of bioactive compounds, fresh large quantities of A. marlothii

roots were collected from the Manie van der Schijff Botanical Garden, at the University

of Pretoria Hatfield campus in Februgr,y 2021
Jason Sampson. A voucher specimen was deposited at the H.G.W.J. Schweickerdt

Plant Herbarium at the University of Pretoria (Voucher specimen code: PRU 128789).

The roots were driedintheoven at 60eC f plant ntatereal wassgpknd Dr y
to a fine powder by using a grinder (Polymix, PX-MFC 90 D, Lasec, Gauteng, South

Africa). The dry powdered roots of A. marlothii (860 g) were exhaustively extracted

with DCM:MeOH (1:1) at room temperature. The extract was concentrated under
vacuum to yield a dry crude extract which was subsequently subjected to solvent-

solvent partitioning between MeOH:H20 (90:10) and n-hexane. Both fractions
(H20/MeOH and n-hexane) were separated, dried under vacuum and analysed on
HPLC-MS for further purification.

3.2.4 HPLC-MS analysis of fractions for further purification
Fractions from liquid-liquid partitioning and flash silica chromatography were analysed

on HPLC-MS to select those that contained the target anthraquinones tentatively
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identified through UPLC-QTOF-MS analysis. The Waters 2767 HPLC system
equipped with PDA (2998) and MS detectors (Waters, Milford, MA, USA) was used.

A small quantity (~ 10 mg) of each fraction was dissolved in 1 mL HPLC grade MeOH
and then filtered through a 0.22 um nylon syringe filter (13 mm diameter). The
solutions were subjected to analysis using an XBridge C18 analytical column (4.6 mm
x 150 mm, 5 em, Waters). The mobile ph
A) and acetonitrile (MeCN) + 0.1 % FA (Solvent B) applied in the following gradient: O
min 5% B, 1 min 5% B, 16 min 100% B, 18 min 100% B, 20 min 5% B, 20 min 5% B.
The run time was 22 min with a flow rate of 1 mL/min. The same chromatographic
conditions were used as the purpose was to identify fractions with target compounds
for further purification. The cone voltage was set to 10 V. Data were gathered between
100 and 800 m/z and the Waters Acquity QDa mass spectrometer was operated in

both positive and negative ionization ion modes.

3.2.5 Fractionation using flash silica chromatography

The partitioned MeOH/H20 fraction was subjected to fractionation using a flash
chromatography system (BUCHI Pure C-815 Flash) on a prepacked silica column FP
EcoFlex Si 120 g (50 pum irregular particle size, maximum pressure rating 200 psi).
The fraction (5 g) was dissolved in 10 mL of DCM and loaded on the column. The
mobile phase consisting of n-hexane (A) and ethyl acetate (EtOAc) (B) was chosen
after careful analysis of different solvent systems on TLC. The following gradient was
applied: 0.00 min, 0% B, 10 min, 10% B, 40 min, 30% B, 60 min, 50% B, 70 min, 100%
B. At 90 min, the column was washed with a mixture of EtOAc/MeOH/H20 (80/15/5)
for 10 min. The total run time was 100.6 min, including the column equilibration time
(5.6 min) at the beginning of the run. The flow rate was 85 mL/min. Data was acquired
and collected using Pure (BUCHI) software. PDA and ELSD detectors were used for
detection and all fractions that eluted from the column was collected (including peaks
detected and non-detected peaks) in test tubes (17 mL per tube). After combining
fractions in different tubes based on their UV chromatogram similarity, the separation

provided 60 sub-fractions.

The partitioned n-hexane (1.7 g) fraction was also subjected to fractionation on flash
silica chromatography (BUCHI Pure C-815 Flash). The fraction was dissolved in 1 mL

of n-hexane for liquid injection in the column. A prepacked silica FP EcoFlex Si 80 g
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column was used (50 um irregular, maximum pressure rating 250 psi). The mobile
phase consisted of n-hexane (A) and EtOAc (B) applied in the following gradient: 0.00
min, 0% B, 5 min, 0% B, 15 min, 5% B, 25 min, 10% B, 35 min, 20% B, 45 min, 50%
B, 55 min, 100% B. The column was gradually washed with EtOAc/MeOH (90:10),
followed by EtOAc/MeOH/H20 (85/10/5) for 10 min each. The total run time was 134.4
min (equilibration time 5.5 min included). The flow rate was 60 mL/min. PDA and ELSD
detectors were used for detection and all fractions that eluted from the column was
collected (including peaks detected and non-detected peaks) in test tubes (17 mL per
tube). After combining fractions in different tubes based on their UV spectra similarity,

the separation yielded 19 sub-fractions.

All the flash silica chromatography sub-fractions obtained from the H20:MeOH (1:1)
and n-hexane partitioned fractions collected in sufficient quantities (> 20 mg) were
analysed by HPLC-MS as described earlier to identify those that contained the target
anthraquinone compounds tentatively identified through UPLC-QTOF-MS. The
H20:MeOH sub-fraction 32 and n-hexanesub-fractions 4 and 9 were selected for
compounds purification as these fractions contained the compounds identified through
UPLC-QTOF-MS analysis.

3.2.6 Isolation of compounds from A. marlothii root extract

Purification and isolation of compounds was done on a Waters 2767 prep
autopurification system equipped with a 2998 PDA and an Acquity QDa MS detectors
(Waters, Milford, MA, USA) and a Waters 2767 Sample Manager (fraction collector)
using an XBridge Prep C18 column (19 x250 mm, 5 e m, Water s)
20 mL/min. Data were acquired and collected using MassLynx 4.1 software (Waters,
USA). The fraction collector was operated by the FractionLynx® software, which could
trigger collection using the UV or MS detector signals. The probe temperature was set
to 600 °C and the source temperature was 120 °C. The capillary and cone voltages

were set to 800 and 10 V, respectively.

200 mg of Sub-fraction 32 collected from flash chromatography of partitioned
MeOH/Hz0 fraction was dissolved in 1 mL of HPLC-grade methanol. The solution was
filtered through a 0.22 um nylon syringe filter (13 mm diameter) and subsequently
subjected to purification by mass-directed preparative HPLC using the Waters 2767
prep autopurification system. Optimum chromatographic conditions were developed

81

wi t h



on an analytical XBridge C18 column (4.6 mm x 150 mm, 5 um, Waters). The Waters
Prep Calculator software was used to transfer the optimized method to the preparative
XBridge C18 column (19 mm x 250 mm, 5 pm, Waters). The mobile phase consisted
of H20 + 0.1 % FA (Solvent A) and acetonitrile (MeCN) + 0.1 % FA (Solvent B) with
the flow rate of 20 mL/min. The gradient used was as follows: 0 min 5% B, 1.67 min
5% B, 30 min 100% B, 34 min 100% B, 36 min 5% B, 38 min 5% B. The run time was
38 min. The injection volume was 200 pL. Data were acquired and collected using
MassLynx 4.1 software (Waters, USA). The preparative HPLC system was interfaced
with a Waters Acquity QDa mass spectrometer and operated in the negative ionization
ion mode. Data were gathered between 100 and 800 m/z. Eluents were collected in
test tubes (about 8 mL capacity) using the Waters 2767 fraction collector, which
collected the targeted peaks based on their m/z in various separate test tubes. After
five separate injections, the collected peaks with the same m/z were combined and
subsequently concentrated to dryness under vacuum by using a Genevac EZ-2 Plus
Evaporating System. The separation provided 1 sub-fraction and one pure compound,
aloesaponol | (45, see Section 3.3.5).

94 mg of Sub-fraction 4 collected from flash silica chromatography of n-hexane
partitioned fraction were dissolved in 1 mL of HPLC-grade MeOH. The solution was
filtered through a 0.22 pum nylon syringe filter (13 mm diameter) and subsequently
resolved on an XBridge preparative C18 column (19 mm x 250 mm, 5 um, Waters)
using the mass-directed prep HPLC (Waters 2767 system) described earlier. The flow
rate was 20 mL/min. A linear gradient (0 min 20% B, 1.67 min 20% B, 30 min 100%
B, 34 min 100% B, 36 min 20% B, 38 min 20% B) of mobile phase 0.1% FA in water
(solvent A) and MeCN (solvent B) was applied. The injection volume was 250 uL. Data
were gathered between 150 and 800 m/z. The Waters Acquity QDa mass
spectrometer was operated in the negative ionization mode. The target peaks were
collected, based on their m/z, in test tubes as they eluted from the column using the
Waters 2767 fraction collector. After combining the same peaks collected from four
separate injections, they were dried under vacuum in a Genevac EZ-2 Plus
Evaporating System. The separation yielded two sub-fractions and two pure
compounds, emodin (53) and chrysophanol (48).

346 mg of Sub-fraction 9 collected from flash silica chromatography of partitioned n-

hexane fraction were solubilised in 1.5 mL of HPLC-grade MeOH. The solution was
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filtered through a 0.22 um nylon syringe filter and then subjected to purification on the
same XBridge preparative C18 column (19 mm x 250 mm, 5 um, Waters) using mass-
directed prep HPLC mentioned earlier. The mobile phase 0.1% FA in H20 (solvent A)
and MeCN (solvent B) with a linear gradient (0 min 20% B, 1.67 min 20% B, 30 min
100% B, 34 min 100% B, 36 min 20% B, 38 min 20% B) was applied. The injection
volume was 250 uL. The Waters Acquity QDa mass spectrometer was operated in the
positive ionization mode. The target peaks (based on their m/z) were collected in test
tubes as they eluted from the column by using the Waters 2767 fraction collector. After
combining the same peaks collected from six separate injections, they were dried
under vacuum in a Genevac EZ-2 Plus Evaporating System. The separation provided
five sub-f r acti ons and t ‘savigenin-@-O-methyin ether (32) and
isoxanthorin (54).

1.3 g of partitioned MeOH/H20 fraction were dissolved in 5 mL of HPLC-grade MeOH.
The solution was filtered through 0.22 um nylon syringe filters prior to submission to
mass-directed HPLC purification. An XBridge preparative C18 column (19 mm x 25
mm, i.d., 5 &em, Widlmarnolile phdsd 0019 FA ia 20 (s@vent
A) and MeCN (solvent B), with a linear gradient (0 min 5% B, 1.67 min 5% B, 30 min
100% B, 34 min 100% B, 36 min 5% B, 38 min 5% B) were used. The injection volumes
were 200-400 pL. The run time was 38 min. The Waters Acquity QDa mass
spectrometer was operated in the negative ionization mode. The Waters 2767 fraction
collector helped to collect target peaks (based on their m/z) in test tubes as they eluted
from the column. After combining the same peaks collected from separate injections,
they were dried under vacuum in a Genevac EZ-2 Plus Evaporating System. The
purification generated five sub-fractions and one pure compound, aloesaponarin | (46).
One subfraction (Sub-fraction 4, 18 mg) was further resolved on the same XBridge
preparative C18 column by applying following conditions: flow rate 20 mL/min, mobile
phase 0.1% FA in H20 (solvent A) and MeCN (solvent B), with a linear gradient of O
min 25% B, 1.67 min 25% B, 30 min 60% B, 34 min 100% B, 36 min 100% B, 37 min
25% B, 38 min 5% B. The Waters MS detector was operated in the negative ionization
mode. The Waters 2767 fraction collector collected the target peaks (based on their
m/z) in test tubes as they eluted from the column. After combining the same peaks

collected from two separate injections and drying these under vacuum in a Genevac
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EZ-2 Plus Evaporating System, the separation provided aloesaponol IV (51) and one

impure compound.

All compounds were analysed by UPLC-QTOF-MS and NMR to determine their

struictures.

3.2.7 Structure elucidation

Structure elucidation of isolated compounds was carried out using spectral techniques,

including NMR spectroscopy and MS spectrometry. 1D and 1D NMR spectra were

recorded at room temperature on Bruker AVANCE Il 500 MHz spectrometer.

Deuterated solvents were used to dissolve the compounds, deuterated methanol

(CD3OD) (Merck), deuterated dichloromethane (CD2Cl2) (Sigma-Aldrich), and

deuterated chloroform (CDCI3) (Sigma-Aldrich). The chemical shifts are reported in

p p m-s¢ale) and the calibrations of the spectra were done by using the trace protons

from the deuterated solvents, for CDsOD #w1 3. 31 @& el GDCls= wu 7.26
andciu7.16,and CDCl2=Uni 5. 32 a@inbd4 .l00. The <coupd i ng c

are given in Hertz (Hz).

All pure compounds were assayed for antiplasmodial activity asexual and
gametocytes stages P. falciparum.

3.2.8 Antiplasmodial assaying

3.28.1 Assessing asexual activity

The full dose-responses of isolated compounds against P. falciparum drug sensitive
(NF54) and K1 (multidrug-resistant) asexual stages were determined in vitro using the
Malaria SYBR Green I-based fluorescence assay [42-44]. A concentration range of
0.156 to 40 pg/mL were evaluated with 2-fold serial dilution over 9 concentration
points. Two biological repeat assays in technical triplicates were performed for each
compound. Chloroquine served as a positive control. Sigmoidal dose-response
analyses were performed using GraphPad Prism (v5) to determine the concentration
required to inhibit proliferation of 50% of the culture (ICso). Results are reported as

mean = S.E.M.

3.2.8.2 Assessing for gametocytocidal activity

To assess the effect of compounds against late-stage NF54-Pfs16-GFP-luc
gametocytes (>90% stage IV/V, 2% gametocytaemia), the luciferase assay was used
as described by Reader et al. [45]. Primary dual point analysis (at 10 and 20 pg/mL, n
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= 1, in technical triplicates) preceded full -dose-response investigations (9-point
concentration, 2-fold serial dilution over concentration range of 0.156 to 40 mg/mL, n
= 2 in technical triplicates). Methylene blue (5 uM) was used as a positive control for
the inhibition of in vitro gametocyte viability. Data analysis and determination of ICso

were carried out in GraphPad Prism (v5). Results are reported as mean + S.E.M.

3.2.8.3 Assessing transmission-blocking activity

To validate the transmission-blocking activity of the compounds, a dual gamete
formation assay (DGFA) was performed on female (female gametocyte activation) and
male gametes (exflagellation inhibition assay (EIA)) [46, 47]. The DGFA was
performed at 20 pg/mL by exposing mature (stage V) gametocytes (2%
gametocytaemia) to compound for 48 h. Drug exposed culture (1 mL) was transferred
into a 1.5 mL Eppendorf tube, centrifuged until cells had pelleted following which the
supernatant was removed and the parasites resuspended in 200 pL of ookinete
medium. From the resuspended culture, 10 pL was used to assess exflagellation as
described [46]. The rest of the resuspended parasites were incubated at room
temperature for 24 h, subsequently resuspended in 200 pL anti-Pfs 25 monoclonal

antibody (labelled with fluorescein isothiocyanate) at a dilution of 1:1000 (PBS) and

incubated overnight at 4eC in t heulL)dvareak .

visualised with fluorescence microscopy at x100 objective. Images (60 randomly
captured) under the green and brightfield channel from which the total number of
female gametes were counted. Two independent biological experiments were set up

for the DGFA, with methylene blue (10 uM) serving as the positive control.

The most active compounds were subjected to in silico studies to identified the

possible targets and provide insights into mechanism of action.

3.2.9 Molecular docking
The similarity ensemble approach (SEA) (https://sea.bkslab.org/) [48] and SuperPred

(https://prediction.charite.de/index.php) [49] were used to predict the target for the

most active gametocytocidal compound. This was achieved by submitting the
compound simplified molecular-input line-entry system (SMILES) on these online
programmes. Molecular docking was performed with the Schrodinger software suite,
release 2021-3, employing the OPLS4 forcefield. The ligands were prepared using
ligprep. Ligand protonation states were predicted using Epik [50, 51] a target pH set
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https://prediction.charite.de/index.php

at7.0+2.0.The proteinwaspr epared using Schr°dingerods pr.
with PRIME utilized to fill in any missing loops and side chains [52, 53]. Amino acid
protonation sites were assigned and energy minimization performed to reduce the
overall potential energy of the protein thereby reducing any unfavourable constraints.
Hemozoin was (¢en e rhamaegndanhydride mimer brgstal [structure
previously published [54Jand obt ained from O06The Cambri dge
Centred6 (CCDC) (XETXUPO1). A 2x2x2 <cell l att
and interaction of the dimers in the hemozoin lattice, using Mercury v3.5.1. The
hemozoin cell lattice was further imported and prepared with the protein preparation
wizard, with zero-order bonds created between the metal and its ligands. Furthermore,
all iron (Fe) atom centers were altered to a +3-oxidation state and manual inspection
and alteration was done to ensure the atoms of the ligated porphyrin moiety had the
correct charge and interactions, corresponding to published literature [55, 56].
Protonation states were assigned and energy minimization performed to further relieve
any unfavourable constraints. Receptor grids were generated for both the
topoisomerase Il structure and the hemozoin cell lattice (default settings were applied).
The receptor grid was centered at coordinates 40.57, -22.41, 29.03 corresponding to
the X, y and z-axis, respectively for topoisomerase Il, close to the site described
previously for human topoisomerase Il [57] and close to a previously used active site
for P. falciparum [58]. For the generated hemozoin crystal lattice, the receptor grid was
set to encompass the entire hemozoin lattice to ensure docking could occur from any
face and centered at coordinates 11.0, 15.0, 7.96 corresponding to the x, y and z-axis
respectively with the following dimensions (A): (x, y, z) = (40, 40, 40). Molecular
docking was performed using Glide extra precision (XP) [59] with all ligand structures
treated as flexible with least 5 poses generated for each ligand. Post-docking

minimisation was done on all poses generated and strain correction terms applied.

3.3 Results and discussion

3.3.1 UPLC-QTOF-MS analysis of active extract and fractions

A. marlothii roots DCM/MeOH (1:1) extract was part of extracts fractionated using
ppSPE workstation and screened against asexual P. falciparum. The crude extract
and two subsequent fractions (sixth and seventh) displayed good activity as described
in Chapter 2. These active fractions and extract were subsequently analysed by
UPLC-QTOF-MS for tentative identification of the active ingredients. The
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chromatographic profiles are shown in Figure 3.5. The active extract and fractions
displayed peaks mainly distributed between 6 and 18-min of a 20-min chromatogram.
Only one peak was present at 1.02 min. This indicated that the extract and fractions
contained mainly medium- and non-polar compounds. The fraction labelled
P03985bf6, which was the sixth fraction from ppSPE fractionation, showed peaks
between 6 and 15-minute, while the fraction P03985bf7 (seventh fraction) and the
extract had additional peaks in the non-polar region (beyond 15 minutes) of the
chromatogram. This confirmed the fractionation process that intended to distribute

compounds in various fractions based on their polarity.

g71 1
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3
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Figure 3.5: ESI positive-mode BPI chromatogram of active fractions (P03985bf6 and
P03985bf7) and extract (P03985b).

The UPLC-MS analysis of A. marlothii root DCM/MeOH extract along with the two
active fractions revealed the presence of anthraquinones. A tentative identification of
the compounds was achieved based on their accurate mass generated from
MassLynx V 4.1, iFit values and by comparing their MS/MS fragmentation pattern with
that of matching compounds from databases Dictionary of Natural Products, Metfrag
and PubChem.

The major peak based on the peak intensity in both the active fractions and the extract
was at m/z 317.1104 (Peak 1) and retention time 8.71 minutes in the first order mass
spectrum chromatogram, which corresponded to the [M+H]* ion. The elemental
composition generated through MassLynx software algorithm was Ci17H170s with a

normalised iFit value of 0.001 (supplementary data 1). The molecular formula
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matched aloesaponol | (45), a pre-anthraquinone. Analysis of the second order mass
spectrum (supplementary data 2) revealed fragments at m/z 285.0761 due to the
loss of a methanol group [M+H-32], at m/z 267.0632 [M+H-32-18], a subsequent loss
of water molecule, at m/z 211.0749 [M+H-32-28-28-18] corresponding to a
subsequent loss of two carbon monoxides. The fragmentation pattern observed was

in agreement with that reported for aloesaponol | [37].

The peak at m/z 259.1021 (Peak 2) was present in the extract and both active fractions
at a retention time 9.97 or 9.98 min. The elemental composition was generated as
CisH1504 with a normalised iFit value of 0.011, which corresponded to the [M+H]* ion.
The MS/MS data analysis (supplementary data 3) showed fragments at m/z
241.0855 [M+H-18], which indicated a loss of a water molecule, at m/z 195.0797
[M+H-18-18-28] agreeing with a subsequent loss of water molecule and carbon
monoxide group. The accurate mass of Peak 2 matched aloesaponol Il and
prechrysophanol, while the fragmentation pattern closely matched those reported for
both as these two compounds have very similar fragmentation pattern [37]. Therefore,
a positive identification of this peak should be made through the isolation of the
compound and subsequently elucidating the structure using NMR. Aloesaponol Il had
previously been detected in the root of A. marlothii by using HPLC-UV and TLC and
comparing the retention time and Rf to those of a standard [35]. Prechrysophanol had

been isolated from A. graminicola, together with aloesaponol Il [60].

The peak at m/z 313.0786 (Peak 3) was also present in the extract and active fractions
at retention time 11.38 min. The elemental composition obtained was C17H1306 with a
normalized iFit value of 0.001. The second order mass spectrum (supplementary
data 4) showed fragments at m/z 281.0435 due to the loss of a methanol group, at
m/z 225.0539 [M+H-32-56] due to a subsequent loss of two carbon monoxide
moieties, at 197.0595 [M+H-32-56-28] corresponding to a subsequent loss of a carbon
monoxide group, at m/z 169.0643 [M+H-28-28-28-28] another loss of a carbon
monoxide fragment. From the fragmentation pattern and the accurate mass, the peak
was identified as the anthraquinone aloesaponarin | (46). The same fragmentation
pattern was reported for aloesaponarin | by Wanjohi [37].

88



Table 3.1: Analysis of UPLC data of A. marlothii roots DCM:MeOH extract run in ESI
positive-mode.

Peak

RT
(min)

Acquired
[M+H]"

m/z

Formula
of
possible

structure

Theoretical
[M+H]*

m/z

Possible
structure

Mass

error

(ppm)

MS/MS Data
(fragments)

8.71

317.1104

C17H1606

317.3139

Aloesaponol |

-3.8

285.0761

[M+H]"-
CH3sOH

267.0632

[M+H]*
CH3OH-
H20

211.0749

[M+H]*-
CH3OH-
H20 -
2CO

9.97

259.1021

Ci15H1404

259.2778

Pre-
chrysophanol
or

Aloesaponol Il

-5.4

241.0855

[M+H]-
H-0

195.0797

[M+H]+-
2H20-
co

11.38

313.0786

C17H1206

313.2822

Aloesaponarin

-2.6

281.0435

[M+H]*-
CH3OH

225.0539

[M+H]*-
CH3OH-
2CO

197.0595

[M+H]*-
CH3OH-
3CO

169.0643

[M+H]*-
CH3OH-
4CO
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Figure 3.6: Chemical structures of tentatively identified compounds in the active
fractions and extract of A. marlothii roots using UPLC-QTOF-MS.

3.3.2 Isolation and purification of compounds

To allow for the isolation of compounds, fresh samples of A. marlothii roots were
collected. After positive identification at the H.G.W.J. Schweickerdt Plant Herbarium
at the University of Pretoria (Voucher specimen code: PRU 128789), they were dried
and ground to fine powder. The resulting dry powdered roots (860 g) were extracted
with DCM/MeOH (1:1) to give 20 g of dry crude extract, corresponding to a 2.3% yield.
The resulting extract (20 g) was subjected to liquid-liquid partitioning between n-
hexane and H20/MeOH (1:9) providing 1.70 g and 17.76 g of n-hexane and
H20/MeOH fractions, respectively. After analysis of the two resulting fractions using
HPLC-MS, they were both considered for purification as they contained
anthraquinones (m/z 317.1104, 313.0786, 301.0724, 259.1024, etc.).

The purification of the partitioned MeOH/H20 fraction (1.3 g) on preparative HPLC-MS
produced 9.71 mg aloesaponarin | (46) (retention time (RT): 21.00 min) and five sub-
fractions. One sub-fraction (RT: 11.77 min) was further purified on preparative HPLC-
MS to give 1.0 mg aloesaponol IV (51) (RT: 17.58 min). Another portion of the

MeOH/Hz0 fraction (5.0 g) was fractionated using flash silica chromatography. A total
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of 60 sub-fractions was collected and some of them which were more than 20 mg were
analysed on analytical HPLC-MS. The sub-fraction 32 showed the presence of a peak
at m/z 315.0871 ([M-H]) and was further purified by using preparative HPLC-MS
resulting in the isolation of 3.6 mg aloesaponol | (45) (RT: 15.32 min). The n-hexane
fraction was also fractionated on flash silica chromatography yielding 19 sub-fractions
of which. After analysis on HPLC-MS, two (4 and 9) sub-fractions showed the
presence of anthraquinones and were resolved on preparative HPLC-MS to give 1.22
mg b-sorigenin-1-O-methyl ether (52) (RT: 13.53 min), 1.22 mg emodin (53) (RT:
24.47 min), 2.05 mg chrysophanol (48) (RT: 22.73 min), and impure 1.6 mg

isoxanthorin (54). All isolated compounds were subjected to structure elucidation.

3.3.3 Structure elucidation

3.33.1 Aloesaponol |

Compound 45 was obtained as a yellow powder with a molecular formula of C17H160s6
established from its monoprotonated molecular ion at m/z 317.1018 (calcd for [M+H]*
m/z 317.1025) based on the QTOF mass spectrum. Analysis of 'H NMR spectrum
revealed two singlets integrating for three protons each at v 2.77 (3H, s, 8-CHs) and
3.92 (3H, s, OCHs). They were assigned as the methyl group at position C-8 and
methyl ester (Figure 3.7) based on HMBC correlations between 8-CHs and C-7 (lc
139.1), C-9 (lc 168.0) and C-1' (Uc 171.1) and OCHs and C-1'. The aromatic region
displayed two singlets at Un 6.83 (1H, s, H-5) and 6.87 (1H, s, H-10), which were
assigned at position H-5 and H-10, respectively from HMBC correlations between H-
5 and C-6 (Uc 156.8), C-7, C-1' and H-10 and C-5 (lic 108.8), and C-4 (lic 39.1). One
oxymethine proton was observed as a multiplet at Gn 4.33 (1H, m, H-3), suggesting
the presence of protons on adjacent carbons, this was further confirmed by COSY
correlations with two methylene groups resonating at Un 2.74 (1H, dd, J = 17.5, 7.2
Hz, H-2 Yand 2.97 (1H,d, J=76Hz,H2b) f or t h&i2P71(tksdd, J&=nd a't
13.3,33Hz,H4U) and 3.2=015% 33HHz, H#4db,) for t heBCsecond
NMR spectrum showed the presence of 17 carbons with two carbonyl signals at Uc
204.3 (C-1) and 171.1 (C-1"). Additionally, two signals resonation at Uc 52.9 (O-CHj3)
and 66.8 (C-3) were consistent with methoxy and oxymethine carbons, respectively.
Furthermore, ten signals were present in the aromatic region, including two
corresponding to oxygenated aromatic carbons at tic 156.8 (C-6) and 168.0 (C-9). The
existence of three signals appearing at tic 21.3 (8-CHzs), 39.1 (C-4), and 47.7 (C-2)
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agreed with the presence of one methyl and two methylene groups. The DEPT135
spectrum further confirmed the presence of two CHzs. The structure of the compound

matched that which was previously reported as aloesaponol | [61].

0 OH CHs 0o
H\ / \\
Ty
HO J OH
45 }\/H H
——— COSY
— HMBC

Figure 3.7: Chemical structure aloesaponol | (45) and selected HMBC and COSY
correlations.

Aloesaponol | (45) is among the tetrahydroanthracenes that had been considered as
specific markers for subterranean Aloe metabolism. It had been detected and/or
isolated from the roots and stem of many Aloe species [35, 62, 63]. It had also been
detected in the root of A. marlothii by using HPLC-UV and TLC techniques [35], yet
this is the first time it is isolated from A. marlothii roots.

Table 3.2: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
aloesaponol | (45) in CD3OD to the published data [64].

Position | Isolated aloesaponol | (CDsOD) Data published for aloesaponol | in
DMSO-ds (*H, 400 MHz 3C, 100 MHz)
[64]

[:IH (m, Jin HZ) ljc CIH (m, Jin HZ) ljc

1 204.3 204.2

20 2.74 (dd, 17.5, 7.2, 1H) 47.7 2.69 (dd, 16.7, 7.1, 1H) 46.9

2b 2.97 (d, 7.6, 1H) 2.95 (dd, 17.2, 3.6, 1H)

3 4.33 (m, 1H) 66.8 4.25 (m, 1H) 64.9

40 2.97 (dd, 13.3, 3.3, 1H) 39.1 2.90 (dd, 15.8, 7.1, 1H) 38.1

4 b 3.2 (dd, 15.5, 3.3, 1H) 3.12 (dd, 15.8, 3.4, 1H)

5 6.83 (s, 1H) 108.8 | 6.93 (s, 1H) 108.1

5a 138.1 137.7

6 156.8 155.6

7 139.1 125.9

8 143.1 137.2

8a 111.7 115.9

9 168.0 166.5

9a 117.7 110.8

10 6.87 (s, 1H) 118.2 | 6.95 (s, 1H) 117.1
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10a 126.8 141.3

16 171.1 168.7

O-CHs | 3.92 (s, 1H) 52.9 |3.85(s, 1H) 52.6

8-CHs |2.77 (s, 3H 21.3 [ 2.70(s, 3H) 21.1
3.3.3.2 Aloesaponarin |

Compound 46 was isolated as a yellow powder. The molecular formula deduced from

its monoprotonated molecular ion at m/z 313.0697 (calcd for [M+H]* m/z 313.2821)

based on the QTOF mass spectrum was Ci17H1206. The *H NMR spectrum exhibited

an ABC pattern with thmné® (1plrdo,0eshls83Hz,Honat i ngc
5), 7.62 (1H, t, J = 8.1 Hz, H-6), and 7.77 (1H, dd, J = 1.1, 7.5 Hz, H-7). ABC pattern

was further confirmed from the COSY correlations between H-5 and H-6 and H-7 and

H-6 (Figure 3.8). A singlet appearing at Gn 7.79 (1H, s, H-4) was assigned at position

4 based on its HMBC correlations with C-3 (lc 163.6), C-10 (lic 182.7), and C-1a (lic

121.2). Two additional singlet resonating at 2.97 (3H, s, 1-CH3s) and 4.06 (3H, s, OCH3)

integrating for three protons each, were assigned as the methyl attached to C-1 and

the methoxy connected to C-1' based on HMBC correlations of the OCHs to C-1' (lic

170.6) and 1-CHs to C-2 (lic 124.6) and C-1a. The 3C NMR spectrum revealed the
presence of 17 carbons wicl9.1({C®andd82g (Cald)s appe
suggesting the presence of two carbonyls characteristic of the anthraquinone moiety,

an additional car lodg (C-1) ad two quatermary arantatic U
oxygenat ed ct62.6dandlex6). AIHMBC interactions were in accordance

with the compound which was previously reported as aloesaponarin | [40, 65].

O

46 ___ cosY
— > HMBC

Figure 3.8: Chemical structure aloesaponarin | (46) and selected HMBC and COSY
correlations.
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Aloesaponarin | was detected in the majority of Aloe species roots [35, 66].
Additionally, it had been isolated from the bark of Scutia myrtina [38], a species
belonging to the Rhamnaceae family, indicating that aloesaponarin | is not restricted
to the Asphodelaceae sub-family.

Table 3.3: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
aloesaponarin | (46) in CDClIs to the published data in CDCls.

Position Isolated Aloesaponarin | (CDCls) Data published for Aloesaponarin |
CDCls (*H, 500 MHz *3C, 125 MHz)
[40]
Un (M, Jin HZ) Uc Un (M, Jin H2) Uc
1 148.1 148.1
la 121.2 122.5
2 124.6 124.6
3 163.6 162.4
4 7.79 (s, 1H) 115.2 7.80 (s, 1H) 115.2
4a 138.9 138.9
5 7.31(dd, 1.1, 8.3, 1H) 119.1 7.77 (d, 7.6, 1H) 119.1
6 7.62 (1, 8.1, 1H) 136.0 7.62 (t, 7.6, 1H) 136.0
7 7.77 (dd, 1.1, 7.5, 1H) 125.2 7.31 (d, 8.2, 1H) 125.2
8 162.6 163.6
9 190.1 189.7
9a 117.6 116.5
10 182.7 182.3
10a 132.8 132.6
106 170.7 170.7
-OCHs | 4.06 (s, 3H) 53.6 4.06 (s, 3H) 53.3
1-CHs | 2.97 (s, 3H) 22.0 2.98 (s, 3H) 22.0
8-OH 12.93 (s, 1H) 12.93 (s, 1H)
3.3.33 Chrysophanol

Compound 48 was isolated as a yellow powder. Its molecular formula was C1sH1004

as deduced from its monoprotonated ion at m/z 255.0640 (calcd. for CisH110a4,

255.0657) based on QTOF mass spectrum. The *H NMR spectrum showed a signal

a t 12149 (3H, s, 3-CHpa) integrating for three protons and was assigned as the methyl

at position 3 based on its HMBC correlation with C-2 ( ¢€124.5) and C-4 (lic 121.5).
Further, the aromatic region displawel five
(1H, s,H-2)and 7.67 (1H,s,H-4),t wo doubl et s Wl (tHpddhlE&1 s at
8.3 Hz, H-7) and 7.84 (1H, dd, J = 1.1, 7.5 Hz, H-5), and one triplet 7.69 (1H,t,J=7.5

Hz, H-6 ) , hence displaying an ABC patterm. Addi
12.0 (1H, s, 1-OH) and 12.16 (1H, s, 8-OH) were assigned as hydroxy groups at

position 1 and 8 as deduced from HMBC correlations (Figure 3.9) between 1-OH and
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C-2 and C-9a (Uc 113.9) and H-7 to C-8 (Uc 162.5). COSY correlations between H-5
and H-6 and H-7 and H-6 further confirmed the ABC pattern (Figure 3.9). The 13C NMR
spectrum exhibited 15 signals i 0l822u@10pg t wo
and 192.7 (C-9). The structure was established as chrysophanol, a compound

previously isolated from A. saponaria haw [67].

48 —— COSY
— > HMBC

Figure 3.9: Structure of chrysophanol (48) and selected HMBC and COSY
correlations.

Chrysophanol had been considered as one of characteristic metabolites found in
subterranean parts of Aloe species and had also been detected in A. marlothii through
HPLC-UV and TLC analysis [35]. It was isolated from A. saponaria subterranean stem
[67], roots of A. berhana [68], A. pulcherrima [40]. However, chrysophanol had also
been isolated from leaves of some Aloes species, including A. vera [69], A. ferox Mill.
[70], A. berhana, A. rivae, A. megalacantha, A. pulcherima [71], A. excelsa [72]. This
indicates that chrysophanol is present in both the leaves and roots of many Aloe
species.

Table 3.4: Comparison of 'H (500 MHz) and 3C (125 MHz) NMR data of isolated
chrysophanol (48) in CDCls to the published data in CDCls [73].

Position | Isolated chrysophanol (CDCls) Data published for chrysophanol
(*H, 400 MHz 3C, 100 MHz) in CDCl3
[73]

UH (m, Jin HZ) ljc UH (m, Jin HZ) UC

1 162.8 162.8

2 7.13 (s, 1H) 124.5 7.07 (s, 1H) 124.5

3 149.5 149.5

4 7.67 (s, 1H) 1215 | 7.64 (s, 1H) 121.5

5 7.84 (dd, 1.1, 7.5, 1H) 120.1 7.81 (dd, 1.2, 7.4, 1H) 120.1
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5a 133.8 133.7
6 7.69 (t, 8.3, 1H) 137.1 | 7.67(dd, 8.4, 7.5, 1H) 137.1
7 7.31(dd, 1.1, 8.4, 1H) 124.7 7.28 (dd, 1.2, 8.4, 1H) 124.7
8 162.5 162.5
8a 116.0 115.9
9 192.7 192.7
9a 113.9 113.8
10 182.2 182.1
10a 1334 133.3
3-CHs; | 2.49 (s, 3H) 22.4 | 2.46 (s, 3H) 22.4
1-OH | 12.05 (s, 1H) 12.01 (s, 1H)

8-OH 12.16 (s, 1H) 12.12 (s, 1H)

3.3.34 Aloesaponol IV

The compound 51 was isolated as a yellow powder. It had a molecular formula of
Ci16H1605 as determined from its monoprotonated molecular ion at m/z 289.1084
(calcd for [M+H]* m/z 289.1076) based on the QTOF mass spectrum. The H NMR
spectrum exhibited three singletsint he ar omat i+6.78 (8Hy $, BH-B), 703
(1H, s, H-7), and 7.14 (1H, s, H-10). The *H NMR spectrum also showed the presence
of two oxymethinepr ot ons r e s1d4.44g1Hjdd,d = 44, 9.6, H-2) and 5.14
(1H, brs, H-4), one methylene groupa p p e a r ixR.87 (Ht m, B-3) and 2.55 (2H,
mH-3), one met hw3x§ (3H, 5, @QH3-2).altvo atbomatic hydroxy groups
were appeabdbInldH, sa®H-8liand 15.80 (1H, s, OH-9), an assumption
further supported by the 3C NMR spectrum, whi ch s howed t wd589
and 166.5. The position was further confirmed by NOESY interaction between OH-8
and OH-9. The 3C NMR spectrum revealed the presence of 16 carbons with one
s i g n ad201la/ tsuggesting a carbonyl group. This indicated that the molecule was
a tetrahydroanthracene. This was further confirmed by COSY interactions between
the methylene protons H-3 with both H-2 and H-4. The relative configuration was
deduced from 'H NMR spectrum by analysing the coupling constants between H-2
and H-3 (H-2, Jaa = 9.6, Jae = 4.4 Hz) and H-4 and H-3 (H-4, Jaa = 5.9, Jae = 3.4 H2z).
These values were equivalent to that reported for aloesaponol 1V, for which the
configuration was established as 2-axial and 4-quasi-axial [67]. The compound
matched aloesaponol IV, previously isolated from A. saponaria subterranean stems
[67].
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COsY
—— HMBC

Figure 3.10: Chemical structure Aloesaponol IV (51) and selected HMBC and COSY

correlations.

Aloesaponol IV has thus far been isolated only from A. saponaria [67], therefore this

is the first report that it has been extracted for another Aloe species.

Table 3.5: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
aloesaponol IV (51) in CDCls to the published *H (500 MHz) data in CDClz
(no record of 13C NMR found in literature) [67].

Position Isolated aloesaponol IV (CDCls) Data published for aloesaponol IV
(*H, 500 MHz) [67]
Un (m, J in H2) Uc Un (M, J in HZ)
201.7
2 4.44 (dd, 4.4 and 9.6, 1H) 76.6 4.38 (dd, 4 and 8, 1H)
3 2.55 (m, 1H) 37.0 2.3-2.5(m, 2H)
2.37 (m, 1H)
4 5.14 (brs, 1H) 67.0 5.06 (dd, 4 and 6, 1H)
5 6.78 (s, 1H) 113.9 6.71 (d, 1.5, 1H)
5a 144.7
6 107.2
7 7.03 (s, 1H) 119.1 6.92 (d, 1.5, 1H)
8 158.0
8a 139.6
9 166.5
9a 138.0
10 7.14 (s, 1H) 117.4 7.06 (s, 1H)
10a 111.7
-OCHs | 3.68 (s, 3H) 59.3 3.64 (s, 3H)
CHs 2.46 (s, 3H) 22.3 2.42 (s, 3H)
8-OH 9.59 (s, 1H) 9.51 (s, 1H)
9-OH 15.80 (s, 1H) 15.70 (s, 1H)
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3.3.35 b-sorigenin-1-O-methyl ether

Compound 52 was obtained as a white powder. Its molecular formula was established

as Ci3Hi1004 on the basis of QTOF mass spectrum (m/z 231.0636 [M+H]*, calcd. for

C13H1104, 231.0657), 'H and 13C NMR data. The *H NMR spectrum showed signal at

Un 4.41 (3H, s), integrating for three protons, accounted for the presence of a methoxy

group. I n the aromatic r egu76N(IH,ttIF7.8z, Hi gnal s
6), 7.38 (1H, d, J = 8.0 Hz, H-5) and 6.93 (1H, d, J = 7.7 Hz, H-7) displaying an ABC
patter n and56¢@lH,e, Had} accounting for the proton on the second ring.

A singlet r e 5.38r(2klt si H-3) was tassigned to the methylene in the
naphthalide moiwed7g (1 s, OH-§)rewvdaledathie présence of an

aromatic hydroxy group. Its position was assigned through HMBC interactions of both

the hydroxy group and two aromatic protons belonging to the ABC system (H-5 and

H6) with the carbon app8&.al).iTheg®CANMR spectruin56 . 6 (
di spl ayed a sl whichawas aasigned a&s thé @Gi®onyl in the naphthalide

moiety. COSY correlations between the methylene protons and the aromatic singlet

further supported their position.

OH OCH,

@)

cosy

— HMBC

Figure 3.11: Chemical ssbrigamin-1-Q-methyl ether (62) and selected
HMBC and COSY correlations.

b-sorigenin-1-O-methyl ether (52) was reported as a semi-synthetic compound
derived from the natural product geshoidin (see structure in Figure 3.12), isolated from
Rhamnus prinoides leaves, through acetylation and subsequent hydrolysis of the
acetylated derivative. It was named b-sorigenin-1-O-methyl ether [74], hence this is

the first report that this compound has been extracted from the plant in its natural form.

98



Figure 3.12:

Chemical

OH

OH

Geshoidin

structure of
O-methyl ether was previously obtained [74].

g e s-boagerdniln |,

Thus far, only two naphthalene derivatives, isoleutherol-4-O-glucoside and its aglycon,

have been identified in the genus of Aloe [75]. Moreover, isoleutherol has been

considered to have a chemotaxonomic value for the series Saponarieae and was not

detected in A. marlothii [35]. This is therefore the first report of a naphthalene derivative

being detected in A. marlothii.

Table 3.6: Comparison of 'H (500 MHz) and ®C (125 MHz)

NMR dat a

sorigenin-1-O-methyl ether (52) in CDCls to the published data in CDCls.

Position | Isolated b-sorigenin-1-O- Data published for b-sorigenin-1-O-

methyl ether (CDCls) methyl ether (*H, 300 MHz 3C, 75

MHz) in CDCl; [74]

Un (m, J in HZ) Uc Un (m, Jin HZ) Uc
1 157.9 156.5
la 141.6 141.2
2 168.1 168.2
3 5.38 (d, 1.2, 1H) 68.9 5.36 (s, 1H) 68.9
3a 110.8 110.5
4 7.56 (s, 1H) 116.5 7.53 (s, 1H) 116.5
4a 116.8 116.8
5 7.38(d, 8.0, 1H) 119.0 7.35 (brd, 7.7, 1H) 119.1
6 7.52 (t, 8.0, 1H) 131.1 752 (t, 7.9, 1H) 131.3
7 6.93 (d, 7.7, 1H) 111.2 6.96 (d, 7.7, 1H) 1115
8 156.6 156.0
8a 139.9 139.9
-OCHs | 4.41 (s, 3H) 65.1 4.45 (s, 3H) 65.2
8-OH |9.73 (s, 1H) 9.76 (s, 1H)
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3.3.3.6 Emodin

Compound 53 was extracted as an orange-red powder. From its mass spectrum, H
and '3C NMR data, the molecular formula was established as C1sH100s. The *H NMR
spectrum exhibited four singlets in the aromatic region at Gn 7.14 (1H, s, H-2), 7.30
(1H, s, H-7), 7.31 (1H, s, H-5), and 7.73 (1H, s, H-4). Additionally, a singlet integrating
for three protons appeared at U1 2.48 (3H, s, 3-CH3s), which was assigned as the methyl
attached to C-3. This was supported by HMBC correlations (Figure 3.13) between the
methyl protons with C-2 (lc 124.5). Furthermore, three singlets corresponding to
aromatic hydroxy groups were present at tin12.11 (1H, s, 1-OH), 12.29 (1H, s, 8-OH),
and 12.98 (1H, s, 6-OH). Their positions were deduced from HMBC correlations of
OH-1 with C-2, 6-OH and 8-OH with C-7 (lic 129.5). The 3C NMR spectrum displayed
15 carbons, two carbonyl signals resonating at tc 186.8 and 190.8. Further, twelve
aromatic carbons were present, including three that were attached to oxygen atoms,
appearing at Uc 157.6, 158.3, and 162.9. One signal appearing at lUc 22.1 was
assigned to the methyl group at position C-3. HMBC correlations were used to further
confirm the positions of each proton and carbon. The structure of was established as
the known compound, emodin (53) [73, 76, 77].

—» HMBC

Figure 3.13: Chemical structure of emodin (53) and selected HMBC correlations.

Table 3.7: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
emodin (53) in CD2Clz to the published data [76].

Position | Isolated emodin (CDCl>) Data published for emodin in DMSO
(*H, 400 MHz 3C, 100 MHz) [76]
Un (m, J in H2) Uc Un (M, J in HZ) Uc
1 158.3 161.9
la 112.9 114.1
2 7.14 (d, 1.4, 1H) 1245 | 7.15 (s, 1H) 124.6
3 149.5 148.4
4 7.73 (d, 1.0, 1H) 120.8 | 7.48(d, 1.2, 1H) 120.9
4a 133.3 133.4
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5 7.31 (s, 1H) 129.6 | 7.06 (s, 1H) 110.4
5a 114.0 135.5
6 157.6 167.7
7 7.30 (s, 1H) 129.5 |6.51 (s, 1H) 108.4
8 162.9 165.1
8a 112.6 108.7
9 190.8 189.4
10 186.8 182.2
3-CHs | 2.48 (s, 3H) 22.1 | 2.41 (s, 3H) 22.0
1-OH | 12.11 (s, 1H) 12.12 (s, 1H)

6-OH | 12.98 (s, 1H)

8-OH | 12.29 (s, 1H)

3.3.3.7 Isoxanthorin

Compound 54 was obtained as a red powder. The molecular formula deduced from
its monoprotonated molecular ion at m/z 301.1084 (calcd for C16H1306 m/z 301.2714)
was Ci6H120s, based on the QTOF mass spectrum, *H and *C NMR data. The *H
NMR spectrum displayed three signals in the aromatic regions; as a singlet at tix 6.70
(1H, s, H-6) and doublets at U+ 7.09 (1H, d, J = 1.3 Hz, H-2) and 7.70 (1H,d, J=1.3
Hz, H-4). The two doublets suggested a meta-coupling due to the small coupling
constant. Additionally, two singlets integrating for three protons each were appearing
at lin 2.48 (3H, s, 3-CHz) and 4.01 (3H, s, 7-OCH3s), which were assigned as the methyl
attached to C-3 and the methoxy at C-7 based on the HMBC correlations (Figure 3.14)
between both the H-2 and H-4 and 3-CHs with C-3 (Uc 149.5). Three singlets
resonating at un 12.10 (1H, s, 1-OH), 12.83 (1H, s, 8-OH), and 13.68 (1H, s, 5-OH)
were assigned to the hydroxy functions at positions H-1, 8, and 5 based on HMBC
correlations of 1-OH to C-1 (lc 163.1) and C-2, H-6 to C-5 (lic 161.3) and 8-OH to C-
7 (Uc 157.7). The 13C NMR spectrum revealed the presence of 16 carbons, with two
carbonyl groups at Uc 184.6 (C-10) and 191.1 (C-9), twelve aromatic carbons,
including four that were attached to oxygens, one methyl (lic 22.5), and one methoxy
group (Uc 56.9). The structure deduced matched the known compound isoxanthorin,
which was previously isolated from the young subterranean stems of A. saponaria
Haw [67].
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Figure 3.14: Chemical structure of isoxanthorin (54) and selected HMBC and COSY
correlations.

Apart from A. saponaria, isoxanthorin has thus far been isolated from the roots of A.
secundiflora [78, 79] and the fruits of Vismia laurentii [80]. Hence, this is the first report
of the compound being isolated from A. marlothii roots.

Table 3.8: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
isoxanthorin (54) in CDClz to *H NMR published data in CDClz [67].

Position Isolated isoxanthorin (CDCls) Data published for isoxanthorin
(*H, 500 MHz) [67]

Un (m, J in H2) Uc Un (M, J in H2)

1 163.1

la 114.2

2 7.09 (d, 1.3, 1H) 124.0 7.07 (d, 2, 1H)

3 149.5

4 7.70 (d, 1.3, 1H) 120.7 7.68 (d, 2, 1H)

4a 134.0

5 161.3

6 6.70 (s, 1H) 107.1 6.68 (s, 1H)

7 157.7

8 149.8

9 191.1

9a 112.5

10 184.6

10a 106.4

-OCHs | 4.01 (s, 3H) 56.9 4.00 (s, 3H)

CHs 2.48 (s, 3H) 22.5 2.49 (s, 3H)

1-OH 12.10 (s, 1H) 12.02 (s, 1H)

8-OH 12.83 (s, 1H) 12.74 (s, 1H)

5-OH 13.68 (s, 1H) 13.60 (s, 1H)

3.3.4 Antiplasmodial testing of compounds
All the compounds, except for isoxanthorin, which was not obtained in good purity,
were screened against the asexual P. falciparum chloroquine-sensitive NF54

parasites. The classification criteria for antimalarial activity of compounds used in this
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work is based on the one published by Batista et al., which is as follow: ICso < 1 puM,
fexcell ent/ potoeoi i-20ac OMy i thiygd,0 dsb & 20-100 M,y 0 , I C
imoder ate @ofttld02i00y ®M, | @1 ow sct i2Wi0t YOM, 4dir ch alc
[81]. Batista et al expressed ICso in UM, the ones reported here are expressed in pg/mi.

Aloesaponarin | (46) exhibited a good activity with 1Cso value of 1.6 pg/ml (5 uM), while
emodin (53), aloesaponol | (45) and aloesaponol IV (51) displayed moderate activities.
b-Sorigenin-1-O-methyl ether (52) showed low activity (ICso given in table 3.9).
Chrysophanol (48) was inactive. The antiplasmodial activity of aloesaponol | (ICso 10.4
pg/ml) is consistent with the one previously reported against the W2 strain, where it
showed a moderate activity with an ICsp value of 8.0 ug/ml [37]. However, the observed
antiplasmodial activity of emodin (ICso 11.0 pg/ml) contrasted the one reported against
K1 strain of P. falciparum (ICso value of 5 pg/ml) [82]. This difference in activity may
result from emodin having strain-specific activity or the assay platform that was used

(lactate dehydrogenase assay).

Table 3.9: In vitro activity of compounds against asexual P. falciparum NF54
parasites (n=2, two biological assays with technical triplicates).
Chloroquine was used as a positive control compound for inhibition of
parasite proliferation.

Compound Activity against asexual P. falciparum parasites RI*
(ICs0, pg/mL)"
NF54 K1
Aloesaponol | (45) 10.4 £ 1.4 (42 pM) ND ND
Aloesaponarin | (46) 1.6+ 0.7 (5uM) 1.6+ 0.6 (5.1 uMm) 1.0
Chrysophanol (48) > 40 ND ND
Aloesaponol IV (51) 19.8 + 6.8 (68 pM) ND ND
b-sorigenin-1-O-methyl 29.0+£ 4.7 (1259 uM) | ND ND
ether (52)
Emodin (53) 11.0 £ 1.4 (40.9 pM) | ND ND
Chloroquine 0.004 = 0.001 (0.008 | 0.030 + 0.009 (0.059 pM) 7.4
HM)

* RI = ICs0 NF54/ICs0 K1, ND: Not determined
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Aloesaponarin | (46) was further assayed against the chloroquine-resistance strain K1
of asexual P. falciparum. It again demonstrated good activity with an 1Cso value of 1.6
pg/ml (5 puM), displaying equipotency with that of NF54 strain (resistance index (RI) =
1.0), indicating there is no cross resistance of aloesaponarin | (46) across these strains
of P. falciparum. This antiplasmodial activity of aloesaponarin | (46) is consistent with
an ICso value of 5.58 uM previously reported against another multidrug-resistant P.
falciparum strain, Dd2 [38]. However, this data contrasted other reports where
aloesaponarin | (46) was observed to be 3 to 5-fold less active against the
sulphadoxine and mefloquine resistant D6 and multidrug-resistant W2 P. falciparum
strains, with ICso values of 25 uM and 16.4 pM, respectively [40]. This diminished
potency could be due to multiple factors including strain-specific activity, variation in
culturing protocols, incubation periods and assay platforms used. Nonetheless,
aloesaponarin | (46) has been identified in the roots of A. marlothii as the

antiplasmodaial active ingredient.

All screened compounds, except for chrysophanol, were further tested against the late
stage gametocytes NF54 P. falciparum at dual point concentrations of 10 and 20
pg/ml. Aloesaponol IV (51) indicated increased potency to late-stage gametocytes
compared to its activity against asexual by inhibiting the gametocytes viability at both
concentrations (80 % and 88 % inhibition at 10 and 20 pg/ml, respectively). Methylene
blue (10 €M) was used as posi t ihibigonaf\oabilityr ol dr |

of late gametocyte stages.
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Figure 3.15: In vitro activity of compounds 45, 46, 51, 52 and 53, isolated form A.
marlothii roots, and methylene blue (MB) at 10 and 20 pg/mL
concentrations, against late gametocyte of P. falciparum NF54 strains
(n=1, one biological assay with technical triplicates).

Emodin (53) showed a moderate gametocytocidal activity with percentage inhibition
of 35% and 55% at 10 and 20 pg/ml, respectively. Contrastingly, aloesaponarin | (46),
which displayed good activity against the asexual stage, demonstrated no or minimal
activity against the late stages gametocyte (11 and 26 % inhibition at 10 and 20 pg/ml,
respectively). b-sorigenin-1-O-methyl ether (52) showed no or minimal activity with
respective inhibition of gametocyte viability of 16% and 27% at 10 and 20 pg/ml,
respectively. Aloesaponol | was completely inactive at both test concentrations (see
Figure 3.15).

The most active compound, aloesaponol IV, was subsequently subjected to in vitro full
dose-response activity screening against late gametocytes and it showed an ICso
value of 6.5 pg/mL (22.6 pM) against late-stage gametocytes, which indicated
increased potency to late-stage gametocytes compared to its activity against asexual
(ICs0 value of 19.8 pg/mL (68 uM)). This translated to a 94% inhibition (at 20 pg/mL)
of male gametocytes exflagellation, a phenotype that was sex-specific since only 37%

inhibition female gamete formation was observed under these conditions. Preference
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towards late-stage gametocytes such as seen with Aloesaponol IV (51) has been
noted for other plant derived compounds with, for example, the sesquiterpene lactone
1 U, -diHydroxybishopsolicepolide also more active against late-stage gametocytes
compared to asexual parasites [83].

3.3.5 Molecular docking

Aloesaponarin | (46) and aloesaponol IV (51), which were the most active compounds
against asexual and sexual stage P. falciparum parasites, respectively, were further
subjected to in silico predictive tools to understand the possible mechanism of action.

Aloesaponol IV (51) was submitted for analysis on two different online target prediction
tools, SEA and SuperPred, which have different underlining search approach
principles. Therefore, any common targets independently identified by either tool, for
the compound, were considered most likely biological targets. Additionally, predicted
targets were validated by confirming through literature that they were found in P.
falciparum. SEA and SuperPred searches predicted a total of 2 and 123 targets,
respectively, with only one common target predicted, DNA topoisomerase Il. This
enzyme is a known target for pyronaridine, which is a dual antimalarial active
compound [55, 84]. Aloesaponol IV (51) and pyronaridine (as positive control) were
subsequently docked into the crystal structure of P. falciparum DNA topoisomerase |l
(PDB: 6CAB8). Various binding poses were generated in the active site for each ligand
and visually inspected for favourable interactions. Hydrogen bonds, of acceptable
distance ranging from 1.71 to 2.6 A (Figure 3.16) [85], were observed between
aloesaponol IV (51) and the enzyme residues Tyr580, Lys650 and Val710 with a
docking score of -5.001 kcal/mol. Pyronaridine displayed interactions with residues
Val710 (a residue, which showed interaction with aloesaponol 1V), Glu 633, ASN 854,
Glu 856, with a docking score of -5.877 kcal/mol.
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Figure 3.16: Binding pose and schematic representation of the interactions
aloesaponol IV (51) makes with surrounding residues of the DNA
topoisomerase Il enzyme.

It has been hypothesised that anthraguinones act as antiplasmodial by inducing free

radical formation [86]. Hence, aloesaponarin | (46) and chloroquine (as positive

control) were docked against the crystal lattice of hemozoin. The suitable binding

poses of aloesaponarin | (46) had a docking score of -5.463 kcal/mol, ~2-fold lower

than that of chloroquine (-10.004 kcal/mol). In contrast, to chloroquine, aloesaponarin

| (46) interacted with only the fast growing 001 face with no observed docking on the

001 face (Figure 3.16). Aloesaponarin | (46) possesses significant planarity due to its
extensive aromati c mo’i edtya owvlnactiods toadstiwahvitreed f or
crystal |l atticeds p8.17p Interestingly, chiogaguined shareé Fi gur e
similar chemical propert i damatinfoedmazoimichtbionrsi st i ¢ s
possess [55], whichassistt hem t o form -t hetamponganhteéer act
the hemozoin crystal lattice i disrupting its ordered polymerisation.
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Figure 3.17: 3D structure of the hemozoin crystal with aloesaponarin | (46) exhibiting

a preference for dockingtwickhnghenoeéet

(blue) displayed between aloesaponarin | (46) a nheemabn crystal
structure.

Considering the number and type of interactions observed, in comparison to the
positive controls, it is likely that aloesaponarin | (46) and aloesaponol IV (51) bind to
b-hematin and DNA topoisomerase I, respectively, lending some explanation to the
experimentally observed activity, however, further experimental investigation is

required to validate this in silico data.

3.4 Conclusion

A. marlothii root crude extract and Fractions 6 and 7, which displayed good
antiplasmodial activity against asexual P. falciparum NF54 strain were further
investigated to identify the active ingredients. The UPLC-QTOF-MS analysis identified
anthraquinones as major compounds in the extract and active fractions. This class
was then prioritised for isolation. Using mass-directed purification, six pure and one
impure compounds were isolated. They were identified as the known aloesaponol |

(45), aloesaponarin | (46), chrysophanol (48), aloesaponol IV (51), b-sorigenin-1-O-
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methyl ether (52), emodin (53) and isoxanthorine (54). Except for isoxanthorine (not
pure), they were all tested against asexual and sexual stage P. falciparum parasites.
Aloesaponarin | (46) was the most active against asexual P. falciparum exhibiting
equipotency against the drug-sensitive (NF54) and multidrug-resistant (K1) strains
with 1Cso values of 1.58 pg/mL (5 pM) and 1.54 pg/mL (5 pM), respectively.
Aloesaponol IV (51) showed pronounced activity against late-stage gametocytes (ICso
= 6.53 pg/mL (22.6 pM)) demonstrating a 3-fold selective potency towards these
sexual stages compared to asexual forms of the parasite (ICso = 19.77 + 6.835 pg/mL
(68 uM)). Transmission-blocking potential of aloesaponol 1V (51) was validated by in
vitro inhibition of exflagellation of male gametes (94% inhibition at 20 pg/mL). In silico
studi es i-leermatirt and DNA wpoibomerase Il as potential biological targets
of aloesaponarin | (46) and aloesaponol IV (51), respectively.
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Chapter 4: Isolation, characterization and antiplasmodial
activity of compounds from Turraea obtusifolia leaves

4.1 Introduction

4.1.1 Background to Turraea genera

Named after a professor of botany and director of the Botanic Garden at Padua from
1649-1683, Georgio della Turre, the genus Turraea L. belongs to the Meliaceae family
and comprises approximately 50 species of shrubs and small trees widely distributed in
the tropical and subtropical regions of Southern Africa, Australia and Asia [1, 2]. The
leaves are simple, alternate and generally entire. The flowers are bisexual, having
pendant petals and conspicuous staminal tube [3, 4]. T. floribunda Hochst., T. nilotica
Kotschy and Peyr., T. pulchella (Harms) T.D.Penn., T. streyi F. White and Styles, T.

tugelensis and T. obtusifolia Hochst. are known to be native South African species [2, 5].

In South Africa, T. floribunda roots and bark are used traditionally for various conditions,
including cough, urethral infections, cardiac problems, abscesses, rheumatism, ascites,
as emetic and purgatives. T. nilotica leaf and roots are utilised in the traditional treatment
of dyspnea, pneumonia, eye problems, headache, toothache, ascariasis, venereal
diseases, gonorrhoea, abscesses, abdominal pain, constipation, diarrhoea, indigestion,
schistosomiasis, hernia, sterility, abortion prevention, dysmenorrhoea, dizziness, wound,
epilepsy, as an aphrodisiac, as a snake bite antidote, dysuria or rectal prolapse, as an

anthelminthic for dogs, and in magic to calm the insane [5].

The genus Turraea is known for producing limonoids as all Meliaceae plants do. Various
classes of limonoids have been identified in the genus Turraea with each species

producing more than one single limonoids class [6]. These include:

i.  Ringintact limonoids: a) Azadirone class characterized by a C-1/C-2 double bond,
a ketone at C-3 and a C-7 oxygenation, e.g. azadironolide (55) from T. robusta [6,
7]; b) havanensin class limonoids bearing oxygenic substituent at C-1, C-3 and C-
7, and a degree of oxidation at C-28 that varies from methyl to carboxyl [6], e.g.
1 U, ididetoxy-4 tbarbomethoxy-7 Ehydroxy-1 2-{2-methylpropanoyloxy)-15-
oxohavanensin (56) from the root bark of T. floribunda [8]. ¢) the vilasinin class
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di stingui s h e etheb lyidge [6],6ely), 2 Eacetoxy-3 Epropanoyloxy-
vilasinin (57) from T. wakefieldii [8].

57

Figure 4.1. Chemical structures of azadironolide (55) , 1 Wiacktxl-4 U
carbomethoxy-7 thydroxy-1 2 -{2-methylpropanoyloxy)-15-
oxohavanensin (56) a n dacetdx{}3 kpropanoyloxy-vilasinin (57),
examples of ring-intact limonoids isolated from Turraea species.

i. Ring seco limonoids: a) Ring B-seco limonoids, characterized by cleavage of C-

7/C-8 e.qg. turrapubesin C (58) from T. pubescens. Most of these have a C-8/C-30
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exocyclic double bond, e.g. turrapubesic acid A (59) from T. pubescens [9],

halogenated limonoids have also been identified such as turrapubesins A (60) [10];

Qhe COOH

AcO

COOCH;

60

Figure 4.2: Chemical structures of turrapubesin C (58), turrapubesic acid A (59) and
turrapubesins A (60), examples of B-seco limonoids isolated from Turraea
species.

b) Rings A,B-seco Group of prieurianin class that evolves from cleavages of C-
3/C-4 and C-7/C-8 and formation of 3(4)-lactone with the substitution of a acetoxy
or formyloxy moiety at C-11, e.g. mombasone (61) from T. mombasana [11];

¢) Ring C-seco group, of nimbolinin and azadirachtin class characterized by an
oxidation of ring C (C-12/C-13) and cleavage of C-12/C-13, e.g. nimbolinin B (62)
from T. robusta [7] and turrapubin J (63) from T. pubescens [12].
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Figure 4.3: Chemical structures of mombasone (61), nimbolinin B (62) and turrapubin J
(63), A,B- and C-seco limonoids isolated from Turraea species.

ili. Rearranged limonoids: limonoids from 1,n-linkage Group of the neotecleanin-class

characterized by a five-membered-ring A-seco structures suchas 11b, - 12U

diacetoxyneotecleanin (64) from T. wakefieldii [13];

Nitrogen-containing limonoids have also been isolated from Turraea genus, e.g.
turraparvin D (65) from T. parvifolia [14].
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Figure 4.4: Chemi cal s t r u-diacatoxgnsotedeninl64)band tutr@oatvin
D (65), rearranged and C-seco limonoids isolated from Turraea species.

Steroids and sesquiterpenes have also been isolated from Turraea species, including T.
pubescens [1, 15, 16], T. villosa [17], T. heterophylla [18], and T. robusta [7].

Limonoids extracted from Turraea species have shown various bioactivities, including
insecticidal [19, 20], larvicidal [8, 13, 19, 21, 22], cytotoxic against cancerous cells [1, 9,

23], and antiplasmodial [24] activities.

Some limonoids isolated from the genus Turraea exhibited excellent to good
antiplasmodial potency, such as azadironolide (57) found in T. robusta, which displayed

ICs0 values of 1.1 and 2.4 uM against P. falciparum W2 and D6 strain, respectively [23].

4.1.2 Botany and geographical distribution of T. obtusifolia

Turraea obtusifolia is an ornamental shrub, known as small honeysuckle tree. The name
fobtusifoliad  me bBluntsleaved in Latin. It is a deciduous shrub or small tree that can
reach up to 3 meters in height, bearing dark glossy green leaves, which varies from
narrowly oblanceolate to obovate. The plant produces large, showy and pure white
flowers having 5 free petals and 10 stamens forming a thin cylindrical tube, which ends
in irregularly lobed, long and narrow limbs and a short frill that bears the anthers. The

flowers are distributed in small clutters amongst the leaves. The fruits are segmented
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green capsule shaped like small pumpkin, ripping and unpeeling to reveal shiny orange-

red, kidney-shaped seeds [25].

Figure 4.5: Picture showing Turraea obtusifolia a plant, b flower and c fruits at collection
site at the Manie van der Schijff Botanical Garden, at the University of Pretoria
Hatfield campus (Picture captured by Sephora Mianda Mutombo).

T. obtusifolia is native to South Africa, Mozambique, Swaziland, Botswana and Zimbabwe
[25].

4.1.3 Traditional usage of T. obtusifolia

It has been reported that T. obtusifolia is very poisonous [5]. In the landscape design, T.
obtusifolia is utilised as a container [5]. Water decoctions prepared from ground roots and
leaves are taken orally three times a day to treat stomach and intestinal ailments [26].
Water infusions of leaf, bark or root is taken as an enema and also mixed with porridge

for oral consumption. Crushed leaves are utilised in topical application to treat wounds in
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livestock [5, 27]. The leaves are used by the VhaVenda in South Africa as an insect

repellent [28].

4.1.4 Previously reported biological screening of T. obtusifolia

T. obtusifolia have not been thoroughly evaluated in biological assays. Its leaf and bark
extracts had been tested for antimicrobial activity against a range of microbes. The results
indicated that the DCM leaf extract exhibited a noteworthy activity against Pseudomonas
aeruginosa (MIC value 0.13 mg/mL) and moderate activity against Streptococcus mutans
and Fusobacterium nucleatum [29]. Through bioassay-guided fractionation, two limonoid
compounds, antagonist of 20-hydroxyecdysone action in a Drosophila cell line, were

isolated from T. obtusifolia seeds and identified as prieurianin (66) and rohitukin (67) [20].

4.1.5 Phytochemistry

The phytochemistry of T. obtusifolia is not well studied, however, the plant is known for
producing limonoids. Prieurianin (66) had been isolated from T. obtusifolia whole plant
and, together with rohitukin (67), from the seeds [20, 30]. Another limonoid, nymania-1
(68), had been purified from T. obtusifolia seed hexane extract and is considered as a
chemotaxonomic link between Turraea and Nymania genera, placing both of them in the

Turraeeae tribe [31].
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Figure 4.6: Chemical structures of prieurianin (66), rohitukin (67), nymania-1 (68) and
sitosterol (69).
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Sitosterol (69) had also been isolated from T. obtusifolia seeds. Furthermore, melianone
(70), phytol (71) and a protolimonoid similar to sapelin F (72) had been extracted from T.
obtusifolia leaves. Melianodiol (73), melianotriol (74), 7,8-dihydroturraeanthin 3-acetate
(75) and 7-deacetylglabretal-3-acetate (76) had been discovered in T. obtusifolia wood
extract [32, 33]. Turraeanthin (77) had also been isolated from the seeds of T. obtusifolia
[34].

Figure 4.7: Chemical structures of melianone (70), phytol (71), sapelin F (72) and
melianodiol (73) previously isolated from T. obtusifolia.
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Figure 4.8: Chemical structures of melianotriol (74), 7,8-dihydroturraeanthin 3-acetate
(75), 7-deacetylglabretal-3-acetate (76) and turraeanthin (77).
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4.1.6 Biological scoring approach for targeted isolation of active ingredients
Bioassay guided fractionation has been an approach used since early 1900s for the
discovery of new therapeutic molecules from plant extracts. Despite the many successful
studies, this methodology has numerous challenges, which include either the loss of
activity or failure in isolating the active ingredients during the bioassay-guided
fractionation process. These unsuccessful results are often explained by either the
bioactive compounds being degraded at some stage in the purification process, or the
active components present in too low concentrations to be efficiently extracted, or the
bioactivity resulted from synergistic effects between different molecules. Nothias et al.
(2018) have developed a bioinformatic workflow able to map bioactivity scores in
molecular networks. An i nteresting a p |pioactimec molecalan s i st i
networkingd which helps to find candidate bioactive molecules directly from fractionated
active extracts [35]. This concept applies tandem mass spectrometry to detect potentially
bioactive compounds using bioactivity score prediction, which is calculated with the
relative abundance of a molecule in fractions and the bioactivity level of each fraction. In
this chapter, we applied this approach to isolate active ingredients from T. obtusifolia

leaves.

4.2 Material and methods

4.2.1 Collection, extraction and fractionation of T. obtusifolia leaves

The leaves of T. obtusifolia were collected at the University of Pretoria Hatfield campus

in April 2021 with the help of t h e amplson. X eouchért y 6 s
specimen was identified and deposited at the H.G.W.J. Schweickerdt Plant Herbarium at
University of Pretoria (Voucher specimen code: PRU 129518). The collected leaves were

oven dried at 30 ¢ C subseéquently ground to a fine coarse powder using a grinder
(Polymix, PX-MFC 90 D, Lasec, Gauteng, South Africa). The dry powdered leaves (787

g) were extracted repeatedly (3 times) for 12 hours with 3.5 L of acetone at room
temperature under constant agitation at 200 rpm using the FMH 200 shaker (FMH
Electronics, RSA). After filtration, the extract was concentrated and then dried under

vacuum using a rotary evaporator and a Genevac EZ-2 Plus Evaporating System
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(Genevac Ltd., Ipswich, United Kingdom), respectively. The dry extract was stored in the

cold room.

A small amount of the dry extract (261 mg) was re-suspended in 4 mL of the mixture of
MeOH/EtOAC/MTBE (6:3:1) in a test tube. A cotton wool was added to the solution and
the solvent was evaporated using a Genevac EZ-2 Plus Evaporating System (Genevac
Ltd., Ipswich, United Kingdom) to allow adsorption of the extract on the cotton wool. The
fractionation was carried out on a reverse phase C8 cartridge (Thermo Scientific,
Hypersep C8, 2g/6mL) using the ppSPE workstation (Gilson GX-241 Liquid Handler, W1,
USA) as described in chapter 2. The fractions collected (8 mL each) in pre-weighed 10
mL polypropylene 2D-barcoded tubes were concentrated to dryness. These fractions plus

the extract were then screened for the antiplasmodial activity.

4.2.2 Antiplasmodial screening
The full dose-responses of extract, fractions and pure compounds against the asexual P.
falciparum NF54 strains were determined in vitro using the Malaria SYBR Green |-based

fluorescence assay as described in chapter 2 and 3 (see sections 2.2.6 and 3.2.6.1).

After receiving the antiplasmodial screening results, the extract and fractions were all
submitted to UPLC-QTOF-MS. Using the biological screening and UPLC-QTOF-MS

results, these were analysed for biological scoring.

4.2.3 UPLC-QTOF-MS analysis of extract and fractions using DDA mode

The crude extract and fractions were analysed using a Waters Acquity UPLC system
(Waters corp., MAUSA), equipped with a binary solvent delivery system and an
autosampler. The separation was achieved on W
mm % 100 mm). The mobile phase consisted of solvent A: H20 with 0.1% FA and solvent
B: MeOH with 0.1% FA. The gradient elution was optimised as follows: 3% B (0-0.1 min),
100% B (0.3-14.00 min), 100% B (14.00-16.00 min), 3% B (16.00-16.50 min), 3% B
(16.50-20.00 min). The flow rate was 0.3 mL/min for a total run time of 20 min and the
injection volume was 5 €L. The following MS source parameters were set for both positive
and negative mode: source temperature 100 °C, sampling cone 15 V, extraction cone 4.0
V, desolvation temperature 400 °C, cone gas flow 10.0 L/h, desolvation gas flow 700 L/h,

capillary 2.0 kV. Data-dependent acquisition (DDA) mode was run in both positive and
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negative modes. This is a mode for tandem mass spectrometry data collection in which
the most intense MS? ions are iteratively selected for MS? fragmentation [36]. MassLynx
4.1 software (Waters Inc., Milford, Massachusetts, USA) was utilised for data acquisition

and processing.

Compounds tentative identification was undertaken using the GNPS platform and by
generating molecular formula from MassLynx V 4.1 based on their isotopic fit value (iFit

value), and searching in databases Metfrag and Dictionary of Natural Products.

4.2.4 Biological scoring

MSConvert tool from the ProteoWizard (Version: 3.0.22054-a46e8bb) [37] was used to
convert UPLC experimental raw data to .mzML file formats, by following the step by step
tutorial published by Aron et al. (2020) [38].

The spectral feature detection step was performed with MZmine3 (release 3.0.0-beta) for
features detection, chromatogram building [39] and deconvolution, isotopes grouping,
peak list alignment, and gap filling by following the available step by step tutorial for
Feature-based Molecular Network (FBMN) with MZmine on GitHub (https://ccms-

ucsd.qgithub.io/GNPSDocumentation/featurebasedmolecularnetworking-with-mzmine2/).

The following parameters were applied: mass detection using the centroid algorithm, scan
MS level 1 (noise level, 1.0E1) and scan MS level 2 (noise level, 1.0E2); ADAP
chromatogram builder (min group size in # of scans, 5; group intensity threshold, 3.0E1;
min highest intensity, 3.0E1; m/z tolerance, 0.00 m/z or 10 ppm); chromatogram
deconvolution using wavelets (ADAP) algorithm (S/N threshold, 10; S/N estimator,
intensity window SN; min feature height, 3.0E1; coefficient/area threshold, 10; peak
duration range, 0.021 2.00; RT wavelet range, 0.021 0.20) (m/z centre calculation 1
median; m/z range for MS2 scan pairing, 0.01; RT for MS2 scan pairing, 0.2); isotopic
peak grouper (m/z tolerance, 0.00 m/z or 10 ppm; retention time tolerance in minutes,
0.1; maximum charge, 2; representative isotope, most intense) and alignment using the
join aligner (m/z tolerance: 0.00 m/z or 10 ppm; weight for m/z: 75; retention time

tolerance: 0.1 (abs); weight for retention time: 25).

Two output files, .mgf (MS/MS for GNPS) and .csv (table with relative quantitative
information) were obtained by usingi Ex por t f dheseGbr® Wplbaded on the
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dedicated Feature-Based Molecular Networking workflow on the GNPS platform
(https://gnps.ucsd.edu/ProteoSAFe/index.jsp?params=%7B%22workflow%22:%22FEA
TURE-BASED-MOLECULAR-

NETWORKING%22,%22library _on_server%22:%22d.speclibs;%22%7D).

The precursor and fragment ion mass tolerance were kept at 0.02. Output data were open
and visualized using Cytoscape 3.9.1 software [40].

R-based Jupyter notebook was used to predict the bioactivity score significance by
following the step by step tutorial and codes available on GitHub
(https://github.com/DorresteinLaboratory/BioactiveMolecular Networks). The table of

spectr al inténsitg(tcav file gbtained with MZmine workflow was edited by adding
biological screening results of each fraction and extract. The edited file was used in the
Jupyter notebook for analysis. The steps covered by the bioactive molecular networks
Jupyter notebook include fscaling samples by normalizing the intensity to the TIC,
calculating the Pearson correlation score (r) and its significance (r_pval) between each
feature and the bioactivity value, as well as the multiple hypothesis testing correction (the
Bonferroni correction) and outputting the node attribute tableo[35]. Cytoscape software
was employed for mapping back the bioactivity score onto the corresponding MS/MS
molecular network (output from GNPS), by importing the output file from Jupyter notebook
as table into the network. The filter function in Cytoscape was used to select nodes that

had a bioactivity score above r > 0.85 and p value of <0.03 [35].

4.2.5 Isolation of bioactive compounds

The dried acetone crude extract (59.5 g) was dissolved in 500 mL of MeOH/H20 (85:15)
and partitioned with hexane (31  5r@L). The upper hexane layer was separated using
a separating funnel and hexane evaporated under reduced pressure using a rotary
evaporator. The bottom MeOH/H20 (85:15) layer was repartitioned with DCM (3 x
5 0 @L). Both the DCM and upper MeOH/H20 (85:15) layers were collected and dried
under vacuum using a rotary evaporator. All three fractions were analysed on the HPLC-
MS to select the fraction/s containing the target ions identified through biological scoring
using the Waters 2767 HPLC system equipped with PDA (2998) and MS detectors
(Waters, Milford, MA, USA). Approximately 10 mg of each fraction was dissolved in 1 mL
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HPLC grade MeOH and then filtered through a 0.22 um nylon syringe filter (13 mm
diameter). The solutions were subjected to analysis using an XBridge C18 analytical
column (4.6 mm x 150 mm, 5 em, Waters).

FA (Solvent A) and MeOH + 0.1 % FA (Solvent B) applied in the following gradient: 0 min
5% B, 1 min 5% B, 16 min 100% B, 18 min 100% B, 20 min 5% B, 22 min 5% B. The run
time was 22 min with a flow rate of 1 mL/min. The cone voltage was set to 10 V. Data
were gathered between 100 and 850 m/z and the Waters Acquity QDa mass
spectrometer was operated in both positive and negative ionization ion modes. The DCM

partitioned fraction was subsequently selected for purification.

The partitioned DCM fraction (8.5 g) was subjected to fractionation on a BUCHI Pure C-
815 Flash system. The dry fraction was re-suspended in 8 mL of DCM for liquid injection
on the column. A prepacked silica FP EcoFlex Si 220 g column was used (50 um irregular,
maximum pressure rating 250 psi). The column was eluted with DCM (solvent A) and
EtOAc (solvent B) in the following gradient: 5% B (0- 3 min), 10% B (4 7 13 min), 15% B
(147 24 min), 20% B (251 35 min), 30% B (36 1T 46 min), 50% B (47 1 57 min), 100% B
(581 75 min), then the column was gradually washed with EtOAc (solvent B) and MeOH
(solvent C) starting with 5% C to 30% C. The total run time was 122.5 min (equilibration
time 7.0 min included). The flow rate was 120 mL/min. PDA and ELSD detectors were
used for detection and all fractions that eluted from the column was collected (including
peaks detected and non-detected peaks) in test tubes (17 mL per tube). The separation
provided 47 fractions. They were analysed on an XBridge C18 analytical column (4.6 mm
Xx 150 mm, 5 &m, \Watere 2767)HPLC ssysterng equipgped with a Qda
detector to identify fractions with compounds of interest. The chromatographic conditions
were the same as the that used for fractions resulting from the partitioning described
earlier. Fractions of interest (Fractions 5 and 11) were subjected to purification by mass-

directed preparative HPLC using the Waters 2767 prep autopurification system.

Fraction 11 (331 mg) was dissolved in 2 mL of HPLC-grade MeOH. The solution was
filtered through a 0.22 um nylon syringe filter (13 mm diameter) prior to mass-directed

purification on preparative HPLC. Chromatographic conditions were optimized on an

XBridge C18 column( 4. 6 mm x 150 mm, 5 &em, WeeXRridge)
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Prep C18 column (19 mm xusi2gihe Waters Prep Caicmator Wat er

software. The mobile phase consisted of H20 + 0.1% FA (Solvent A) and MeOH + 0.1%
FA (Solvent B), applied in the following gradient: 0 min, 50% B, 1.67 min, 50% B, 30.00
min, 100% B, 36 min, 100% B, 38 min, 50% B, 40 min, 50% B. The total run time was 40
min. The injection volume was 250 € LThe flow rate was 20 mL/min. Data were collected
using MassLynx 4.1 software (Waters, USA). The preparative HPLC system was
interfaced with a Qda and 2998 PDA detectors. Targeted masses (m/z 351 and 664) were
collected, along with the well resolved peaks (m/z 593, 650 and 367), in test tubes
(approximately 8 mL capacity) using the Waters 2767 fraction collector, which placed the
targeted peaks based on their m/z in various separate test tubes. After eight separate
injections, the collected peaks with the same m/z were combined and subsequently
concentrated to dryness under vacuum by using a Genevac EZ-2 Plus Evaporating
System. The purity of collected peaks was checked using proton NMR. The separation

provided turranin N (79).

Fraction 5 (110 mg) was dissolved in 1 mL of HPLC-grade MeOH. The solution was
filtered through a 0.22 um nylon syringe filter (13 mm diameter) and then subjected to
mass-directed purification using the Waters 2767 prep autopurification system. The same
XBridge C18 column ( 4. 6 mm x 150 mmwas Gsedefan pptinzatiore of
chromatographic conditions. The optimized method was up scaled to the XBridge Prep
Cl8 column (19 mm x 2uSifythmWatersiPrep CalculaWiasoftevares
The mobile phase consisted of water + 0.1% FA (Solvent A) and MeOH + 0.1% FA
(Solvent B), applied in the following gradient: 0 min, 50% B, 1.67 min, 50% B, 26.67 min,
80% B, 33.33 min, 100% B, 36.67 min, 100% B, 38 min, 50% B, and 40 min, 50% B. The

total run time was 40 min with a flow rate of 20 mL/min. The injection volume was 500 ¢ L .

Data were collected using MassLynx 4.1 software (Waters, USA). Targeted peak (m/z
351) was collected along with the well resolved peaks (m/z 197 and 277) in test tubes
(about 8 mL capacity) using the Waters 2767 fraction collector. After two separate
injections, the collected peaks with the same m/z were combined. Solvents were
subsequently evaporated to dryness using a Genevac EZ-2 Plus Evaporating System

(Genevac Ltd., Ipswich, United Kingdom). The separation yielded turranin M (78).
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Fraction 3 (3.3 g) was further fractionated on the BUCHI Pure C-815 Flash system using
a prepacked silica FP EcoFlex Si 80 g column (50 um irregular, maximum pressure rating
250 psi). The fraction was first dissolved in 3 mL of DCM and the resulting solution was
injected into the column. The column was eluted with DCM (solvent A) and EtOAc (solvent
B) in the following gradient: 0% B (0- 10 min), 10% B (117 21 min), 20% B (227 35 min),
30% B (36 i 45 min), 50% B (46 7 55 min), 100% B (56 i 65 min), the column was
gradually washed with EtOAc (solvent B) and MeOH (solvent C) starting with 5% C to
30% C. The flow rate was 60 mL/min (equilibration time 5.5 min included). PDA and
ELSD detectors were used for detection and all fractions that eluted from the column was
collected (including peaks detected and non-detected peaks) in test tubes (17 mL per
tube). The separation provided 19 sub-fractions labelled as SbF1-SbF19, with seven of
them collected in sufficient quantities (> 20 mg) for further purification. These were
analysed on the HPLC analytical [XBridge C18 column (4.6 mmx 150 mm,5 e m, Wat er s)
equipped with a Qda detector to identify fractions that contained targeted masses using
the same method as for fractions from liquid partitioning abovementioned. Sub-fraction
SbF7 (540 mg) was subjected to mass-directed purification using the Waters 2767 prep
autopurification system. Chromatographic conditions were optimized on the XBridge C18
column( 4.6 mm x 150 mm, 5 &em, Withe ¥Bridge PrgpiCi8or t o
column (19 mm x 250 usngthe Vaters Rrep Clleulater rsaftyare.
The mobile phase consisted of H20O + 0.1% FA (Solvent A) and MeOH + 0.1 % FA
(Solvent B), applied in the following gradient: 0 min, 50% B, 1.67 min, 50% B, 26.67 min,
80% B, 33.33 min, 100% B, 36.67 min, 100% B, 38 min, 50% B, and 40 min, 50% B. The
total run time was 40 min. The injection volume was 400 ¢ LThe flow rate was 20 mL/min.
Data were collected using MassLynx 4.1 software (Waters, USA). Targeted masses (m/z
705, 757, 759) were collected along with the well resolved peaks (m/z 689, 377) in test
tubes using the Waters 2767 fraction collector. A total of nine peaks were collected and
subsequently dried using a Genevac EZ-2 Plus Evaporating System. These were
analysed by proton NMR to check the purity. Three peaks were pure compounds that
were elucidated using spectral methods (section 4.3.5) as nymania 1 (68), turranin O (81)
and rubralin B (82). The peak that eluted at RT 14.84 min (m/z 705) was a mixture of two
compounds, which were further resolved using hyphenated LC-MS-SPE-NMR. The
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mixture of the two compounds (15.64 mg) was dissolved in 1 mL HPLC grade MeOH and
the resulting solution was filtered on an AcrodiscR Syringe filter. The separation was
achieved on a Luna® Omega C18 column (4.6 mm x 150 mm, 5um, Phenomenex). The
mobile phase consisted of solvent A water + 0.1% TFA and solvent B as MeCN + 0.1%
TFA. A linear gradient (O min, 40% B, 14 min 80% B, 20 min, 80% B, 22 min, 100% B, 27
min, 100% B, 28 min 40% B, 30 min 40% B) was used with a total run time of 30 min. The
flow rate was 0.5 mL/min. The injection volume was 15 pL. Peaks were detected by the
PDA detector as they eluted from the column and then trapped in individual allocated
SPE cartridges. The loaded cartridges were dried using pressured nitrogen gas. The two
trapped peaks were eluted from the cartridges to pre-weighed vials using the SamplePro
Tube liquid handler. Data were collected using HyStarTM software package. The solvents
were evaporated to dryness and the two peaks were analysed by proton NMR to check
for their purity. The separation provided aphapolynin C (83) and Trichillin substance TrB
(84).

4.2.6 Structure elucidation
The structures of isolated compounds were determined using spectral techniques
including 1D and 2D NMR, and UPLC-MS.

1D and 2D NMR spectra were recorded at room temperature on Bruker AVANCE 111 500

MHz spectrometer. Deuterated chloroform (CDCI3) (Sigma-Aldrich) was used to dissolve

the compounds. The <c¢hemi ca lscag)andfthe salibeatioesofr e por t
the spectra were done by using the trace protons from the deuterated solvents, for CDCls

= R 7. 26 @ANWd.WL6. The coupdl ianvgn ircgtenzgHz)ant s A

4.3 Results and discussion

4.3.1 Extraction and fractionation of T. obtusifolia leaves

Fresh leaves of T. obtusifolia collected on the University of Pretoria Hatfield campus were
dried in the oven and subsequently ground to fine powder to produce 787 g of dry ground
plant material. The three times repeated extraction of the dried leaves with acetone
yielded 74.7 g of a gum type extract after evaporation of the acetone corresponding to
9.4% yield based on dry plant mass.
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261 mg of T. obtusifolia leaf acetone extract was fractionated using the ppSPE
workstation to produce seven fractions labelled as F1-F7 (F1=5.8 mg, F2= 4.7 mg, F3 =
8.4 mg, F4=16.9 mg, F5=53.3 mg, F6=49.0 mg, F7=50.9 mg). The recovery yield was
approximately 72%. All fractions and the crude extract were evaluated for their inhibitory
activities against asexual P. falciparum NF54 strains.

4.3.2 Effect of T. obtusifolia leaf extract and fractions on the viability of asexual
P. falcicparum NF54 strains
The extract and all seven fractions were screened for in vitro asexual inhibitory activity
against the NF54 strain of P. falciparum parasites in a full dose-response assay. Table
4.1 shows the ICso values obtained for the extract and fractions.
Table 4.1: In vitro full dose-response activity of T. obtusifolia leaf acetone extracts and
subsequent fractions. Concentrat-poinh r ang:

concentration, technical duplicates, n=1). Chloroquine used as control with
ICso0 of 10.4 nM.

Sample name ICs0 value (pg/mL)
Extract 4.8

F1 139.2

F2 112.0

F3 35.3

F4 11.7

F5 5.9

F6 4.4

F7 8.0

Distinct inhibitory activities were observed for the extract and selected fractions. Based
on the classification criteria used by Moyo et al. (2016) [41], the crude extract and

fractions F5, F6 and F7 displayed good activity with ICso values less than 10 pg/mL. The
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best activity was demonstrated by F6 and the crude extract (ICso values 4.4 and 4.8
pg/mL, respectively). This indicated that the fractionation concentrated most of the active
ingredients in fraction F6. However, the fractionation did not increase the activity, which
implied that the active ingredients in the extract are in sufficient quantity or the inactive
compounds did not interfere with the assay. Fraction F4 displayed a moderate inhibitory
effect (ICso 11.7 pg/mL) on the proliferation of asexual P. falciparum NF54, while F1 and

F2 showed no or minimal activity (ICso values > 100 pg/mL).

The antiplasmodial activity of T. obtusifolia has not been previously reported, however,
there are records of other Turraea species that showed good antiplasmodial activity such
as the DCM:MeOH (1:1) stem bark extract of T. robusta which exhibited ICso values of
2.8 and 2.3 pg/mL against P. falciparum W2 and D6 strains, respectively. The
DCM:MeOH (1:1) stem and root barks extract of T. nilotica displayed I1Cso values < 10
pHg/mL against P. falciparum W2 and D6 strains [23]. In another study, the MeOH root
bark extract of T. robusta had ICso values of 3.5 and 2.4 pg/mL against P. falciparum K1
and NF54 strains [42]. The DCM/MeOH (1:1) extracts of T. floribunda bark and roots
showed ICsp values of 4.5 and 5.6 pg/mL, respectively, against P. falciparum NF54 strain
[43], while in a another study, the leaf extract displayed an ICso value of 8.8 ug/mL against
the D10 strain [44].

The extract and all seven fractions were run on the UPLC-QTOF-MS under the DDA

mode in order to determine the biological scores of compounds.

4.3.3 UPLC-QTOF-MS analysis and biological scoring of extract and fractions
Extract and fractions were subjected to bioactivity molecular networking to identify
potential bioactive ions. The results provided 21 ions with r > 0.85 and p value < 0.03

(Table 4.2) and were considered to be potential bioactive compounds.
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Table 4.2: Selected ions from biological scoring analysis.

Mass r value p value RT (min) | Note

191.2008 | 0.979095993 | 8.15E-07 | 6.11 Fragment of
657.2535

705.6503 | 0.98447714 | 2.49E-07 |4.12

84.0882 | 0.98263236 | 3.90E-07 | 16.11 Fragment of
717.5768

307.2775 | 0.98718300 | 1.16E-7 15.90

92.0459 | 0.976984606 | 1.19E-06 | 16.19 Fragment of
733.5784

301.173 | 0.979618451 | 7.37E-07 | 14.44 Fragment of
627.4225

81.9564 | 0.980846013 | 5.75E-07 | 13.36 Fragment of
831.6854

243.1566 | 0.98349171 | 3.19E-07 | 16.23 Fragment of
405.3894

704.6745 | 0.981102921 | 5.45E-07 | 2.33

192.2078 | 0.977828391 | 1.03E-06 | 15.46 Fragment of
533.3149

225.1877 | 0.979455048 | 7.60E-07 | 16.43 Fragment of
407.4118

757.6266 | 0.979331016 | 7.79E-07 | 1.60
903.6757 | 0.98021983 | 6.54E-07 | 3.98
664.5288 | 0.980061083 | 6.75E-07 | 16.24
219.0477 | 0.982347532 | 4.16E-07 | 16.72 Fragment of
409.4266

351.2516 | 0.978878941 | 8.49E-07 | 17.00
920.7025 | 0.977368158 | 1.12E-06 | 6.53

92.0638 | 0.980830786 | 5.77E-07 | 16.70 Fragment of
563.3282

104.9685 | 0.982539687 | 3.98E-07 | 16.49 Fragment of
427.3870

600.5811 | 0.981801556 | 4.69E-07 | 3.73

298.303 | 0.984543449 | 2.45E-07 | 12.31 Fragment of
301.1731

Most of the bioactive potential ions were fragments and represented minor compounds,
as a result of which the molecular formulas could not be accurately deduced. From the
ions identified as being most likely the active compounds, eleven ions eluted between 15
and 17 min, three ions eluted between 12 and 15 min and seven eluted between 2 and 6

min.
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Figure 4.9: ESI positive- and negative-mode BPI chromatogram of most active Fraction
F6 showing the range that contained most the probable bioactive compounds
as per the bio-activity scoring.

Analysis of the UPLC chromatograms of active fractions (example of Fraction 6 in Figure
4.9) revealed close to zero peaks between 2 and 6 min. Hence, focus was placed upon
ions that eluted between 12 and 17 min as these were consistent with the antiplasmodial
activity results (Table 4.1), which showed the most potency in Fractions 5 and 6. These

most active fractions contained mainly non polar compounds.

No match for the identified most likely active ions was found in the GNPS library. Analysis
of compounds using other databases (MetFrag, PubChem, Dictionary of Natural
Products) after generating the molecular formulas through MassLynx revealed two main
classes of compounds as limonoids and pregnan steroids. However, no positive
identification was deduced. These classes had previously been isolated from Turraea
species. Therefore, masses from the list belonging from these two classes were targeted

for isolation.

4.3.4 lIsolation and purification of compounds from T. obtusifolia leaves

The dried acetone crude extract (59 g) was redissolved in H20/MeOH (15:85) and
successively partitioned with hexane and DCM providing 6.4 g, 8.5 g and 42 g of
H20/MeOH (15:85), DCM and hexane dry fractions, respectively. After analysis of the
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three resulting fractions using HPLC-MS, the DCM fraction was selected for purification
as it contained the target masses (705, 351, 664, 627, etc.). The DCM fraction (8.5 g)
was fractionated using flash silica chromatography (BUCHI Pure C-815 Flash system). A
total of 27 fractions were collected and some of these which were more than 20 mg were
analysed on analytical HPLC-MS. The results showed that Fraction 5 was compound 78
(RT: 21.05 min) with a yield of 2.58 mg. Fraction 11 was refined by purification using
preparatory HPLC to produce 2.57 mg of compound 79 (RT: 20.57 min). Fraction 3 was
further fractionated using flash silica chromatography (BUCHI Pure C-815 Flash system)
to produce 19 sub-fractions. The purification of sub-fraction 7 gave 3.01 mg of compound
80 (RT: 15.83 min), 3.62 mg of compound 81 (RT: 22.29 min), 2.15 mg of compound 82
(RT: 23.78 min) and 15.64 mg of a mixture of two compounds which were further resolved
using LC-MS-SPE-NMR to yield 1.00 mg of compound 83 (RT: 17.38 min) and 2.06
compound 84 (RT: 17.80 min).

4.3.5 Structure elucidation of compounds isolated from T. obtusifolia

435.1 Turranin M (78)

Compound 78 was isolated as a white powder and was identified as a new compound.
The molecular formula was deduced from its monoprotonated molecular ion at m/z
351.2528 [M+H]* as C21H3404 based on the QTOF mass spectrum (calculated for
C21H3504, 351.2535). The 13C NMR spectrum exhibited 21 carbon signals, which were
categorized by the DEPT as eight methines, eight methylenes, two methyls, and three
guaternary carbons, suggesting a tetracyclic ring system. The DEPT revealed the
presence of one olefinic methylene group resonating at Gc 115.1. This was further
confirmed by the 'H NMR spectrum displaying two protons signal at Ui 4.88 1 4.93 (2H,
m, H-21), which were connected to the same carbon (lic 115.1) as deduced from HSQC
spectrum. A downfield proton appeared at Un5.75 (1H, ddd, J =7.8, 10.6, 17.0 Hz, H-20)
in the 'H NMR spectrum showing COSY interactions (Figure 4.9) with the olefinic protons
and a proton resonating at Un 1.95 (1H, g, J = 8.8 Hz, H-17). The data indicated that
compound 78 was likely a C21 steroid with a vinyl side chain at C-17 [16]. Further, in the
'H NMR spectrum, three oxygenated methine protons were resonating at Ux 4.02 (1H, m,
H-3), 3.70 (1H, m, H-2), and 3.67 (1H, t, J = 3.2 Hz, H-6), with two of them showing COSY

interactions, while the third had COSY interactions with two methylenic protons, which

138



appeared at Un 1.67 (1H, m, H-7b) and 1.22 (1H, m, H-70). Additionally, two methyl
singlets were seen at G+ 0.60 (3H, s, 18-CHzs) and 1.10 (3H, s, 19-CHs3).

In the HMBC spectrum, the methyl at tn 1.10 (19-CHs) correlated with two oxygenated
carbons appearing at Uc 67.3 (C-2) and 74.7 (C-5), one quaternary carbon (Uc 43.0), one
methine (Uc 30.4), and one methylene (lic 35.2), which were assigned at positions 1, 5,
10, 8 and 11, respectively. Further, HMBC correlations (Figure 4.9) between proton at Un
1.22 (1H, m, H-7b) with C-8 (lic 30.4) and C-9 (lic 55.8),p r ot o0 #4.0a ¢H-3)with C-

5, pr oloed (1, m, HElb) with C-2, C-10, 19-CHsand C-3,andp r ot odl.8Q t

(1H, m, H-4U) with C-2, C-3 and C-5 helped to assign the rings A and B. Additionally,
HMBC correlations were seen between the methyl at Gn 0.60 with C-17, C-13, and C-12.

The position of the vinyl group at C-17 was further confirmed by HMBC correlations.

— COSY
—>» HMBC

Figure 4.10: Chemical structure of turranin M (78) and selected HMBC and COSY
correlations.

The relative stereochemistry of compound 78 was established by NOESY spectrum
(Figure 4.10), 'H and °C NMR. The NMR data for 18-CHz (lin 0.60, Ulic 13.3) were
consi stent wi-driéntated andtthe bngs @/ trams-fused, as reported for
pregnane steroids [45, 46]. Moreover, from the biosynthesis of pregnanes, the 18-CHs
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and 19-CHs are alwa y s-oriénted [47, 48]. The proton assigned at H-20 showed NOE
interactions with 18-CHs suggesting there were on the same side. Further, 18-CHs also
displayed NOE interactions with H-8, which in turn showed NOE interaction with 19-CHs,
indicating that they were both on the same side. NOE interactions were also seen
betweenH-9andH-1 7, i mpl yi ng {orfested. Additionally, NORinterattions
between 19-CHs and H-2, 19-CHs and H-6, H-2 and H-3 indicatedth at t hey -
oriented. Ther e faiened. The NGE in@tdction datween Bi-4a and 19-
CHs (Figure 4.10 a) indicated a trans-fused pattern between rings A and B [16], which
implies that 5-OH i -erientdd [49]. Therefore, the structure of compound 78 was
deduced as -2etiahy®Iroxy-prdgn-202en and given the name turranin M, name
taken from similar steroids that have been isolated from T. pubescens. Pregnane steroids
had been previously discovered in some Turraee species, such as T. pubescens [15, 16]
and T. villosa [17]. A si mi | ar ¢ o mptahydnody;pregh{2Q-eh-6-pn&, bwhich
differs from turranin M by having a ketone at position C-6 and different stereochemistry,

has been isolated from T. pubescens twigs and leaves [16].

Figure 4.11: a Selected NOE interactions in turranin M and b NOE interaction between
H-4 and 19-CHszi n d i c a t liomegtatibnlofe5-OH.
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Table 4.3: 1D and 2D NMR data for turranin M (78) in CDCls and 'H and *3C NMR data

of 2 b, 3 frihyalrbxy-pregn-20-en-6-one [16].

NMR data of isolated turranin M (78) in CDCls

Data published for
2b, 3b, 5506
trihydroxy-pregn-
20-en-6-one in
CDCI3s (*H, 100 MHz
13C, 100 MHz) [16]

Position | Uc Un (M, Jin | COSY | HMBC NOESY Uc Uy (m, Jin
Hz) Hz)
10 353 |1.57(m, 1) C-5, C-2, 34.2 1.82 (m,
C-3,C-10 1H)
106 1.69 (m, C-2, C-10, 1.58 (m,
1H) 19-CHs, 1H)
C-3
2 67.3 | 3.70 (m, H-3 H-3, 19-CHs | 66.6 3.69 (m,
1H) 1H)
3 70.6 | 4.02 (m, H-2 C-5 H-2, H-4b 68.6 3.99 (m,
1H) 1H)
4 U 36.3 | 1.80(m, H-4 b | C-2,C-5, 36.3 1.88 (dd,
1H) C-3 14.8, 2.9,
1H)
4b 2.03 (dd, |[H-3 H-3, 19-CHs 2.34 (dd,
2.9, 15.9, 14.8, 3.4,
1H) 1H)
5 74.7 80.8
6 75.3 3.67 (t, 3.2, | H-70, | C-5,C-10, | H-1 1,M9- |211.9
1H) H-7b | C-8 CHs
70 25.0 1.22 (m, H-9 C-9,C-8 41.1 2.23 (dd,
1H) 14.2,12.2,
1H)
70 1.672 (m, C10 2.45 (dd,
1H) 14.2, 4.6,
1H)
8 30.4 | 1.77 (m, C-5,C-2, |18-CHs 19- | 37.3 1.78 (m,
1H) C-1,C-9, |CHs 1H)
C-13
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9 55.8 | 0.999 (m, |[H-7 19-CHs H-17, H-12U | 44.0 1.62 (m,
1H) 1H)
10 43.0 46.7
110 35.2 |1.84(dd, 21.1 1.71 (m,
2.8, 4.1, 1H)
1H)
116 1.25 (m, 19-CHs 1.40 (m,
1H) 1H)
120 37.7 | 1.07 (dd, H-12b, | C-17, C- 36.6 1.11 (m,
42,156, |H-11b |13, C-8, 1H)
1H) C-15, 18-
CHs
126 1.73 (m, C-1, C-10, 1.77 (m,
1H) 19-CHs 1H)
13 44.0 43.7
14 45.16 | 1.13(d, H-8, 55.6 1.24 (m,
4.2, 1H) H-15b 1H)
150 21.5 | 1.59 (m, 24.1 1.62 (m,
1H) 1H)
156 1.42 (dq, H-16b, | C-14, C- | H-12b, 18- 1.21 (m,
42,130, |H-14 |12 CHs 1H)
1H)
16U 27.5 1.79 (m, H-17 26.6 1.84 (m,
1H) 1H)
166 1.57 (m, 1.57 (m,
1H) 1H)
17 55.6 | 1.95 (q, H-20, | C-20, C- 54.6 2.00 (m,
8.7, 1H) H-16U, | 21, C-13, 1H)
H-16b | C-12, 18-
CHs
18-CHs | 13.3 | 0.60 (s, C-17,C- | H-8,H-15b | 125 0.58 (s,
3H) 13, C-12 3H)
19-CHs |19.0 |1.11(s, C-5, C-1, 16.4 0.78 (s,
3H) C-14, C- 3H)
10, C-8,
C-2
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20 140.0 |5.75(ddd, |H-21, |C-16,C- |H-21b, H- 138.5 5.73 (ddd,
7.8,10.6, |H-17 |17 17, 18-CHs 16.8, 10.6,
17.0, 1H) 7.6, 1H)

2la 115.1 | 4.98 (m, H-20 | C-20, C- 114.9 5.00 (dd,
1H) 17 10.6, 2.1,

1H)

21b 4.95 (ddd, C-20, C- | H-20, H-17, 4.99 (dd,
1.2,2.2, 17 16.8, 2.1,
10.0, 1H) 1H)

5-OH 4.06 (s, C-3,C-6 4.49 (s,
1H) 1H)

2-OH 2.45 (s, H-2 c-1 2.52 (d,
1H) 10.6, 1H)

3-OH 3.26 (s, H-3 4.12 (d,
1H) 9.5, 1H)

4.35.2 Turranin N (79)

Compound 79, isolated as a yellow powder, was also identified as a new pregane steroid,
which had a molecular formula C21H3404 as deduced from UPLC-MS (m/z 351.2527 [M
+ H]*) based on the QTOF spectrum (calculated for C21H3504, 351.2535). The *H and 3C
NMR spectra showed similarities with compound 78, suggesting that compound 79 was
also a Czz1 steroid with a vinyl side chain at C-17. The *3C NMR and DEPT spectra showed
21 carbon signals, classified as two quaternary carbons, one methyl, nine methylenes,
nine methines, including three oximethine and one oxygenated methylene signals. This
assumption was further confirmed by the *H NMR spectrum, which exhibited signals at
Un 4.12 (1H, d, J = 11.6 Hz, H-19a) and 3.73 (1H, d, J = 11.6 Hz, H-19b) assigned to the
methylene at position 19 as deduced from their HMBC correlations (Figure 4.11) with C-
1 (lc 43.1) and C-5 (Uc 48.0). Further, a broad singlet resonating at G+ 3.97 (1H, br s, H-
6) displayed HMBC correlation with the quaternary carbon C-10 (lc 38.8). Another broad
singlet appearing at Un 3.91 was assigned at position C-7 as deduced from its HMBC
correlations with C-10 and C-8 (lic 31.5). Additionally, in the HMBC spectrum, the proton
at Un 2.30 (1H, dd, J = 1.3, 14.5 Hz, H-1b) correlated with one oximethine carbon at lc
72.1, which was then assigned at position C-3. The methylene protons at G+ 2.10 (1H, dd,
J=12.6, 12.0 Hz, H-4U) and 1.57 (1H, m, H-4b) showed COSY interactions with H-3 (lix
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3.63, m) and H-5 (Un 1.34, br s) and HMBC correlations with C-3. Further, the proton at
Un 0.74 (1H, m, H-14) displayed COSY interactions (Figure 4.11) with H-8 (Un 1.89, m)
and HMBC correlation with the methyl at position 18 (Ux 0.61, s). This methyl also
correlated with C-13 (lc 44.0), C-17 (Uc 55.5), and C-12 (lic 37.8), in the HMBC spectrum.
The protons at Un 1.70 (1H, m, H-12b) exhibited HMBC correlations with C-13, C-14 (lc
55.9), and C-16 (lc 27.3).

HO

— COSsY
— HMBC

Figure 4.12: Chemical structure of turranin N (79) and selected COSY and HMBC
correlations.

The relative stereochemistry was deduced from NOESY spectrum, *H and 3C NMR. The
NOE interactions between 19-CHs and H-8 indicated that they were on the same face. As
for compound 78, the NMR data for 18-CHs (Un 0.61, Uc 13.4) were consistent with a it
b e i naggienfated and the rings C/D trans-fused [45, 46], and based on the biosynthesis
of pregnane steroids, 18-CHsz and 19-CH2OH a r e -diientech[47p48]. Further, there
was no correlations between 19-CH2 and H-5, while H-19b displayed NOE interactions
with H-4b, which implied that rings A and B were trans-fused (Figure 4.13) [16].
Furthermore, the NOE correlations of both H-3, H-6 and H-19b with H-4b indicated that
they were on t-griented).ahesefors,iOH-8 and ®H-6 w e Joreentdd. H-
5 showed NOE interactions with H-7, which indicated that OH-7  w a-erienfed. The
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structure of compound 79 wa s

given the name turranin N.

m o CTTITTYD

deduced

a stetrahydrogyUpregr20-&ndand

Figure 4.13: Selected NOESY correlations in turranin N (79).

Table 4.4: 1D and 2D NMR data for in turranin N (79) CDCls.

Position | Gc¢ Un (M, Jin H2) Cosy HMBC NOESY

10 43.1 | 1.22 (m, 1H) 19-CH,OH, C-10

16 2.30 (dd, 1.3, H-1U C-3,C-5 H-10
14.5, 1H)

20 40.0 1.19 (m, 1H) C-4

2 b 1.83 (m, 1H) H-20

3 72.1 | 3.63 (m, 1H) H-4U, H-4b H-4b

40 32.3 | 2.10(dd, 12.6, H-3 C-3,C-5 H-4b, H-5
12.0, 1H)

4b 1.57 (m, 1H) H-3 c-3 H-40

5 48.0 1.34 (brs, 1H) H-40 19-CH,OH, C-10, | H-7, H-4U

C-4

6 69.4 | 3.97 (brs, 1H) C-10 H-4b

7 71.9 | 3.91 (brs, 1H) C-8, C-10 H-5

8 31.5 |1.89(m, 1H) C-9 H-19a
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9 55.7 [ 0.99 (m, 1H) C-13, C-11 H-120, H-17
10 38.8
110 21.1 [ 1.63(m, 1H) H-116 C-13 H-110
116 1.27 (m, 1H) H-116
12U 37.8 | 0.95(m, 1H)
120 1.70 (dt, 3.0, 12.4, | H-12b C-14, C-13,C-16 | H-9
1H)
13 44.0
14 55.9 0.74 (dt, 3.0, 13.2, | H-8 18-CHs H-15U
1H)
15U 248 | 1.66 (m, 1H) C-16
156 1.21 (m, 1H) C-8, C-17
16U 27.3 | 1.77 (m, 1H) C-13
16b 1.56 (m, 1H)
17 55.5 1.93 (m, 1H) H-20 C-20, C-21, C-13, | H-16b, H-9
18-CHs;
18-CHs 13.4 0.61 (s, 3H) C-17, C-13,C-12
19a 67.7 |4.12(d, 11.6, 1H) | H-19b C-1,C-9 H-19b, H-8,
19b 3.73 (d, 11.6, 1H) C-5 H-19a, H-4b
20 139.8 | 5.73(ddd, 7.6, H-21, H-17 C-16, C-17 H-21
6.9, 10.1, 1H)
21-CH> 114.9 | 4.92-4.99 (m, 2H) | H-20 C-17, C-20 H-20
4.3.5.3 Nymania 1

Compound 68 was isolated as a white powder. The UPLC-MS-QTOF showed a
monoprotonated molecular ion peak at 721.3068 [M+H]* (calculated for CssH4901s,
721.3071) corresponding to the molecular formula C3sH4gO1s. The *3C and DEPT spectra
exhibited 36 carbon signals comprising seven methyls (one oxygenated at Uc 53.2), six
methylenes (one oxygenated at Uc 73.8 and one olefinic at lc 126.4), twelve methines
(one aldehyde at Uc 161.1, four oxygenated at Gc 70.7, 71.4, 74.3 and 74.7 and three

aromatic at Uc 110.7, 140.7 and 143.1), and eleven quaternary carbons (four carbonyls
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atlc 170.0,175.1, 175.7 and 207.0, two oxygenated at lic 80.9 and 82.8 and one aromatic
at Uc 123.3). The *H NMR spectrum showed signals in the aromatic region at Un 7.22 (1H,
br s, H-21), 6.25 (1H, d, J = 11.9 Hz, H-22) and 7.37 (1H, d, J = 11.8 Hz, H-23), which
were assigned to the furan moiety based on HSQC, COSY and HMBC correlations. In
the HMBC spectrum, the proton at tx 3.98 (1H, t, J = 9.1 Hz, H-17) correlated with the
furan carbons C-20 (Uc 123.3), C-21 (Uc 140.7) and C-22 (lc 110.7) and hence was
assigned at position C-17. Further, the same proton (ln 3.98) showed COSY interactions
(Figure 4.13) with methylene protons resonating at U+ 2.32 (1H, m, H-16b) and 2.94 (1H,
m, H-16U) and HMBC correlations (Figure 4.13) with a methyl at Uc 13.2 (18-CHs).
Additionally, the methyl at tn 1.00 (3H, s, 18-CH?3) displayed HMBC correlations with C-
12 (Uc 74.3), C-13 (Uc 49.6), C-14 (lc 80.9) and C-17 (lic 35.2). The proton at Un 6.03
(1H, d, J = 12.0 Hz, H-12) correlated, in the HMBC spectrum, with C-1' (lc 175.1), C-9
(Uc 50.7), C-11 (Uc 71.4) and 18-CHs. The 2-hydroxy-3-methylpentanoate side chain was
deduced from HMBC correlations between U+ 0.86 (3H, s, 5'-CHs) and C-2' (lic 74.7), C-
3' (lc 38.3), C-4' (Uc 23.3), tn 0.79 (3H, s, 6'-CH3) and C-3' and C-4'". Further, the olefinic
protons at Un 5.98 (1H, brs, H-30a) and 6.06 (1H, brs, H-30b) displayed HMBC
correlations with C-8 (lic 136.8), C-9 (lic 50.7), C-11, C-14 and 18-CHs. Additionally, the
proton at Gc 5.38 (1H, t, J = 8.7 Hz, H-11) had HMBC interactions with the aldehyde (lc
161.1), C-10 (Uc 48.8) and C-12. The position of the aldehyde was further confirmed by
HMBC correlations between its proton at tn 7.94 (1H, s, H-COO) with C-11. The tertiary
methyl at Un 1.30 (3H, s, 19-CH3) showed HMBC correlations with C-1 (tc 70.7), C-9, and
C-10. The proton at position 1 (ln 5.25, dd, J =12.3, 2.8 Hz) had COSY interactions with
methylene protons at tn 2.58 (1H, t, J = 13.0 Hz, H-20) and 2.03 (1H, dd, J = 12.3, 3.4
Hz, H-2b), which displayed HMBC correlations with C-1 and C-3 (lic 119.6). The
resonance of C-3 at Uc 119.6 indicated that it was an ortho ester carbon [50]. Further, in
the HMBC spectrum, both the tertiary methyl at Gn2.03 (3H, s, 28-CH3s) and H-1 correlated
with the carbonyl at Uc 170.0, indicating that C-1 had an acetate group substituent.
Furthermore, the proton at Un 2.94 (1H, m, H-5) showed HMBC correlations with the
carbonyl at Uc 175.7 (C-7), C-4 (Uc 82.8), C-1, C-6 (33.8) and COSY interactions with the
proton at Un 1.72 (1H, m, H-6b). Additionally, the methyl at C-4 (Un 1.42, s) had HMBC
correlations with the oxygenated methylene at tGc 73.8 (C-29), C-4 and C-5 (lic 48.9).
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Lastly, the methoxy showed HMBC interactions with the carbonyl at tUc 175.7 (C-7). The
structure of the compound matched that which was previously reported for nymania 1
(68) [50].

68 ____ cosY
— > HMBC

Figure 4.14: Chemical structure of nymania 1 (68) and selected COSY and HMBC
correlations.

The relative stereochemistry was deduced from NOESY experiment and interpretation of
'H NMR spectrum. The large coupling constants of Jo,11= 7.2 Hz and J11,12= 9.7 Hz were
consistent with the typical pattern of 11b,12U substituted B-seco limonoids [51]. This was
supported by NOE interactions between H-9 and H-11 (Figure 4.14). Indicating that they
were on the same face. Further, H-11 showed NOE interactions with 18-CHs, which also
had a NOE interactions with H-22. Implying that the furan ring was in the same face of
the plane with 18-CHs. Additionally, 19-CHs displayed NOE interactions with H-COO, H-
1 and 14-OH, while H-1 showed NOE interactions with 29-CH2. Further, H-5 exhibited
NOE interactions with H-9 , I ndi cat i ng -ofiehtedt Thet NO& gorrddationsh
matched positively the configuration reported for nymania 1 [52].
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Figure 4.15: Selected NOE interactions in nymania 1 (68).

Nymania 1 had previously been isolated from the seeds of T. obtusifolia [31], while this

is the second report that it has been isolated from the species and the first report from

the leaves.

Table 4.5: Comparison of *H (500 MHz) and *3C (125 MHz) NMR data of isolated nymania

1 (68) in CDCls to the published data [52].

Position | Isolated nymania 1 (CDCls3) Data published for nymania 1 in
CDCl; [52]

Un (M, Jin Hz) Uc Un (M, J in Hz) Uc
1 5.25 (dd, 12.3, 2.8, 1H) 70.7 5.25 (dd, 3.2.12.4, 1H) 70.6
20 2.03 (dd, 12.3, 3.4, 1H) 39.9 2.03 (dd, 3.2,13.9, 1H) 39.8
2b 2.58 (t, 13.0, 1H) 2.57 (t, 13.2, 1H)
3 119.6 1194
4 82.8 82.7
5 2.94 (m, 1H) 48.9 2.95 (d, 10.7, 1H) 48.8
6U 1.72 (m, 1H) 33.8 1.71 (d, 17.8, 1H) 33.6
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2.74 (dd, 10.0, 17.6, 1H)

2.73(dd, 10.0, 17.9, 1H)

7 175.7 175.6
8 138.8 142.8
9 4.197 (d, 7.1, 1H) 50.7 4.19 (d, 8.2, 1H) 48.6
10 48.8 49.4
11 5.38 (t, 8.7, 1H) 71.4 5.37 (dd, 8.5.10.7, 1H) 71.2
12 6.03 (d, 12.0, 1H) 74.3 6.05 (m, 1H) 74.6
13 49.6 50.6
14 80.9 80.8
15 207.0 207.3
16U 2.94 (m, 1H) 41.8 2.97 (dd, 8.5, 18.8, 1H) 41.6
166 2.32 (m, 1H) 2.30 (dd, 9.4, 19.2, 1H)

17 3.98(t, 9.1, 1H) 35.2 3.97 (dd. 7.4, 9.3, 1H) 35.1
18-CHs | 1.00 (s, 3H) 13.2 1.00 (s, 3H) 13.1
19-CHs | 1.297 (s, 3H) 16.7 1.29 (s, 3H) 16.6
20 123.3 126.3
21 7.20 (s, 3H) 140.7 | 7.20 (s, 3H) 140.6
22 6.25 (d, 12.0, 1H) 110.7 | 6.25 (s, 1H) 110.6
23 7.37(d, 11.8, 1H) 143.1 | 7.37 (s, 1H) 143.0
28 1.42 (s, 3H) 29.0 1.42 (s, 3H) 28.8
290 3.65 (d, 8.4, 1H) 73.8 3.64 (d, 8.6, 1H) 73.7
29 4.12 (d, 8.4, 1H) 4.11 (d, 8.6, 1H)

30a (E | 6.06 (brs, 1H) 126.4 | 6.06 (d, 1.4, 1H) 123.2
to H-9

30b (Z 5.98 (s, 1H) 5.98 (d, 1.2, 1H)

to H-9)

106 175.1 174.9
26 3.20 (d, 1.2, 1H) 74.7 3.20 (m, 1H) 74.1
36 1.5 (m, 1H) 38.3 1.52 (m, 1H) 38.2
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46a |1.16(m, 1H) 233 1.16 (m, 1H) 23.2
46Db |1.08(m, 1H) 1.08 (m, 1H)

5€H; |0.86(dd,6.7,12.3,3H) |15.3 0.86 (d, 4.7, 3H) 15.2
6-€H; | 0.79(d, 7.3, 3H) 11.8 0.78 (t, 7.4, 3H) 11.6
160 170.0 169.7
16-@GH; | 2.02 (s, 3H) 21.3 2.02 (s, 3H) 21.1
HCOO | 7.94 (s, 1H) 161.1 | 7.93 (s, 1H) 160.9
7-OCHs | 3.73 (s, 3H) 53.2 3.72 (s, 3H) 53.0
14-OH | 4.43 (s, 1H)

4354 Turranin O (80)

Compound 80, obtained as white powder, was identified as a new steroid, which had a
molecular formula C23H3604 as deduced from its monoprotonated ion at m/z 377.2831
([M+H]*, calc. 377.2692) based on the QTOF spectrum. The UV spectrum showed
maximum at 210, 235 and 316. The 3C NMR spectrum displayed 23 signals, which were
classified as four methyls (one oxygenated), eight methylenes, seven methines, and four
guaternary carbons (two carbonyls) based on the DEPT spectrum, suggesting that
compound 80 possessed a tetracyclic ring system. The 'H NMR spectrum showed two
tertiary methyls at Un 0.67 (3H, s, 18-CHs) and unx 1.08 (3H, s, 19-CHs), one secondary
methyl at n 1.18 (3H, d, J = 7.0 Hz, 21-CHs), and one oxygenated methyl at Gn 3.64 (3H,
S, O-CHs). The structure was deduced from HSQC, COSY, and HMBC spectra. The
HMBC correlations (Figure 4.15) between the methyl at tn 1.08 with C-9 (lic 55.2) and C-
5 (lic 46.8), the methylene at tn 1.02 (1H, m, H-16) and 1.77 (1H, m, H-10) with C-3 (lic
70.8), C-5, C-10 (Uc 36.2), C-2 (lic 31.2), and 19-CHs (lic 12.0), the proton at U 1.43 (1H,
m, H-4b) with C-3 and C-5, and the proton at Un 2.03 (1H, m, H-6b) with C-8 (lic 50.0),
C-5, C-1, and C-7 (Uc 211.7), enabled the assignments of ring A and B (Figure 4.15).

Furthermore, the HMBC correlations observed between 18-CHs (Un 0.67) and C-17 (lc
52.1), C-14 (Uc 48.7), C-13 (Uc 42.8), C-12 (Uc 38.6), H-16a (ux 1.75, m) and C-13, C-15
(Uc 36.2), as well as between H-12b (Un 1.92, m) and C-9, C-14, C-13, C-11 (lc 21.9),
18-CHs, assisted construction of rings C and D. Additionally, COSY interactions of H-20
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(Un 2.41, m) with both H-17 (1.60, m) and 21-CHs (Un 17.30, d) and HMBC correlations
between 21-CHz and C-17, C-20 (lic 42.4), C-22 (lic 177.3) and between the methoxy (UH
3.64, s) and C-22, constructed the side chain assigned at C-17.

—— COSY

80
— HMBC

Figure 4.16: Chemical structure of turranin O (80) and selected COSY and HMBC
correlations.

The relative configuration was determined from NOESY spectrum and C NMR. The
chemical shifts of 19-CHs being in the upfield region (lc 11.9) indicated an A/B trans
junction as in the A/B cis junction the chemical shift of the methyl group would be in a
range of 22 7 24 ppm [53]. This assumption was supported by absence of NOE
interactions between H-5 and 19-CHs. Likewise, the NMR data for 18-CHs (Un 0.67, Uc
124)wer e consi st e ndrienwted and the rirge C/MD wansHused [45, 46].
Further, cross-peaks of H-8 and 19-CHs and 18-CHssuggest ed that -they w
oriented, while H-3, H-5, H-9, and H-1 4 w h eorieated @s deduced from cross-peaks
H-3/H-5, H-5/H-9, H-9/H-14 observed in the NOESY spectrum. The structure of
compound (80) was established as 3b-hydroxy-23-bisnorchol-7-one-22-oate and was
given the name turranin O. Similar compounds had previously been isolated from the
twigs of T. pubescens, such as turranin E, which differed from compound 80 by the
pr es e nc eOHatf6 aral alfsence of ketone at C-7 [15]. Turranin C ( which has the
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o a n d81*ponjugated double bond) and turranin D (with go’® unsaturation) are also

similar steroids isolated from T. pubescens [15].

Figure 4.17: Selected NOESY correlations in turranin O (80).

Table 4.6: 1D and 2D NMR data for compound 80 in CDCls.

Position | Uc Uuw (M, Jin Hz) Cosy HMBC NOESY
10 36.1 |1.02(d, 5.00, 1H)
106 1.77 (m, 1H) H-10, H-2b C-3, C-5, C-10, C- | H-1U, H-2b, H-
2, 19-CHs 116
20 31.2 1.86 (m, 1H) H-1U H-1U, H-2b
2 b 1.48 (m, 1H)
3 70.8 | 3.61 (i, 4.9, 10.9, H-4U, H-4b, H-40
1H) H-20
40 38.0 |1.61(m,1H) H-3
4b 1.43 (br d, 4.7, 1H) C-3,C-5
5 46.8 | 1.53 (m, 1H) H-9
6a 46.1 | 2.36(d, 2.9, 1H) H-6b C5, C10, C7
6b 2.03(dd, 3.1, 12.5, | H-6a, H-5 C-8, C-5,C-7, C-
1H) 10
7 211.7
8 50.0 | 2.34 (brs, 1H) C-9 18-CHa, 19-CHs
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9 55.2 | 1.12 (m, 1H) 19-CHs
10 36.2
110 21.9 | 1.59 (m, 1H) 19-CHs
116 1.51 (m, 1H)
120 38.6 |1.20 (m, 1H)
126 1.92 (m, 1H) H-120, H-11 | C-9, C-14, C-13,
C-11, 18-CHs
13 42.8
14 48.7 | 1.47 (m, 1H) C-8, C-20, C-15,
18-CHs
15U 1.00 (m, 1H) C-14, C-16
156 25.1 | 2.23(m, 1H) H-14 C-13 H-150, H-16b
16U 27.4 | 1.75(m, 1H) C-13, C-15, H-16b
166 1.32 (m, 1H) 21-CHs H-16a
17 52.1 | 1.60 (m, 1H) C-12, 22-CHjs, C-
20
18-CHs |12.4 |0.67 (s, 3H) C-17, C-14, C-13,
C-12
19-CHs |12.0 |1.08(s, 3H) C-4,C-5
20 42.4 | 2.41(m, 1H) H-17, 22-CH3 | C-2, C-21, 22-CH; | 18-CH3
21 177.3
22-CHs |17.3 [1.18(d, 6.97, 1H) C-21, C-17,C-20
23 51.5 |3.64 (s, 3H) c-21
4.3.55 Rubralin B

Compound 81, identified as rubralin B (Figure 4.17) [54], was isolated as white powder.

Its molecular formula Ca1HssO13 was determined from its monoprotonated ion at m/z
759.4259 [M+H]* based on the QTOF spectrum. The UV spectrum showed maxima at
209, 282, 351, 364 and 385. The 3C NMR spectrum exhibited 41 carbon signals, which
were classified from DEPT 135 as ten methyls, six methylenes (one oxygenated at Uc
65.61), fourteen methines (five oxygenated at tic 70.5, 75.1, 75.2, 75.5, 76.6), and eleven
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quaternary carbons (one oxygenated at tc 85.3 and five carbonyls at tc 168.9, 169.6,
171.0, 174.1, and 174.9). The 'H NMR spectrum revealed three protons in the aromatic
region, at Un 6.22 (1H, dd, J = 0.8, 2.0 Hz, H-22), 7.18 (1H, s, H-21) and 7.34 (1H, t, J =
1.9 Hz, H-23) displaying COSY and HMBC interaction patterns similar to the furan in
nymania 1 (68). In the HMBC spectrum, the proton at tnx 3.02 (1H, dd, J = 8.0, 10.5 Hz,
H-17) correlated with C-21 (lc 140.4), C-20 (lc 124.5), C-22 (Uc 111.6), C-12 (Uc 76.6),
C-13 (lic 51.3) and C-16 (tc 36.8), which confirmed its position. Further, the proton at Un
2.41 (2H, m, H-16) showed HMBC correlations (Figure 4.18) with two olefinic carbons at
Uc 155.1 (C-14) and 122.5 (C-15), suggesting an unsaturation in the cyclopentane ring.
H-15 (0w 5.50, dd, J = 1.7, 3.6 Hz) had HMBC interactions with C-13 and C-16. 19-CHs
(Gn 0.93, s) displayed HMBC correlations with C-14, C-12, C-13 and C-17 (lic 49.9).
HMBC correlations of both H-12 (Un 5.05, t, J = 8.4 Hz) and the methyl at tn 1.93 (1""-
CHs, s) with the carbonyl at Uc 171.0 (1""-CO) assisted to assign the substituent at C-12
as an acetate group. Another acetate moiety was present at C-1 as deduced from HMBC
interactions between the methyl at 2.07 (1"-CHs, s) with both C-1 (lic 70.5) and the
carbonyl at Uc 169.6. Additionally, in the HMBC spectrum, the correlations between H-1
( w4.74,dd, J=3.1,5.2 Hz) and C-3 {168.9), and C-1 0 c @412), as well as H-5 ( Wi
2.54, dd, 2.2, 13.2 Hz) and 18-CHs ( ¢115.5), C-6 (28.5), C-10,C-2 9 ¢ 6506) and C-
4, constructed a seven-membered lactone ring fused at C-5 (lc 44.5) and C-10 and
having two methyl substituents at C-10 and C-4 and one oxygenated methylene at C-4.
Furthermore, COSY and HMBC spectra revealed the presence of a 2-hydroxy-3-
methylpentanoate substituent at the methylene C-29, and 2-hydroxy-3-methylbutyrate
group at C-7 (lic 75.2).
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— COSsY

—>HMBC

Figure 4.18: Chemical structure of rubralin B (81) and selected COSY and HMBC
correlation.

The relative configuration was deduced from NOESY spectrum and was consistence with
the one reported for rubralin B [54]. The following cross peaks were found H-1/18-CHs,
H-5/H-9, H-5/28-CHs, H-9/19-CHs, 19-CHs/H-22, H-7/30-CHs, H-7/H-15, H-2'/6'-CH3s, H-
2'/H-3', H-4'/5'-CHz and H-2"/4"-CHs (Figure 4.18).
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Figure 4.19: Selected NOE interactions in rubralin B (81).

Rubralin B has only been isolated from Trichilia rubra. This is the first report on its isolation

from a Turraea species.

Table 4.7: Comparison of H (500 MHz) and *3C (125 MHz) NMR data of isolated rubralin
B (81) in CDCls to the published data [54].

Position | Isolated rubralin B (CDCls) Data published for rubralin B (*H,
360 MHz °C, 90 MHz) [54]
On (M, Jin H2) Uc Un (M, Jin H2) Uc
1 4.74 (dd, 3.1, 5.2, 1H) 70.5 4.75 (dd, 3.5, 4.5, 1H) 70.4
2 3.22 (m, 1H) 35.1 3.20 (m, 1H) 35.0
3 168.9 168.5
4 85.3 85.0
5 2.55 (dd, 2.2, 13.2, 1H) 44.5 2.56 (d, 10.9, 1H) 44.4
6U 1.95 (m, 1H) 26.5 1.95 (m, 1H) 26.4
6 b 2.04 (m, 1H) 2.10 (m, 1H)

157



7 5.29 (brq, 1.7, 1H) 75.2 5.29 (m, 1H) 75.2
8 415 41.4
9 2.72 (dd, 8.1, 11.7, 1H) 37.3 2.73(dd, 8.1,11.7, 1H) | 37.2
10 44.2 44.2
110 1.16 (m, 1H) 25.5 1.30 (m, 1H) 25.4
116 |204(m,1H) 2.07 (m, 1H)

12 5.05 (t, 8.4, 1H) 76.6 5.06 (t, 8.3, 1H) 76.5
13 51.3 51.2
14 155.1 155.1
15 5.50 (dd, 1.7, 3.6, 1H) 1225 | 5.51 (brs, 1H) 122.4
16 2.41 (m, 1H) 36.8 2.41 (m, 1H) 36.7
17 3.02 (dd, 8.0, 10.5, 1H) 49.9 3.03(dd, 7.9, 10.6, 1H) | 49.9
18-CHs | 1.19 (s, 3H) 15.5 1.20 (s, 3H) 15.3
19-CHs | 0.93 (s, 3H) 14.8 0.95 (s, 3H) 14.7
20 1245 124.1
21 7.18 (brs, 1H) 140.4 | 7.18 (s, 1H) 140.3
22 6.22 (dd, 0.8, 2.0, 1H) 111.6 | 6.22 (s, 1H) 111.5
23 7.34 (t, 1.9, 1H) 1424 | 7.34 (s, 1H) 142.2
28-CHs; | 1.43 (s, 3H) 29.2 1.43 (s, 3H) 29.1
290 4.04 (d, 12.3, 1H) 65.6 4.05 (d, 12.3, 1H) 65.6
29b |4.95(d, 12.3, 1H) 4.93 (d, 12.3, 1H)

30 1.25 (s, 3H) 28.3 1.25 (s, 3H) 28.1
1 174.9 174.7
2 4.14 (d, 3.8, 1H) 75.1 4.14 (d, 3.8, 1H) 75.5
3 1.82 (m, 1H) 39.1 1.83 (m, 1H) 39.0
Y 1.29 (m, 1H) 23.8 1.28 (m, 1H) 23.7
5 0.89 (t, 7.4, 3H) 11.9 0.90 (t, 7.4, 3H) 11.7
6 1.00 (d, 6.9, 3H) 15.5 1.00 (d, 7.6, 3H) 15.4
1" 174.1 173.9
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2" 4.04 (m, 1H) 75.5 4.03 (m, 1H) 75.0
3" 2.09 (m, 1H) 31.9 2.06 (m, 1H) 31.8
4" 1.09 (d, 7.0, 3H) 19.5 1.09 (d, 7.0, 3H) 19.3
5" 0.85 (d, 6.8, 3H) 15.8 0.87 (d, 6.9, 3H) 15.7
1 169.6 169.4
1"-CHs | 2.07 (s, 3H) 20.8 2.07 (s, 3H) 20.6
(A 171.0 170.8
1"™-CHs | 1.93 (s, 3H) 215 1.93 (s, 3H) 21.3
4.35.6 Aphapolynin C

Compound 82, identified as aphapolynin C, was extracted as a white powder. The
molecular formula was deduced as Cs3H40012 from its monoprotonated molecular ion at
m/z 629.2844 [M+H]* (calculated for C33H41012, 629.6727) based on the QTOF spectrum.
The H NMR spectrum displayed two singlet signals a t 1 589 (1H, s, H-30a) and 5.35
(1H, s, H-30b), which were assigned to an exocyclic olefinic methylene group from the
HSQC spectrum, a formyl proton at Un 7.92 (1H, s, H-COO) correlating with the carbon
signal at Gc 159.7 (COO) in the HSQC spectrum, two olefinic proton signals appearing at
Un 7.46 (1H, d, J = 10.4 Hz, H-1) and 6.07 (1H, d, J = 12.4 Hz, H-2), three singlet methyl
signals resonating at tn 0.96 (3H, s, 18-CHzs), 1.02 (3H, s, 19-CHs) and 1.68 (3H, s, 28-
CHs). Additionally, two methyl signals appearing as doublet at tix 0.87 (3H, d, J = 6.8 Hz,
6'-CHz) and triplet at G 0.80 (3H, t, J = 7.0 Hz, 5'-CH3) were assigned to the 2-hydroxy-
3-methylpentanoyl moiety constructed with the help of COSY and HMBC spectra. This
moiety was located at C-12 (Uc 75.6) as deduced from HMBC correlations (Figure 4.19)
between H-12 (ln 6.19, d, J = 10.2 Hz) and the carbonyl at C-1' (lic 175.0). Further, three
aromatic proton signals appearing at Un 7.40 (1H, d, J = 12.0 Hz, H-23), 7.23 (1H, d, J =
6.2 Hz, H-21) and 6.25 (1H, d, J = 10.6 Hz, H-22) were established as the furan moiety
connected to C-17 (lic 35.4) based on HSQC, COSY and HMBC spectra. The 13C NMR
spectrum displayed 33 signals classified from DEPT as five methyls, five methylenes,
thirteen methines and ten quaternary carbons. Analysis of the 'H and 3C NMR revealed
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the compound to be the known Aphapolynin C, which had previously been isolated from

the fruits of Aphanamixis polystachya (Meliaceae) [55].

—— COSsY
— HMBC

Figure 4.20: Chemical structure of aphapolynin C (82) and selected COSY and HMBC
correlation.

The relative configuration was deduced from NOESY spectrum. The NOESY interactions
between H-12 and H-17 (Figure 4.20), H-11 and Hs-18, H-5 and Hs-28 indicated that H-
5, 28-CHs, H-11, and 18-CHs w e r econfijured while H-17, H-12 and 19-CHswer e b
configured. This stereochemistry matched the one reported for aphapolynin C [55]. This

is the first report of the isolation of aphapolynin C from a Turraea species.
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28

Figure 4.21: Selected NOESY correlation of aphapolynin C (82).

Table 4.8: Comparison of 'H (500 MHz) and '3C (125 MHz) NMR data of isolated
aphapolynin C (82) in CDClIs to the published data [55].

Position | Isolated Aphapolynin C (CDCls) Data published for Aphapolynin Cin
DMSO-ds (*H, 500 MHz 13C, 125 MHz)
[55]

Un (M, Jin Hz) Uc On (M, Jin H2) Uc

1 7.46 (d, 10.4, 1H) 152.3 | 7.43(d, 12.0, 1H) 152.9

2 6.07 (d, 12.4, 1H) 120.9 | 5.96 (d, 12.0, 1H) 119.2

3 171.9 166.9

4 79.1 79.7

5 2.12 (brs, 1H) 50.8 2.37 (brs, 1H) 49.9

6U 2.48 (dd, 15.1, 4.1, 1H) 29.7 2.56 (dd, 15.5, 10.0, 1H) 29.8

6 b 2.71 (m, 1H) 2.70 (dd, 15.5, 7.5, 1H)

7 169.3 172.7

8 136.8 138.8

9 3.72 (brs, 1H) 52.4 3.00 (d, 7.5, 1H) 51.9
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10 43.4
11 5.66 (brs, 1H) 711 5.42 (dd, 10.5, 7.5, 1H) 716
12 6.19 (d, 10.2, 1H) 75.6 6.04 (d, 10.5, 1H) 74.7
13 49.5 49.1
14 80.6 79.2
15 207.2 207.5
16U 2.39(dd, 9.9, 19.4, 1H) | 41.8 2.47 (dd, 19.5, 9.5, 1H) 41.2
16b |[293(dd, 8.8,19.4, 1H) 2.76 (dd, 19.5, 9.0, 1H)
17 3.99 (t, 9.4, 1H) 35.4 3.79 (t, 9.5, 1H) 34.9
18-CHs | 0.96 (s, 3H) 135 0.86 (s, 3H) 12.4
19-CH; | 1.02 (s, 3H) 23.0 1.02 (s, 3H) 23.1
20 122.2 123.0
21 7.23(d, 6.2, 1H) 140.9 | 7.39 (s, 1H) 140.5
22 6.25 (d,10.6, 1H) 110.3 | 6.49 (s, 1H) 111.1
23 7.40 (d, 12.0, 1H) 1435 | 7.55 (s, 1H) 142.8
28-CHs | 1.68 (s, 3H) 27.3 1.53 (s, 3H) 25.3
290 4.29 (d, 11.2, 1H) 74.4 4.23(d, 11.5, 1H) 73.6
290 |4.10(d, 11.4, 1H) 4.16 (d, 11.5, 1H)
30a 5.99 (s, 1H) 123.6 | 5.78 (s, 1H) 120.6
30b 5.35 (s, 1H) 5.35 (s, 1H)
1 175.0 173.3
2 3.12 (d, 2.6, 1H) 74.9 3.07 (dd, 5.5, 3.5, 1H) 74.2
3 1.50 (m, 1H) 37.7 1.40 (m, 1H) 37.2
4 1.16 (m, 1H) 22.8 a=1.08 (m, 1H) 22.8
0.96 (m, 1H) b =0.96 (m, 1H)
5 0.80 (t, 7.0, 3H) 115 0.71 (t, 7.5, 5H) 11.3
6 0.87 (d, 6.8, 3H) 15.4 0.72 (d, 7.0, 3H) 15.4
HCOO |7.92 (s, 1H) 159.7 | 8.22 (s, 1H) 160.7
14-OH 6.64 (s, 1H)
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2'-OH 4.96 (d, 5.5, 1H)

4.35.7 Trichillia substance Tr B

Compound 83 was isolated as a white powder and identified as Trichillia substance Tr B.
It had a molecular formula C3sH44014 as deduced from its monoprotonated ion at m/z
689.3073 [M+H]* (calculated for CssH45014 689.7247) and the *H and **C NMR spectra.
The UV spectrum showed maxima at 209 and 385 nm. The *H NMR spectrum exhibited
the presence of a furan ring [signals at Un 7.40 (1H, s, H-23), 7.23 (1H, s, H-21), and 6.29
(1H, s, H-22)], one acetylg r o up2.06 BH,s,CHs-COO) ], a f or my182,pr ot on
three met hyl sn(098 &ld,8,48-CGHe),dl.76(8H, 9j 19-CHs), and 1.81 (3H,
s, 28-CH3). The 13C NMR displayed 35 signals classified from DEPT as six methyls, six
methylenes (one olefinic at tUc 125.0, one oxygenated at tc 78.0), twelve methines (three
aromatic at tUc 110.5, 140.8 and 143.3, four oxygenated at Uc 71.0, 73.3, 75.4 and 74.6,
one aldehyde 160.3, and eleven quaternary carbon signals (five carbonyls at tic 169.0,
169.4, 173.2, 174.9 and 206.7, two oxygenated at Uc 79.2 and 80.9). In the HMBC
spectrum, correlations between 19-CHs/C-1, H-2/C-3 and C-10, 28-CHs/C-4 and C-5,
enabled the assignment of the seven-membered lactone ring (Figure 4.20), which was
fused at C-4 and C-5 with a six-membered lactone ring deduced from HMBC interactions
H-6U/C-7 and C-4, H2-29/C-7, C-4 and C-5. Further, in the HMBC spectrum, the 18-CHs
correlated with C-12 (Gc 73.3), C-13 (Uc 49.7), C-14 (lUc 80.9), and C-17 (Uc 35.1).
Additionally, HMBC correlations were observed between H-17 (tn 3.95, t, J = 8.7 Hz) and
C-15 (lic 206.7), C-16 (lc 41.8), C-20 (Uc 122.8), C-21 (lic 140.8), C-22 (lic 110.5), H-11
(Un 5.49, dd, J = 7.6, 10.2 Hz) and C-10 (Uc 46.0), C-12 and C-OO (lUc 160.3), H2-30 (tH
5.89 (br s) and 5.52 (br s)) and C-8 (lUc 138.5), C-14, and C-9 (Uc 51.4). Cross peaks
COSY interactions H-2'/H-3', H-3/CHs-6', H-3'/H-4' and H-4'/CHs3-5' and HMBC
correlations between the methyls at Un 0.75 (3H, t, J = 7.3 Hz, CH3-5") and C-4' (lic 22.8)
and C-3' (Uc 37.9) and at Un 0.81 (3H, d, J = 6.6 Hz, 6'-CH3) and C-3', C-4', C-2' (lic 74.6),
and H-2' (Un 3.08, br s) and C-1' (Uc 174.9), enabled the assignment of the 2-hydroxy-3-
methylpentanoyl substituent at C-12.
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— COSY
— HMBC

Figure 4.22: Chemical structure of Trichillia substance Tr B (84) and selected COSY and

HMBC correlation.

A clear NOESY spectrum of this compound was not obtained to enable relative

configuration deduction. However, the 1H and 13C NMR data matched positively with that

reported for trichillia substance Tr B, previously isolated from Trichilia roka [56] and

Trichilia emetica [57]. This is the first report of the compound from a Turraea species.

Table 4.9: Comparison of *H (500 MHz) and 13C (125 MHz) NMR data of isolated Trichillia
substance Tr B (84) in CDCls to the published data [57].
Position | Isolated Trichillia substance Tr B Data published for Trichillia
(CDCl3) substance Tr B in CDCl; (*H, 500
MHz 3C, 100.57 MHz) [57]
UH (m, Jin HZ) Uc UH (m, Jin HZ) UC
1 5.00 (brs, 1H) 75.4 5.44 (dd, 6.8, 5.9, 1H) 73.1
2 3.23 (brs, 2H) 375 2.05 (dd, 11.8, 9.0, 2H) 41.9
3 169.0 169.7
4 79.2 79.3
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5 3.18 (brs, 1H) 425 3.18 (dd, 7.7, 3.8, 1H) 38.0
6U 2.57 (d, 4.9, 1H) 32.0 2.48 (dd, 9.0, 7.7, 1H) 42.2
6b 2.69 (dd, 4.9, 16.2, 1H) 2.63 (dd, 7.7, 3.8, 1H)

7 173.2 173.7
8 138.5 138.2
9 3.79 (brs, 1H) 51.4 3.78 (d, 7.4, 1H) 51.3
10 46.0 45.8
11 5.49 (dd, 7.6, 10.2, 1H) 71.0 5.46 (dd, 7.4, 10.3, 1H) 78.1
12 6.12 (d, 10.2, 1H) 73.3 6.16 (d, 10.3, 1H) 71.2
13 49.7 49.6
14 80.9 80.8
15 206.7 206.3
16U 2.41 (dd, 8.7, 18.3, 1H) 41.8 2.34 (dd, 8.5, 9.0, 1H) 35.0
16b |2.88(dd 8.6, 18.3, 1H) 2.82 (dd, 8.8, 9.0, 1H)

17 3.95 (t, 8.7, 1H) 35.7 3.95 (t, 8.5, 1H) 37.9
18-CHs | 0.98 (s, 3H) 12.8 0.97 (s, 3H) 12.9
19-CH; | 1.76 (s, 3H) 21.0 1.62 (s, 3H) 22.9
20 122.8 125.2
21 7.23 (brs, 1H) 140.8 | 7.20 (brs, 1H) 140.6
22 6.29 (brs, 1H) 1105 | 6.23 (brs, 1H) 110.3
23 7.40 (brs, 1H) 1433 | 7.38(t, 1H) 143.3
28 1.81 (s, 3H) 23.0 1.81 (s, 3H) 28.5
290 4.16 (d, 11.1, 1H) 78.0 4.22 (dd, 12.0, 2H) 75.5
290 |4.24(d, 11.1, 1H)

30a 5.89 (brs, 1H) 124.0 | 5.89 (brs, 1H) 122.5
30D 5.52 (brs, 1H) 5.49 (brs, 1H)

1 174.9 174.9
2 3.08 (brs, 1H) 74.6 3.30 (br d, 1H) 74.6
3 1.43 (m, 1H) 37.9 1.45 (m, 1H) 37.9
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7y 1.11 (m, 1H) 22.8 1.15 (m, 2H) 227
0.96 (m, 1H)
5 0.75 (t, 7.3, 3H) 11.3 0.84 (t, 7.6, 3H) 11.4
6 0.81 (d, 6.6, 3H) 15.0 0.82 (d, 6.5, 3H) 15.1
HCOO |7.78 (s, 1H) 160.3 | 7.74 (s, 1H)
CHsCO | 2.06 (s, 1H) 21.2 1.99 (s, 1H)
169.4

4.3.6 Inhibitory activity of compounds against asexual P. falciparum parasites
The isolated compounds were screened against the asexual NF54 P. falciparum
parasites using the SYBR Green |-based assay. Alphapolynin C (82) and trichilia
substance Tr-B (83) were initially tested as a mixture. They were then separated using
LC-MS-SPE-NMR and re-tested individually against asexual P. falciparum NF54
parasites. The classification criteria for antiplasmodial activity of compounds was the
same as the that used in chapter 3, based on the one published by Batista et al., which
isas follow: ICso< 1 OM, fdAexcel | enotoflRdt ednvt, aficgtoiovdp
0f20-100 OM, fAmodersadf£00-2¢0 i @Mt ydl oW Ca e 200 pM,
A i n a d38]i Rubralin B (81) displayed good activity with an ICso value of 3.47 pg/mL
(4.57 uM). The mixture of alphapolynin C (82), trichilia substance Tr-B (83) showed an
ICs0 value of 6.59 ug/mL, which was considered as good activity. However, individually,
alphapolynin C (82) and trichilia substance Tr-B (83) exhibited 1Cso values > 20 ug/mL.
This indicated that they may had an additive or synergistic effect. Nymania 1 (68) and
turranin O (80) exhibited moderate activities. Turranin M (78) and turranin N (79) were
inactive (Table 4.10).
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Table 4.10: In vitro activity of compounds isolated from T. obtusifolia leaves against
asexual P. falciparum NF54 parasites (n=2, one biological assay with
technical triplicates). Chloroquine was used as a control compound.

Compounds Activity against asexual P.
falciparum NF54 parasites +
SEM (ICso in pg/mL)

Turranin M (78) > 40

Turranin N (79) > 40

Nymania 1 (68) 13.36 = 0.2 (19.40 pM)

Turranin O (80) 20.34 + 0.43 (54.02 uM)

Rubralin B (81) 3.47 £ 0.12 (4.57 pM)

Alphapolynin C (82) 6.59 £ 0.28 > 20

Trichilia substance Tr-B (83) > 20

Chloroquine 0.009 £ 0.005 um

The most active compound, rubralin B (82), has an ICso value (4.47 pg/mL) slightly lower
than the most active fraction and extract (ICso values 4.4 and 4.8 pg/mL, respectively).
This indicated that it contributed strongly to the antiplasmodial activity of the extract.
Among limonoids isolated from Turraea species, the most active compounds have thus
far been azadironolide (55), with 1Cso values of 2.4 and 1.1 pg/mL against the D6 and W2

strains of P. falciparum [23].

4.4 Conclusion

The extract and fractions prepared from T. obtusifolia leaves were tested for the first time
against asexual P. falciparum. The extract and three fractions (Fractions 5, 6 and 7)
displayed good activity against P falciparum NF54 strain with 1Cso values less than 10
pg/mL, with Fraction 6 and the extract being the most potent (ICso 4.4 and 4.8 pg/mL).

The crude extract and all subsequent fractions were analysed for biological scoring of
ions by using UPLC-QTOF-MS, the GNPS platform and Jupyter notebook. A total of 21
ions were identified as the most likely bioactive compounds as they had r > 0.85 and p
value < 0.03. These ions could not be tentatively identified using the GNPS platform.

167



However, using other online tools such as Dictionary of Natural Products and MetFrag,
the majority of ions were identified as belonging to the limonoids and pregnane-steroids
classes. A targeted isolation was undertaken and some masses were isolated as pure
compounds. One of the major obstacles encountered in the purification process was the
presence of several ions with the target mass but eluting at different retention times,
making it difficult to identify the correct target. Further, some ions collected were later
found to be impure after NMR analysis or being fatty acids (m/z 664). Nonetheless, seven
pure compounds were isolated and their structure elucidated using 1D and 2D NMR, MS,
UV and CD spectroscopy. These were identified as three new steroids, turranin M (78),
turranin N (79) and turranin O (80) and four known compounds, nymania 1 (68), rubralin
B (81), alphapolynin C (82) and trichilia substance Tr-B (83).

The compounds were tested against asexual P. falciparum NF54 strain. They showed
varying activities with rubralin B (81) being the most active displaying an ICso value of
3.47 yg/mL (4.57 uM), classified as good, which was comparable to that of the most active
fraction, which had an ICso value of 4.4 pyg/mL. Indicating that the rubralin B strongly
contributed to the overall activity of the fraction. Nymania 1 (68) and turranin O (80)
demonstrated moderate activity with 1Cso values < 30 pg/mL (< 60 uM). The biological
scoring approach for target isolation of active ingredients works, however it remains very
challenging in case the plant produces many isomers (compounds with the same m/z) as

purifying all of them may be needed.

This study is the first report on the antiplasmodial activity of T. obtusifolia and the first

time all compounds aforementioned have been isolated from this species.

Further investigation of the species is recommended to identified possible new

compounds and isolate the remaining identified most likely bioactive masses.

45 References

1. Wang XN, Fan CQ, Yin S, Lin LP, Ding J, Yue JM: Cytotoxic terpenoids from
Turraea pubescens. Helvetica Chimica Acta 2008, 91(3):510-519.

2. Crouch NR, Styles DGA: Turraea tugelensis, a new species of Turraea sect.
Nurmonia (Meliaceae) from South Africa. Phytotaxa 2020, 460(2):137-142.

3. Mabberley DJ, Martin C: The typification of Turraea L. (Meliaceae). Taxon 1992,
41(3):541-545.

168



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Giovino A, Saia S, Raimondo FM, Guiglia L, Domina G: Preliminary insights into
the molecular barcoding data of Turraea socotrana (Meliaceae) from Socotra
(Yemen). Rendiconti Lincei Scienze Fisiche e Naturali 2020, 31(3):637-644.
Oyedeji-Amusa MO, Sadgrove NJ, Van Wyk B-E: The ethnobotany and
chemistry of South African Meliaceae: A review. Plants 2021, 10(9):1796.

Tan QG, Luo XD: Meliaceous limonoids: Chemistry and biological activities.
Chemical Reviews 2011, 111(11):7437-7522.

Bentley MD, Gaul F, Rajab MS, Hassanali A: Tetranortriterpenes from Turraea
robusta. Journal of natural products 1992, 55(1):84-87.

Ndung'u MW, Kaoneka B, Hassanali A, Lwande W, Hooper AM, Tayman F, Zerbe
O, Torto B: New mosquito larvicidal tetranortriterpenoids from Turraea
wakefieldii and Turraea floribunda. Journal of Agricultural and Food Chemistry
2004, 52(16):5027-5031.

Wang XN, Yin S, Fan CQ, Lin LP, Ding J, Yue JM: Eight new limonoids from
Turraea pubescens. Tetrahedron 2007, 63(34):8234-8241.

Wang XN, Yin S, Fan CQ, Wang FD, Lin LP, Ding J, Yue JM: Turrapubesins A
and B, first examples of halogenated and maleimide-bearing limonoids in
nature from Turraea pubescens. Organic Letters 2006, 8(17):3845-3848.

Adul GO, Bentley MD, Benson BW, Huang FY, Gelbaum L, Hassanali A: Two new
prieurianin-class limonoids from Turraea mombasana. Journal of Natural
Products 1993, 56(8):1414-1417.

Yuan CM, Tang GH, Zhang Y, Wang XY, Cao MM, Guo F, Li Y, Di YT, Li SL, Hua
HM et al: Bioactive limonoid and triterpenoid constituents of Turraea
pubescens. Journal of Natural Products 2013, 76(6):1166-1174.

Ndung'u M, Hassanali A, Hooper AM, Chhabra S, Miller TA, Paul RL, Torto B: Ring
A-seco mosquito larvicidal limonoids from Turraea wakefieldii.
Phytochemistry 2003, 64(4):817-823.

Cheplogoi PK, Mulholland DA: Tetranortriterpenoid derivatives from Turraea
parvifolia (Meliaceae). Phytochemistry 2003, 62(8):1173-1178.

Yuan CM, Tang GH, Wang XY, Zhang Y, Cao MM, Li XH, Li Y, Li SL, Di YT, He
HP et al: New steroids and sesquiterpene from Turraea pubescens. Fitoterapia
2013, 90:119-125.

Wang XN, Fan CQ, Yue JM: New pregnane steroids from Turraea pubescens.
Steroids 2006, 71(8):720-724.

Chiplunkar YG, Nagasampagi BA, Tavale SS, Puranik VG: Vi | | ost er
dihydroxy-20 pregnen-6-one, steroid from Turraea villosa. Phytochemistry
1993, 33(4):901-903.

Blaise KK, Claude KAL, Dibi K, Jacques OKR, Kouamé DB, Barthélemy AK:
Identification of limonoids and steroids from the leaves of Turraea
heterophylla (Smith) by HPLCZSIDQTOFAMS/MS methods. Journal of
Pharmacognosy and Phytochemistry 2021, 10(6):50-55.

Owino JH, Hassanali A, Ndungd u BVb-assay guided fractionation of anti-
mosquito limonoids from Turraea abyssinica and Turraea cornucopia.
Journal of Biofertilizers & Biopesticides 2014, 5(1):142.

Sarker SD, Savchenko T, Whiting P, Gik V, Dinan L: Two limonoids from Turraea
obtusifolia (Meliaceae), prieurianin and rohitukin, antagonise 20-

169

ol

3



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

hydroxyecdysone action in a Drosophila cell line. Archives of Insect
Biochemistry and Physiology 1997, 35(1-2):211-217.

Bentley MD, Adul GO, Alford AR, Huang -Y, Gelbaum L, Hassanali A: An insect
antifeedant limonoid from Turraea nilotica. Journal of Natural Products 1995,
58(5):748-750.

Essoung FRE, Chhabra SC, Mba'ning BM, Mohamed SA, Lwande W, Lenta BN,
Ngouela SA, Tsamo E, Hassanali A: Larvicidal activities of limonoids from
Turraea abyssinica (Meliaceae) on Tuta absoluta (Meyrick). Journal of Applied
Entomology 2018, 142(4):397-405.

Irungu BN, Adipo N, Orwa JA, Kimani F, Heydenreich M, Midiwo JO, Martin
Bjoremark P, Hakansson M, Yenesew A, Erdélyi M: Antiplasmodial and
cytotoxic activities of the constituents of Turraea robusta and Turraea
nilotica. Journal of Ethnopharmacology 2015, 174:419-425.

Happi GM, Nangmo PK, Dzouemo LC, Kache SF, Kouam ADK, Wansi JD:
Contribution of Meliaceous plants in furnishing lead compounds for
antiplasmodial and insecticidal drug development. Journal of
Ethnopharmacology 2022, 285:114906.

Notten A: Turraea obtusifolia Hochst.(Meliaceae). Kirstenbosch National
Botanical Garden, Plantz Africa 2007.

Madikizela B, Ndhlala AR, Finnie JF, Van Staden J: Ethnopharmacological
study of plants from Pondoland used against diarrhoea. Journal of
Ethnopharmacology 2012, 141(1):61-71.

Luseba D, Tshisikhawe M: Medicinal plants used in the treatment of livestock
diseases in Vhembe region, Limpopo province, South Africa. 2013.
Magwede K, van Wyk BE, van Wyk AE: An inventory of Vhaven/a useful plants.
South African Journal of Botany 2019, 122:57-89.

Oyedeji-Amusa MO, Van Vuuren S, Van Wyk BE: Antimicrobial activity and
toxicity of extracts from the bark and leaves of South African indigenous
Meliaceae against selected pathogens. South African Journal of Botany 2020,
133:83-90.

Akinniyi JA, Connolly JD, Mulholland DA, Rycroft DS, Taylor DAH: Limonoid
extractives from Turraea floribunda and T. obtusifolia. Phytochemistry 1986,
25(9):2187-2189.

Fraser L-A, Mulholland DA, Taylor DAH: The chemotaxonomic significance of
the limonoid, nymania-1, in Turraea obtusifolia. South African Journal of
Botany 1995, 61(6):281-282.

Mulholland DA, Monkhe TV: Two glabretal-type triterpenoids from the
heartwood of Aglaia ferruginaea. Phytochemistry 1993, 34(2):579-580.
Akerman LA: Extractives from the Meliaceae and Icacinaceae. MSc Thesis,
Univesity of Kwazulu-Natal 1990.

Naidoo N: Extractives from the Meliaceae and Annonaceae. PhD Thesis,
University of Kwazulu-Natal 1997.

Nothias L-F, Nothias-Esposito M, da Silva R, Wang M, Protsyuk I, Zhang Z,
Sarvepalli A, Leyssen P, Touboul D, Costa J et al: Bioactivity-based molecular
networking for the discovery of drug leads in natural product bioassay-
guided fractionation. Journal of natural products 2018, 81(4):758-767.

170



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Sandhu C, Hewel JA, Badis G, Talukder S, Liu J, Hughes TR, Emili A: Evaluation
of data-dependent versus targeted shotgun proteomic approaches for
monitoring transcription factor expression in breast cancer. Journal of
Proteome Research 2008, 7(4):1529-1541.

Chambers MC, Maclean B, Burke R, Amodei D, Ruderman DL, Neumann S, Gatto
L, Fischer B, Pratt B, Egertson J et al: A cross-platform toolkit for mass
spectrometry and proteomics. Nature biotechnology 2012, 30(10):918-920.
Aron AT, Gentry EC, McPhail KL, Nothias LF, Nothias-Esposito M, Bouslimani A,
Petras D, Gauglitz JM, Sikora N, Vargas F et al: Reproducible molecular
networking of untargeted mass spectrometry data using GNPS. Nature
Protocols 2020, 15(6):1954-1991.

Myers OD, Sumner SJ, Li S, Barnes S, Du X: One step forward for reducing
false positive and false negative compound identifications from mass
spectrometry metabolomics data: New algorithms for constructing extracted
ion chromatograms and detecting chromatographic peaks. Analytical
Chemistry 2017, 89(17):8696-8703.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T: Cytoscape: A software environment for integrated
models of biomolecular interaction networks. Genome Research 2003,
13(11):2498-2504.

Moyo P, Botha ME, Nondaba S, Niemand J, Maharaj VJ, Eloff JN, Louw Al,
Birkholtz L: In vitro inhibition of Plasmodium falciparum early and late stage
gametocyte viability by extracts from eight traditionally used South African
plant species. Journal of Ethnopharmacology 2016, 185:235-242.

Irungu BN, Rukunga GM, Mungai GM, Muthaura CN: In vitro antiplasmodial and
cytotoxicity activities of 14 medicinal plants from Kenya. South African
Journal of Botany 2007, 73(2):204-207.

Mokoka TA, Xolani PK, Zimmermann S, Hata Y, Adams M, Kaiser M, Moodley N,
Maharaj V, Koorbanally NA, Hamburger M et al: Antiprotozoal screening of 60
South African plants, and the identification of the antitrypanosomal
germacranolides schkuhrin I and Il. Planta Medica 2013, 79(14):1380-1384.
Clarkson C, Maharaj VJ, Crouch NR, Grace OM, Pillay P, Matsabisa MG,
Bhagwandin N, Smith PJ, Folb PI: In vitro antiplasmodial activity of medicinal
plants native to or naturalised in South Africa. Journal of Ethnopharmacology
2004, 92(2):177-191.

Dorta E, Dgg-Marrero AR, Cueto M, D&roz L, Maté JL, San-Martgn A, Darias J:
Unusual chlorinated pregnanes from the eastern Pacific octocoral Carijoa
multiflora. Tetrahedron Letters 2004, 45(5):915-918.

Diaz-Marrero AR, Porras G, Aragon Z, delaRosaJM,Dort a E, Cuet

L, Maté J, Darias J: Carijodienone from the octocoral Carijoa multiflora. A
spiropregnane-based steroid. Journal of Natural Products 2011, 74(2):292-295.
Lindemann P: Steroidogenesis in plants - biosynthesis and conversions of
progesterone and other pregnane derivatives. Steroids 2015, 103:145-152.
Nes WD: Biosynthesis of cholesterol and other sterols. Chemical Reviews
2011, 111(10):6423-6451.

171

(0]

M,



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Veleiro AS, Cirigliano AM, Oberti JC, Burton G: 7-Hydroxywithanolides from
Datura ferox. Journal of Natural Products 1999, 62(7):1010-1012.

MacLachlan LK, Taylor DAH: Limonoids from Nymania capensis.
Phytochemistry 1982, 21(7):1701-1703.

Mulholland DA, Monkhe TV, Coombes PH, Rajab MS: Limonoids from Turraea
holstii and Turraea floribunda. Phytochemistry 1998, 49(8):2585-2590.

L. Musza L, M. Killar L, Speight P, McElhiney S, J. Barrow C, M. Gillum A, Cooper
R: Potent new cell adhesion inhibitory compounds from the root of Trichilia
rubra. Tetrahedron 1994, 50(39):11369-11378.

Zhang F, Zhu Y, Li Q, Cen J: Four new preghane steroids from Aglaia
abbreviata and their cytotoxic activities. Helvetica Chimica Acta 2016,
99(1):73-77.

Musza L, Killar LM, Speight P, Barrow CJ, Gillum AM, Cooper R: Minor limonoids
from Trichilia rubra. Phytochemistry 1995, 39(3):621-624.

Zhang Y, Wang J-S, Wang X-B, Gu Y-C, Wei D-D, Guo C, Yang M-H, Kong L-Y:
Limonoids from the fruits of Aphanamixis polystachya (Meliaceae) and their
biological activities. Journal of Agricultural and Food Chemistry 2013,
61(9):2171-2182.

Nakatani M, Okamoto M, Iwashita T, Mizukawa K, Naoki H, Hase T: Isolation and
structures of three seco-limonoids, insect antifeedants from Trichilia roka
(Meliaceae). Heterocycles 1984, 22(10):2335.

Gunatilaka AAL, da S. Bolzani V, Dagne E, Hofmann GA, Johnson RK, McCabe
FL, Mattern MR, Kingston DGI: Limonoids showing selective toxicity to DNA
repair-deficient yeast and other constituents of Trichilia emetica. Journal of
Natural Products 1998, 61(2):179-184.

Batista R, De Jesus Silva Junior A, De Oliveira AB: Plant-derived antimalarial
agents: New leads and efficient phytomedicines. Part Il. Non-alkaloidal
natural products. Molecules 2009, 14(8):3037-3072.

172



Chapter 5: Isolation, characterization and antiplasmodial
activity of compounds from Artemisia afra leaves

5.1 Introduction

5.1.1 Botany and geographical distribution

Artemisia afra Jacq. ex Willd. is a perennial woody shrub belonging to the Asteraceae
family. It is known as wild wormwood or African wormwood in English; wilde-als in
Afrikaans; umhlonyane in Xhosa; mhlonyane in Zulu; lengana in Tswana; zengana in
Southern Sotho. The genus name Artemisia derived from Artemis, who was the Greek

goddess of hunting and the spec[l,2.s name

Artemisia afra stems are hairy, leafy and ribbed; they are thick and woody at the bottom,
thin and soft at the top and can grow up to 2 meters high. The leaves are soft, dark-green
on the upper surface and light-green on the underside where they are covered with tiny

white hairs. The leaves can reach 8 cm in length and 4 cm in width [1, 2].

Artemisia afra flowers from January to June. The flower heads are small (3-4 mm in
diameter), creamy yellow and massed at the ends of the branches. The fruits are around
1 mm long, coated in silvery-white and have a slight three-angled and curved shape. The

plant has a very typical aromatic odour with a strong and sweet smell after bruising [1, 2].

Artemisia afra grows in bushy, thick and somewhat messy clumps. It is largely distributed
in southern Africa (Zimbabwe, Namibia, Swaziland, Lesotho and South Africa) and in the

mountain areas of Tanzania, Kenya, Uganda and as far north as Ethiopia [1, 2].
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Figure 5.1: Artemisia afra leaves (taken from du Toit and van der Kooy (2019) [2]).

5.1.2 Traditional uses

Artemisia afra is among the most commonly used species in South African traditional
medicine for the treatment of a variety of conditions, including coughs and colds,
whooping-cough, flu, chills, headaches, sore throat, asthma, dyspepsia, rheumatism, loss
of appetite, stomach-ache and other gastric derangements, colic, constipation, croup,
gout and as purgative, inflammation, influenza, convulsions, malaria, diabetes, bladder

and kidney disorders, as well as numerous other health problems [1, 2].

A. afra infusions or decoctions are applied as ointment to clean hemorrhoids and for
earache, while the syrup is used for bronchial problems. Leaf or root decoctions are used
to treat diabetes in the Eastern Cape Province of South Africa [3]. Vapour coming from

A. afra boiling leaves are inhaled as treatment of respiratory infections and menstrual
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chill. Fresh leaves are inserted into the nostril to treat cold and headache and into teeth

cavity to soothe toothaches [1].

5.1.3 Previous reports on the biological assaying of A. afra

The traditional use of A. afra for medicinal purposes has led the scientific community to
investigate the plant for development of new drugs. Lubbe et al. (2012) reported that A.
afra tea infusion possessed anti-HIV activity with ICso similar to that of Artemisia annua
(2 pg/mL) [4]. These results provided scientific justification for the use of A.afra in
conjunction with standard forms of treatment for people living with HIV/AIDS [5]. Molefe
et al. (2012) studied the in vitro anthelmintic effects of A. afra water and acetone extracts
against parasitic gastro-intestinal nematodes of livestock. At a concentration of 2.5 mg/mL
the acetone extract displayed 30.1% inhibition of nematode egg hatchability, while the
water extract showed only 13.5% inhibition [6]. From the study conducted by Mijigiza et
al. (2013), it was found that nebulized A. afra produced significant dose-dependent
improvements in lung function [7]. Their results supported the traditional use of A. afra in
steam inhalation to treat respiratory conditions. In another study piloted by Richter et al.
(2014), A. afra aqueous extract displayed strong insect repellent activity [8].

Gondwe et al. (2018) investigated the anti-inflammatory and anti-nociceptive effects of A.
afra water extracts in wistar rats and discovered that it significantly reduced pain [9].
Ntutela et al. (2009) evaluated the antimycobaterium potential of water, EtOH and DCM
extracts of A. afra against M. aurum and M. tuberculosis with only the DCM extract
inhibiting bacterial replication. Fractionation of the DCM extract yielded a more active
fraction displaying ICso values of 1 . 9 meagh d 2 mQ0 agairgt/ M. aurum and M.
tuberculosis, respectively, and an MIC of 10 € gmL. However, in an in vivo study, none of
the extracts, including the in vitro active fraction, showed any activity [10]. Masoko and
Nxumalo (2013) screened five plant species for their antimycobacterial effect againts M.
smegmatis (ATCC 1441). The result showed that A. afra acetone extract had an MIC of
0.39 mg/mL, while the positive control rifampicin had an MIC of 0.125 mg/mL [11].
Afolayan and Sunmonu (2011) investigated the effect of A. afra water leaf extract on the

pancreas of streptozotocin-induced diabetic rats, when administered orally. They found
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that the extract significantly reduced blood glucose levels and increased the serum insulin

concentration [12].

Liu et al. (2010) evaluated the antiplasmodial potential of various extracts of the leaves
of A. afra against P. falciparum 3D7 strains. The non-polar extracts showed weak to
moderate in vitro activity with ICso values of 8.4i1 2. 3 5 awbileé thé tea infusion
displayed no activity atthehi ghest concent r at)i[l8]nMokokast ak
(2011) screened 300 plant extracts, including A. afra, against Trypanosoma brucei
rhodesiense, T. cruzi, Leishmania donovani, and P. falciparum. The leaves of A. afra was
extracted separately in DCM, DCM:MeOH (1:1) and MeOH and displayed ICso values of
9.6,21.9and 1 5mL%gaimsyT. brucei rhodesiense, respectively, whereas against T.
cruzi, the extracts had ICso value s o f 27. 6, 54.3 and 41.
against L. donovani, the ICso values of the extracts were 5.68, 88 and 15. 1

respectively, and against P. falciparum, these exhibited ICso values of 6.22, 7.5, and 13.3

d (20

8 ¢eg/
eg/ mL.

eg/ mL, respectively. I n all «c¢asesgtvetirpingDCM e Xt

that the active ingredients may be non-polar [14]. Muthaura et al. (2015) assayed extracts
of several plant species used traditionally in Kenya for the treatment of malaria, including
A. afra leaves and the stem bark. The leaf warm water and MeOH extracts showed ICso
valuesof 4 . 6 a n dmlL3aganst thgW2strainand 10. 2 and 9.1
D6 strain, respectively. The stem bark warm water and MeOH extracts displayed 1Cso
val ues of 4 mllaganstdhe W2 Sraincagd 21.6 and 17.8 € gniL against the
D6 strain, respectively [15]. Moyo et al. (2016) evaluated the effect of A. afra acetone
extract against early and late stage gametocytes which showed activity with an 1Cso value
< 1 OmLegl®)/

From the study conducted by Clarkson et al. (2004), A. afra leaf DCM, DCM/MeOH (1:1)
and MeOH extract exhibited activity against P. falciparum D10 strain with ICso values of
5, 7.3, and 8 ¢ gL, respectively [17]. Gathirwa et al. (2007) reported that A. afra MeOH
extract was more active against P. falciparum D6 and W2 strains (ICso values 9.04 + 0.54
and 3.98 £ 0.98, respectively) than the water extract (ICso values 11.23 + 1.98 and 4.65

+ 0.64, respectively). Furthermore, the P. berghei infected mice treated with the MeOH

176

e g/ mL



extract had a longer survival time (19.21 + 3.57 days) than those treated with the water
extract (17.85 + 2.81) [18].

5.1.4 Compounds previously isolated from A. afra

Many volatile and non-volatile secondary metabolites have been identified in A. afra. It
has been reported that the volatile content of A. afra varies frequently according to
geographical variation, plant parts, drying methods and variation within the natural
population [1]. In Ethiopian oil, obtained from hydrodistillation of either fresh or dried A.
afra whole plants, artemisyl acetate and yomogi alcohol were the major components
representing 24.4i1 32.1% and 21.6 - 26.8% of the total oil, respectively [19]. Mwangi et
al. (1995) reported 1,8-cineole (67.4%) as the major constituent of the essential oil
produced by hydrodistillation of A. afra leaves from Kenya [20]. U- a n d-Thbjone (52%)
were the major component of A. afra steam-distilled volatile oil from Zimbabwe [21]. -
Thujone (52.5%) was identified as the major constituent of A. afra from South Africa [22].

Non-volatile components identified in A. afra include terpenes (sesquiterpene,
sesquiterpene lactones, diterpenes and triterpenes), flavonoids, coumarins, long-chains
alkanes, glycosides and organic acids. Jakupovic et al. (1988) isolated from A. afra
aerialparts and roots, several glaucolide- and guaianolide-type sesquiterpene lactones,
coumarins, and one glycoside [23]. More et al. (2012) isolated acacetin, scopoleti n ;
amyrin, phytol, 1 2-tihydrddybishopsolicepolide and betulinic acid from the A. afra
ethanol extract. These compounds were screened for antimicrobial activity and
scopoletin, betulinic acid and acacetin displayed good activity [24]. Bioassay-guided
fraction of petroleum ether/ethyl acetate (1:1) extract of A. afra, which showed good
antiplasmodial effect against P. falciparum PoW and Dd2 strains (ICso values 8.9 and 15.3
pg/mL, respectively), yielded acacetin, 7-methoxyacacetin, genkwanin, tamarixetin,
apigenin, chrysoeriol, diosmetin, eudesmaafraglaucolid, 1-desoxy-1U-peroxy-rupicolin A-
8-O-acetate, 1-desoxy-1U-peroxy-rupicolin B-8-O-acetate, rupicolin A-8-O-acetate,
rupicolin B-8-O-acetate, 1,13-dehydromatricarin, 1U,4U-dihydroxybishopsolicepolide and
1U,4U0-8U-trihydroxyguaia-2,9,11(13)-triene-12,6 U-olide-8-O-acetate [25]. These
compounds were assayed against P. falciparum PoW and Dd2 strains and 7-

methoxyacacetin (84) displayed the best activity with ICso values of 4.3 and 7.0 ug/mL,
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respectively, while acacetin (85), genkwanin (86) and 1-desoxy-1U-peroxy-rupicolin A-8-
O-acetate (87) showed a good activity against the PoW strain (ICso < 10 pg/mL) [25].
Through bioassay-guided fractionation of the gametocytocidal A. afra acetone extract,
Moyo et al. (2019) isolated two guai anol i de sesquiter
dihydroxybishopsolicepolide (88) and yomogiartemin (89), which displayed good potency
(ICso < 1 OmL§ agdinst both gametocytes and asexual P. falciparum parasites [26].

Sotenjwa et al. (2020) explored the variation in the non-volatile constituents of A. afra
collected from various area of South Africa. They concluded that quantitative, rather than

qualitative differences, distinguished the samples [27].

OH O
RO 0
R= CHs, R4= CHs: 84 OR;

R=H,R;=CH; 85
R= CHs, Ry=H: 86

Figure 5.2: Chemical structures of antiplasmodial compounds previously isolated from A.
afra: 7-O-methylacacetin (84), acacetin (85), genkwanin (86), 1-desoxy-1 U
peroxy-rupicolin A-8-O-acetate (87) ,  1-dihyddoklybishopsolicepolide (88)
and yomogiartemin (89).
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5.2 Material and Methods

5.2.1 Collection, extraction and fractionation of A. afra leaves

The sample utilised for extraction and fractionation consisted of dry powdered leaves of
A. afra used in a previous study by Moyo et al. (2019) [16]. They were collected from the
Manie van der Schijff Botanical Garden at the University of Pretoria, Hatfield campus in
July 2014 and the voucher specimen was deposited at the H.G.W.J. Schweickerdt
Herbarium of the University of Pretoria (voucher number PRU 121,389). The dry
powdered leaves (20 g) were extracted repeatedly (3 times) for 12 hours with 210 mL of
acetone at room temperature under constant shaking at 200 rpm using the FMH 200
shaker (FMH Electronics, RSA). After filtration, the extract was concentrated using a
rotary evaporator and further dried under vacuum using a Genevac EZ-2 Plus
Evaporating System (Genevac Ltd., Ipswich, United Kingdom). The dry extract was kept

in the cold room.

The extract (375 mg) was fractionated using a ppSPE workstation on a C8 cartridge with
eluent of H20, MeOH and MeCN in the following combinations: for Fractions 1 to 6:
H20/MeOH 95:5, 80:20, 60:40, 40:60, 20:80, 00:100, respectively, and for Fraction 7:
MeOH/MeCN 50:50. The fractions collected (8 mL each) in pre-weighed 10 mL
polypropylene 2D-barcoded tubes were concentrated to dryness using a Genevac EZ-2

Plus Evaporating System (Genevac Ltd., Ipswich, United Kingdom).

The fractions and the crude extract were then assayed for their antiplasmodial activity

against the asexual P. falciparum NF54 strain.

5.2.2 Antiplasmodial screening
The full dose-responses of extract, fractions and pure compounds against the asexual P.
falciparum NF54 strains were determined in vitro using the Malaria SYBR Green I-based

fluorescence assay as described in Chapters 2 and 3 (see sections 2.2.6 and 3.2.6.1).

The fractions and crude extract were all analysed by UPLC-QTOF-MS analysis. Using
the biological screening and UPLC results, they were analysed for biological scoring.
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5.2.3 UPLC-QTOF-MS analysis of A. afra extract and fractions

The crude extract and fractions were analysed using the UPLC-QTOF-MS operating in
DDA mode run in both positive and negative modes as described in Chapter 4 (Section
4.3.2). Compounds were tentatively identified using the GNPS platform and by generating
molecular formula from MassLynx V 4.1 based on their isotopic fit value (iFit value), and
by comparison of MS/MS fragmentation pattern with that of matching compounds from

Metfrag and Dictionary of Natural products.

5.2.4 Biological scoring

The biological scoring was conducted as described in Chapter 4 (Section 4.2.4). The
UPLC experimental raw data were converted .mzXML file using MSConvert tool from the
ProteoWizard (Version: 3.0.22054-a46e8bb) [28]. The following parameters were used
for spectral feature detection, which was performed with MZmine2 (release 2.53): mass
detection using the centroid algorithm, scan MS level 1 (noise level, 1.0E1) and scan MS
level 2 (noise level, 1.0E2); ADAP chromatogram builder (min group size in # of scans,
5; group intensity threshold, 3.0E1; min highest intensity, 3.0E1; m/z tolerance, 0.002 m/z
or 10 ppm); chromatogram deconvolution using baseline resolver (minimum peak height,
3.0E3, peak duration range (min), 0.01-2, baseline level, 1.0E3); isotopic peak grouper
(m/z tolerance, 0.002 m/z or 10 ppm; retention time tolerance in minutes, 0.1; maximum
charge, 2; representative isotope, most intense) alignment using the join aligner [m/z
tolerance, 0.2 m/z or 10 ppm; weight for m/z, 75; retention time tolerance, 0.1 (abs);
weight for retention time, 25], and gap filling using peak finder (intensity tolerance, 10%,
m/z tolerance 0.2 m/z or 10 ppm, retention time tolerance 0.1, minimum data points, 1).
for features detection, chromatogram building [29].

Two output files, .mgf (MS/MS for GNPS) and .csv (table with relative quantitative
information) were obtained by usingi Ex por t f dheseGbr® plbaded on the
dedicated Feature-Based Molecular Networking platform on GNPS. The precursor and
fragment ion mass tolerance were kept at 0.02. Output data were open and visualized
using Cytoscape 3.8.1 software [30]. R-based Jupyter notebook was used to predict the

bioactivity score significance.
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5.2.5 Large scale extraction and liquid-liquid partitioning of A. afra

To facilitate the isolation of compounds, additional dry A. afra leaves were obtained from
the Agricultural Research Council (ARC) South Africa (we are grateful to Mr. Meshack
Mofokeng for providing the cultivated material). The plant material was ground to a coarse
powder using a grinder (Polymix, PX-MFC 90 D, Lasec, Gauteng, South Africa). The dry
powdered leaves (257 g) were extracted repeatedly (3 times) for 12 hours with 2 L of
acetone at room temperature using a shaker (speed set at 200 rpm). After filtration, the
extract was concentrated and then dried under vacuum using a rotary evaporator and a
Genevac EZ-2 Plus Evaporating System, respectively. Having in mind the possible
variation of A. afra constituents based on geographical collection sites, the dry extract
was submitted for UPLC-QTOF-MS to compare its chemical profile with that which was
used for the antiplasmodial testing. The two extracts were similar (with small differences,
especially in peak intensities) and were subsequently combined, re-suspended in 500 mL
of MeOH/H20 (85:15) and partitioned with hexane (31 5 0 0. Tha upper hexane layer
was separated using a separating funnel and hexane evaporated under reduced pressure
using a rotary evaporator. The bottom MeOH/H20 (85:15) layer was repartitioned with
DCM 3 1 5 D Bothmthe DCM and MeOH/H20 (85:15) layers were collected
separately and dried under vacuum. All resulting fractions were concentrated using the
rotary evaporator and further dried under vacuum using a Genevac EZ-2 Plus
Evaporating System. They were analysed on HPLC-MS to select the fraction containing
the target ions identified through biological scoring using the Waters 2767 HPLC system
equipped with PDA (2998) and MS detectors (Waters, Milford, MA, USA).

5.2.6 HPLC-MS analysis of fractions for further purification

The fractions from the liquid-liquid partitioning and flash silica chromatography were
analysed by HPLC-MS to select those that contained the target compounds tentatively
identified through the UPLC-QTOF-MS analysis. The Waters 2767 HPLC system
equipped with PDA (2998) and MS detectors (Waters, Milford, MA, USA) was used. 10
mg of each fraction was dissolved in 1 mL HPLC grade MeOH, filtered through a 0.22 pm
nylon syringe filter (13 mm diameter) and then subjected to analysis using an XBridge
Cl8 analytical column (4.6 mm Xxphask nsistad, of
water + 0.1% FA (Solvent A) and MeCN + 0.1% FA (Solvent B) applied in the following
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gradient: 0 min 5% B, 1 min 5% B, 16 min 100% B, 18 min 100% B, 20 min 5% B, 22 min
5% B. The run time was 22 min with a flow rate of 1 mL/min. The cone voltage was set to
10 V. Data were gathered between 100 and 850 m/z and the Waters Acquity QDa mass
spectrometer was operated in both positive and negative ionization ion modes. The

hexane and DCM partitioned fraction were selected for purification.

5.2.7 Fractionation using flash silica chromatography

The partitioned DCM fraction (7.74 g) was subjected to fractionation on a BUCHI Pure C-
815 Flash system. It was dissolved in 8 mL of DCM for liquid injection on the column. A
prepacked silica FP EcoFlex Si 220 g column was used (50 pym irregular, maximum
pressure rating 250 psi). The column was eluted with n-hexane (solvent A) and EtOAc
(solvent B) in the following gradient: 10% B (0-12 min), 15% B (13-22 min), 20% B (23-
31 min), 30% B (32-41 min), 50% B (42-51 min), 70% B (52-60 min), 100% B (61-78 min),
the column was then gradually washed with EtOAc (solvent B) and MeOH (solvent C)
starting with 5% C to 30% C. The total run time was 120.7 min (equilibration time, 7.0 min
included). The flow rate was 120 mL/min. PDA and ELSD detectors were used for
detection and all fractions that eluted from the column was collected (including peaks
detected and non-detected peaks) in test tubes (17 mL per tube). The separation provided
40 fractions. Only fractions collected in sufficient quantities were analysed on the Waters
2767 HPLC system using the XBridge C18 analyticalc ol umn (4. 6 mm x 150
Waters) equipped with a Qda detector to identify fractions with compounds of interest.
The chromatographic conditions were the same as that used to analysed fractions from

the liquid-liquid partitioning.

Fraction 20 (596 mg) collected from the DCM partitioned fraction was subjected to further
fractionation on a BUCHI Pure C-815 Flash system using a prepacked silica FP EcoFlex
Si 12 g column. The fraction was dissolved in 1 mL of DCM for injection on the column.
The column was eluted with hexane (solvent A) and ethyl acetate (solvent B) in the
following gradient: 20% B (0-2 min), 30% B (3-12 min), 40% B (13-22 min), 50% B (23-
28 min), 70% B (29-34 min), 100% B (35-46 min), after which the column was gradually
washed with ethyl acetate (solvent B) and MeOH (solvent C) starting with 5% C to 30%
C. The total run time was 67.7 min (equilibration time 4.0 min included). The flow rate was
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30 mL/min. PDA and ELSD detectors were used for detection and all fractions that eluted
from the column was collected (including peaks detected and non-detected peaks) in test
tubes (17 mL per tube). The separation provided 5 sub-fractions. These fractions were
analysed on the Waters 2767 HPLC system using the XBridge C18 analytical column (4.6
mmx 150 mm, 5 & mto idéNtfy theose £gntaining target compounds.

The partitioned hexane fraction (6.83 g) was subjected to fractionation on a BUCHI Pure
C-815 Flash system. It was dissolved in 6 mL of hexane for liquid injection on the column.
A prepacked silica FP EcoFlex Si 220 g column was used (50 um irregular, maximum
pressure rating 250 psi). The column was eluted with hexane (solvent A) and ethyl acetate
(solvent B) in the following gradient: 0% B (0-10 min), 5% B (11-21 min), 10% B (22-32
min), 15% B (33-42 min), 20% B (42-52 min), 30% B (53-62 min), 50% B (63-72 min),
100% B (73-80 min), following which the column was gradually washed with ethyl acetate
(solvent B) and MeOH (solvent C) starting with 5% C to 30% C. The total run time was
111.7 min (equilibration time 7.0 min included). The flow rate was 120 mL/min. PDA and
ELSD detectors were used for detection and all fractions that eluted from the column was
collected (including peaks detected and non-detected peaks) in test tubes (17 ml per
tube). The separation provided 29 fractions. These fractions were analysed on the Waters
2767 HPLC system using the XBridge C18 analyticalc ol umn (4. 6 mm x 150
Waters), to identify those having target masses.

5.2.8 Purification of compounds

Fraction 17 (253 mg) collected from the DCM partitioned fraction was subjected to mass-
directed purification using Waters 2767 auto-purification system. It was dissolved in 2 ml
HPLC grade MeOH and filtered through a 0.22 um nylon syringe filter (13 mm diameter)
to remove all solid particles. Chromatographic conditions were optimized on an XBridge
Cl8column( 4. 6 mm x 150 mm, 5 eumscaliysotthe XBsidJge Rrapd b ef o
Cl8 column (19 mm x 2uSifythmWatersiPrep QalculaWiasoftevares )
The mobile phase consisted of H20 + 0.1% FA (Solvent A) and MeCN + 0.1% FA (Solvent
B), applied in the following gradient: 0 min, 5% B, 1.67 min, 5% B, 30.00 min, 100% B,
34 min, 100% B, 36 min, 5% B, 38 min, 5% B. The total run time was 38 min. The injection
volume was 350-400 € L The flow rate was 20 mL/min. Data was collected using
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MassLynx 4.1 software (Waters, USA). The preparative HPLC system was interfaced with
a Qda and 2998 PDA detectors. Fractions were collected in test tubes (about 8 ml
capacity) using the Waters 2767 fraction collector, which placed the target peaks based
on their m/z in various separate test tubes. After five separate injections, the collected
peaks with the same m/z were combined and subsequently concentrated to dryness
under vacuum by using a Genevac EZ-2 Plus Evaporating System. The purity of collected
peaks was analysed using *H NMR and five peaks were pure compounds. These were
1-dehydroartemorin (93) , 7-trirBettiylguedgetin (97) 7-tri-@-NjethyINiteolin (95),
retusin (98) and 7-O-methylacacetin (84). 7-O-methylacacetin was recrystallized as
follows: A saturated solution of the compound in DCM/MeOH (2:8) was prepared while
heating the vial in a water bath kept at 60 °C. The solution was allowed to cool to room
temperature and then it was stored in a cold room (kept at around 10 °C) for 3 days. The
crystals precipitated from the solution. A single crystal was collected from the solution

and subjected to XRD for structure elucidation.

Fraction 18 (43 mg) collected from the DCM partitioned fraction was resolved on the
Waters 2767 auto-purification system using the same chromatographic conditions as for
Fraction 17. Five peaks were collected, dried and then analysed by 'H NMR. The
separation provided acacetin (85), 7, 3-tmedhNpuercetin (97), 7, 3-tkifO4 N;j
methylluteolin (95), and 7-O-methylacacetin (84). Acacetin was recrystallized using the
vapor diffusion technique. A concentrated solution of acacetin was prepared in MeOH in
a small vial. This small vial was then placed in a larger vial containing DCM. The large
vial was sealed and all was kept at room temperature for one week, which allowed the
crystal to growth. A single crystal was collected from the solution in the small vial and

subjected to XRD for structure elucidation.

Fraction 19 (1.01 g) collected from the DCM patrtitioned fraction was dissolved in 5 ml

HPLC grade MeOH and filtered through a 0.22 pum nylon syringe filter (13 mm diameter)

and subjected to mass-directed purification using the Waters 2767 auto-purification

system. After optimizing the chromatographic conditions on the XBridge C18 column (4.6

mm x 150 mm, 5 &m, Weas eomejed ontthie XBridgs BrépaCtl8 o n
column (19 mm x 250 mm, ePhasemonsistéd of wates40.1% T h e mo
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FA (Solvent A) and MeOH + 0.1% FA (Solvent B), applied in the following gradient: O min,
10% B, 1.67 min, 10% B, 30.00 min, 100% B, 34 min, 100% B, 36 min, 10% B, 38 min,
10% B. The total run time was 38 min. The injection volume was 400 ¢ L The flow rate
was 20 mL/min. Data were collected using MassLynx 4.1 software (Waters, USA). Waters
2767 fraction collector collected target peaks, based on their m/z, in various separate test
tubes (about 8 ml capacity). After twelve separate injections, the collected peaks with the
same m/z were combined and then dried under vacuum by using a Genevac EZ-2 Plus

Evaporating System. The separation provided arteanoflavone (96) and acacetin (85).

42 mg of the Sub-Fraction 2, collected from further fractionation of Fraction 20 on BUCHI
Pure C-815 Flash system, were purified using mass-directed purification on the Waters
2767 auto-purification system. A semi-preparative XBridge C18 column was used (10 mm
X 150 mm, 5 ). Then mobil¥ phase rcansisted of water + 0.1% FA (Solvent A)
and MeCN + 0.1% FA (Solvent B), applied in the following gradient: 0 min, 25% B, 3.00
min, 25% B, 8.00 min, 50% B, 13 min, 50% B, 14 min, 60% B, 20 min, 100% B, 22.00
min, 100% B, 23.00 min, 25% B, 24.00 min, 25% B. The total run time was 24 min. The
injection volume was 50-100 ¢ Land the the flow rate was 5 mL/min. Data were collected
using MassLynx 4.1 software (Waters, USA). Waters 2767 fraction collector collected
target peaks, based on their m/z, in various separate test tubes (about 8 ml capacity).
After three separate injections, the collected peaks with the same m/z were combined
and then dried under vacuum by using a Genevac EZ-2 Plus Evaporating System. The

separation provided verlotorin (92) and acacetin (85).

264 mg of Fraction 11 collected from the hexane partitioned fraction were dissolved in 1
ml of HPLC grade MeOH, filtered through a 0.22 um nylon syringe filter (13 mm diameter)
and subjected to mass-directed purification using the Waters 2767 auto-purification

system. After optimizing the chromatographic conditions on the XBridge C18 column (4.6

mm x 150 mm, 5 &m, Waters), tthie XBridge BrépaCtl8 o n
column (19 mm x 250 mm, efhasemonsistéd of wates+0.1%T h e

FA (Solvent A) and MeOH + 0.1% FA (Solvent B), applied in the following gradient: 0 min,
10% B, 1.67 min, 10% B, 30.00 min, 100% B, 34 min, 100% B, 36 min, 10% B, 38 min,
10% B. The total run time was 38 min. The injection volume was 200 -300 ¢ L The flow
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rate was 20 mL/min. Data were collected using MassLynx 4.1 software (Waters, USA).
Waters 2767 fraction collector collected target peaks, based on their m/z, in various
separate test tubes (about 8 mL capacity). After four separate injections, the collected
peaks with the same m/z were combined and then dried under vacuum by using a
Genevac EZ-2 Plus Evaporating System. The separation provided costunolide (91),

zuurbergenin (90) and 2-oxo-phytodienoic acid methyl ester (94).

5.2.9 Structure elucidation of compounds isolated from A. afra

The structures of the isolated pure compounds were elucidated using a combination of
spectroscopic techniques including 1D and 2D NMR spectroscopy and UPLC-MS
spectrometry.

1D and 2D NMR spectra were recorded at room temperature on Bruker AVANCE |1l 500
MHz spectrometer. Deuterated solvents were used to dissolve the compounds,
deuterated methanol (CDsOD) (Merck), deuterated dichloromethane (CD2Cl2) (Sigma-
Aldrich), and deuterated chloroform (CDClIs) (Sigma-Aldrich). The chemical shifts are
repor t ed -scal)apdghecalibtations of the spectra were done by using the trace
protons from the deuterated solvents, for DMSO-d6 = nii 2.50a n dci 89.52, CDCl3 =
Ui 7. 26 @ wdl6,tand CD2Cl2= wli 5. 3 2 @i 54100.Urhe coupling constants
flo are given in Hertz (Hz).

Single crystals of 7-O-methylacacetin (84) and acacetin (85) were analyzed by Dr. Frikkie
Malan (Crystallographer, Department of Chemistry, University of Pretoria) on a Rigaku
XtaLAB Synergy R diffractometer, with a rotating-anode Cu X-ray source and a HyPix
CCD detector. Data reduction and absorption were carried out using the CrysAlisPro
(version 1.171.40.23a) software package [31]. All X-ray diffraction measurements were
performed at 150(1) K, using an Oxford Cryogenics Cryostat. All structures were solved
by direct methods with SHELXS-2013 [32] using the OLEX2 [33] interface. All H atoms
were placed in geometrically idealized positions and constrained to ride on their parent
atoms. For data collection and refinement parameters, see the supplementary data

(Tables Supplementary data 121-122).

X-ray crystallography data of acacetin (85): C16H120s, M = 284.26, a = 3.81430(10) A, b
=13.8124(4) A, c=24.1141(6) j , @0°%= b = 9°3. 3 6,4 £ 2P8.26(6) A3, T
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=150 K, space group P 21/n,Z=2,&¢ ( Ce KU) nmm0!, TBetfidal R1 values were: R
= 0.0678, wR2 = 0.1510 and S = 1.045. R-Factor: 6.78%.

X-ray crystallography data of 7-O-methylacacetin (84): Ci7H1405, M = 298.28, a =

16.90796(15) A, b = 3.80394(4) A, c = 21.64241(19) A, (®0°= B1066321(9)°, 9
90°, V = 1333.74(2) A3, T = 150 K, space group P 21/c, Z=4, ¢ ( Ce K UBp3 mwmdL.

The final R1 values were: R = 0.0380 (2650), wR2 = 0.1064(2810) and S = 1.087. R-

Factor: 3.8%.

5.3 Result and discussion

5.3.1 Extraction and fractionation of A. afra

The dry ground leaves (5 g) of A. afra were extracted three times with acetone producing
74.7 g of a slurry extract corresponding to 9.4% yield. 261 mg of the crude acetone extract
was fractionated using the ppSPE workstation to produce seven fractions labelled as F1-
F7 (F1=5.8 mg, F2=4.7 mg, F3 = 8.4 mg, F4=16.9 mg, F5=53.3 mg, F6=49.0 mg, F7=
50.9 mg). The recovery yield was approximately 72%. All fractions and the crude extract
were evaluated for their inhibitory activities against asexual P. falciparum NF54 strains.

5.3.2 Effect of A. afra leaf extract and fractions on asexual P. falciparum viability

The extract and all seven fractions from SPE fractionation were screened in vitro against

the asexual P. falciparum NF54 strain in a full dose-response assay. Table 5.1 indicates

the I1Cso0 values obtained for each fraction and extract.

Table 5.1: In vitro full dose-response activity of A. afra leaf acetone extracts and
subsequent fractions from SPE fractionation. Concentration range i 100

eg/ mL to 0. 3@nt corgeéntration, (te@hnical duplicates, n=1).
Chloroquine used as control with ICso of 10.4 nM.

Sample name ICs0 value (ug/mL)
Extract 11.0
F1 69.3
F2 42.9
F3 16.6
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F4 13.2

F5 5.2
F6 8.8
F7 14.6

Distinct inhibitory activities were observed for the extract and fractions. Based on the
classification criteria used by Moyo et al. (2016) (ICso < 10 pg/mL i good activity; 20 O
ICso > 10 T moderate activity) [16], the fractions F5 and F6 displayed good activity with
ICs0 values less than 10 pg/mL (5.2 and 8.8 pg/mL, respectively). This indicated that the
fractionation concentrated most of the active ingredients in Fraction F5 and these are
relatively moderate polar (eluted with water/MeOH 20:80 on a C8 column). Further, the
fractionation showed improved activity as F5 was two-fold more active than the crude
extract. The crude extract, Fractions F3, F4 and F7 displayed moderate inhibitory effects
(ICs0 values between 10 and 20 pug/mL) on the viability of asexual P. falciparum NF54,
while F1 and F2 showed no or minimal activity (ICso values > 20 pg/mL). The
antiplasmodial activity of A. afra leaf acetone extract observed in this study are consistent
with previous reports on the antiplasmodial potency of A. afra leaves, though prepared
most of the times with different solvents. For example, A. afra leaf DCM, DCM/MeOH
(2:1) and MeOH extracts displayed ICso values of 5, 73 and 8 e€g/ mL,,

respe

against D10 strain[17]and 6.22,7.5and 13 . 3 ¢ g/ m,dlagainst Klstpam [l4].i vel y

In one study, the MeOH extract exhibited ICso values 9.04 £ 0.54 and 3.98 + 0.98 against
D6 and W2 strains, respectively [18]. In another study, the leaf MeOH extract displayed
ICs0 values of 3.9 and 9.1 £ gmlL against the W2 and D6 strains, respectively [15]. An
interesting study was published by Kane et al. (2019) on the variation in the antiplasmodial
activity of A. afra extracts collected from five different countries. Their report showed that
the EtOH, DCM and hexane extracts prepared from Burundi samples showed good
activity for (ICso < 10 pg/mL) against W2 and D6 strains with the hexane extract being the
most active displaying a low ICso of 0.715 + 0.10 pg/mL against W2; while for the samples

collected from Senegal, only the DCM and EtOH extracts demonstrated good activity
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against the W2 strain with 1Cso values of 4.85 + 1.43 and 4.85 + 1.43 pg/mL, respectively,
whereas all the extracts prepared from sampl e:
any good activity with only the DCM extracts displaying a moderate activity with 1Cso
values ca. 11 pg/mL; and the EtOH extract prepared from samples from Tanzania,

displayed good activity with ICsp value of 9.64 + 0.13 pg/mL [34].

The extract and all seven fractions were analysed by UPLC-QTOF-MS under the DDA

mode in order to determine the biological score of each compound.

5.3.3 UPLC-QTOF-MS analysis and biological scoring of extract and fractions of
A. afra leaves

Extracts and fractions were subjected to bioactivity molecular networking to identify

potential bioactive ions. The results provided 11 ions with r > 0.85 and p value < 0.03

(Table 4.2) and were considered to be potential bioactive compounds. These were from

two classes of compounds, flavonoids and sesquiterpenes. One of these was tentatively

identified as acacetin.

Table 5.2: Selected ions from biological scoring analysis.

Parent r value p value RT (min) | Note Formula of | Possible
mass possible compound or class
compound | of compounds
945.5661 0.9839 1.03E-5 15.56 Unidentified
255.2539 0.9845 9.23E-6 10.54 Frag. of C16H1205 Acacetin
283.0803
[M-HJ
113.0025 0.9840 1.02E-5 7.77 ND Unidentified
78.9739 0.9884 3.87E-6 12.85 Frag. of C15H2004 Sesquiterpene
263.1535
[M-HJ
831.5224 0.9858 7.13E-6 NA ND Unidentified
339.227 0.9860 6.73E-6 11.26 ND Unidentified
309.2003 0.9833 1.14E-5 11.50 Ci18H3004 Flavonoid
109.0457 0.9836 1.10E-5 9.13 Frag. of Sesquiterpene
265.1640
[M-HJ
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109.0453 0.9884 3.90E-6 6.17 Frag. of | CisH1sO3 Sesquiterpene
245.8487
[M-H]

519.2617 0.9824 1.35E-5 13.62 Cs0H4807 Triterpene

The GNPS library and online databases (MetFrag and Dictionary of Natural Products)
were also used to tentatively identify the compounds in the most active fraction F5 (Figure
5.3). Two main class of compounds, sesquiterpenes and flavonoids, were detected, but
a total of seven compounds were identified as scopoletin, axillarin or tomentin,

arteanoflavone, pillion, acacetin, tri-O-methylluteolin and 7-O-methylacacetin.
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Figure 5.3: UPLC-MS chromatogram with expansion of region 5-12 min of ESI positive-
mode BPI chromatogram of active Fraction 5.

The peak at m/z 193.0506 (Peak 1), at a retention time 5.24 min, had a molecular formula
C10H9O4 with a normalised iFit value of 0.091, which corresponded to the [M+H]* ion. The
fragmentation pattern observed was in agreement with that reported for scopoletin [35,
36]. The peak at m/z 347.0767 (Peak 2, RT 7.55 min) had a molecular formula C17H150s
([M+H]*) with a normalized iFit value of 0.005. Analysis of the MS/MS data revealed that
the compound was a dimethoxylated flavonoid, which matched axillarin and tomentin,
previously identified in various Artemisia species [37, 38]. The peak at m/z 375.1081
[M+H]* (Peak 3, RT 9.67 min) had the molecular formula C19H190s ([M+H]") with a

normalized iFit value of 0.011. The analysis of the MS/MS data indicated that it was a

190



flavonoid, matching arteanoflavone, a compound previously isolated from Artemisia
hispanica [39]. The peak at m/z 285.0775 [M+H]* (Peak 4, RT 10.09 min) had the
molecular formula Ci6H130s ([M+H]*) with a normalized iFit value of 0.002. The MS/MS
data analysis suggested that it was a mono-methoxylated flavonoid and was identified as
acacetin, a compound previously isolated from A. afra aerialpart [24]. The peak at m/z
315.0879 [M+H]* (Peak 5, RT 10.39 min) had a molecular formula Ci7H1506 with a
normalized iFit value of 0.003. From the MS/MS data analysis and it matched
methylcapillarisin or pillion. The peak at m/z 329.1025 [M+H]* (Peak 6, RT 11.04 min)
had a molecular formula C1sH1706 ([M+H]*) with a normalized iFit value of 0.003. Analysis
of the MS/MS data revealed that it was a three-methoxylated flavonoid and was identified
as a tri-O-methylluteolin. The peak at m/z 299.0910 [M+H]* (Peak 7, RT 11.87 min) had
the molecular formula C17H150s5 ([M+H]*) with a normalized iFit value of 0.002. Analysis
of the MS/MS data revealed that it was a flavonoid identified as 7-O-methylacacetin, a
compound which had previously been isolated from A. afra leaves [25].

Table 5.2: Analysis of UPLC data of A. afra leaf SPE active Fraction F5 run in ESI
positive-mode.

Peak | RT Acquired | Formula | Theoretical | Possible Mass | MS/MS Data
(min) structure (fragments)
[M+H]* of [M+H]* error
m/z possible | m/z (ppm)
structure
1 5.24 | 193.0506 | CioHsOs | 193.0501 Scopoletin 2.6 178.0812 | [M+H-CHa]*
132.0872 | [M+H-
COCHsOH]*
2 7.59 | 347.0765 | Ci7H140s | 347.0767 Axillarin or -0.6 332.0533 | [M+H-CHjs]*
Tomentin
317.0296 | [M+H-
2CH3s]*
289.0350 | [M+H-2CHs-
COoJ*
261.0398 | [M+H-2CHs-
2COJ*
3 9.67 | 375.1081 | CigH180s | 375.1080 Arteanoflavone 0.3 360.0846 | [M+H-CHs]*
345.1001 | [M+H-
2CH3J*
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330.0372

[M+H-
3CHjsJ*

327.0515

[M+H-2CH-
H20]*

299.0577

[M+H-3CHs-
20HJ*
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285.0778

C16H1205

285.0763
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3.9

270.0540

[M+H-CHa]"
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C17H1406

315.0869
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3.2

300.0638

[M+H-CHa]*

272.0693

[M+H-CHs-
CoJ*

243.0657

[M+H-CHs-
2COJ*

11.04

329.1025

C18H1606

329.1025
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[M-2CHa]*

270.0523

[M-3CH3]*

242.0577

[M-3CHa-
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7-0O-
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CO-CHjsJ*
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OH O

R R, H,CO
AN
Rs
Ry o) HO 0 o)
Scopoletin
R4
Rs
R= OCH3, R1= OH, R2= OCH3, R3= OH, R4= OH, R5= H: Axillarin
R= OH, R4= OCH3;, R,= OCHj3, R3= OH, R4= OH, Rs= H: Tomentin
R=H, R4= OH, R,=H, R3= H, R4= OCH3, Rg= H: Acacetin
R= OCHj3;, R4= OH, R,= H, R3= OCHs;, R4= OCH3, Rs= OCH3: Arteanoflavone
R= OCH3, R4= OH, R,= H, R3= H, R4= OCHs;, R5= H: 4'-Methylcapillarisin
R=H, R4= OCH3;, R,= H, R3= OH, R4=OCHj;, Rs= H: Pilloin
R= H, R1= OCH3, R2= H, R3= OCH3, R4= OCH3, R5= H: Tri-O-MethyIIuteoIin
R=H, R4= OCH3;, R,= H, R3= H, R4= OCH3, Rg= H: 7-O-Methylacacetin

Figure 5.4: Chemical structures of compounds tentatively identified in the active fraction
5 from A. afra leaf extract.

5.3.4 Isolation and purification of compounds from A. afra leaves

To enable the isolation of compounds, fresh samples of dried A. afra leaves were obtained
from ARC South Africa (we are grateful to Mr. Meshack Mofokeng). They were ground to
fine powder. The resulting powdered plant materials (257 g) were extracted with acetone
to produce 27.7 g of gum type extract after solvent evaporation, corresponding to a 10.7%
yield. The dried acetone extract (27 g) was resuspended in MeOH/H20 (85:15) and
successively partitioning with hexane and DCM providing 6.83 g of n-hexane, 7.74 g of
DCM and 5.59 g of H2.O/MeOH fractions. After analysis of the three resulting fractions
using HPLC-MS, the DCM and hexane fractions were considered for purification as it

contained the target compounds.

The partitioned DCM fraction (7.74 g) was fractionated on a BUCHI Pure C-815 Flash
system. The separation provided 40 fractions and those collected in sufficient quantities
(O 20 mgnplysedeomn HPLC-MS and the fractions containing the targeted masses
were selected for further purification. The purification of Fraction 17 (253 mg) using mass-
directed preparative (prep) HPLC-MS provided 7.00 mg of 1-dehydroartemorin (RT: 16.57
mi n) , 0.81 -mmgi mdt h7y,I3gNj,edNjet i n (RT: 2-0-02 8 mi n
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methylluteolin (RT: 21.54 min), 1.55 mg of 7-O-methylacacetin (23.33 min), and 1.08 mg
of retusin (RT: 22.32 min).

Fraction 18 (43 mg) was purified using mass-directed prep HPLC-MS and yielded 5.01

mg of acacetin (RT: 1 9 . -ttirfethylguencetin (RT: .2G2F min)g o f
0. 48 mg -woi-D-méthylButdplid(RJ: 21.51 min), and 3.67 mg of 7-O-methylacacetin

(RT: 23.33 min). Likewise, Fraction 19 was further purified using mass-directed HPLC-

MS and gave 2.74 mg of arteanoflavone (RT: 23.22 min) and 6.24 mg of acacetin (RT:

24.33 min).

Fraction 20 was further fractionated on the BUCHI Pure C-815 Flash system. The
separation provided 5 sub-fractions. Sub-Fraction 2 was purified using mass-directed
prep HPLC to provide 4.08 mg of verlotorin (RT: 8.89 min) and 1 mg of acacetin (RT:
11.15 min).

The partitioned hexane fraction was also fractionated on the BUCHI Pure C-815 Flash
system. The separation provided 29 fractions. Fraction 11 (264 mg) was purified using
mass-directed prep HPLC to yield 0.8 mg of costunolide (RT: 23.43 min), 1.41 mg of
zuurbergenin (RT: 24.16 min) and 0.56 mg of 2-oxo-phytodienoic acid methyl ester (RT:
27.40 min)

5.3.5 Structure elucidation of compounds extracted from A. afra leaves

5.35.1 Zuurbergenin (90)

Compound 90 was isolated as a white powder. Its molecular formula Ci7H2004 was
deduced from H and *3C NMR spectra. The UPLC-QTOF-MS chromatogram displayed
a fragment at m/z 229.1282 [M-CH3COO-|* with formula Ci1sH1702 (calcd. for C1sH1702
229.1229) which corresponded to the loss of acetyl moiety. The *H NMR spectrum
showed an acetyl signal at Un 2.14 (3H, s, CH3-17), two tertiary methyls at Gn 1.97 (3H, s,
15-CHs) and Un 1.79 (3H, s, 14-CHs). Further, two doublet signals appearing at Un 6.13
(1H, d, J = 3.2 Hz, H-13a) and 5.62 (1H, d, J = 3.2 Hz, H-13b) were assigned to an
exocyclic olefinic methylene from HSQC spectrum. These methylene protons correlated
in the HMBC spectrum with C-11 (lic 138.0), C-7 (lc 56.0), and the carbonyl at Uc 169.6
(C-12). Additionally, the HMBC correlations (Figure 5.5) between H-7 (Un 3.19, dddd, J =
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3.0, 10.3 Hz) and C-11 (uc 138.0) and C-6 (tc 83.0) enabled the assignment of the five-
membered lactone ring. The seven-membered ring was constructed from HMBC
interactions between H-7 with C-6, C-8 (lc 71.1), and C-9 (lc 41.8), methylene protons
at i 2.55 (1H, t, J = 13.0 Hz, H-9U) and 2.32 (1H, dd, J = 13.0, 2.3 Hz, H-9b) with C-1
(lc 125.5), C-5 (lc 55.6), C-10 (Uc 139.0), C-14 (Uc 22.9), C-7, and C-8 and the following
cross-peaks COSY interactions H-5/H-6, H-6/H-7, H-7/H-8, H-8/Ha-9, Hb-9. Further, the
cyclo-penten ring was likewise deduced from the HMBC correlations of 15-CHs with C-4
(Gc 140.7), C-3 (Uc 127.2), and C-5 and H-3 (ln 5.61, m) with C-2 (lic 37.9) and C-10 and
H-2/H-3 COSY interactions. The *H"and*C chemi cal shi ft compdredes ( U)
favorably with the previously published for the sesquiterpene zuurbergenin (90) (Table
5.4) [40].

—— COSY
— HMBC

Figure 5.5: Chemical structure of zuurbergenin (90) and selected COSY and HMBC
correlations.

The relative configuration was established by the NOESY spectrum, in which, the
correlations of H5/H7 and H6/H8 (Figure 5.6) were consistent with compound being
zuurbergenin, a compound previously isolated from Matricaria zuurbergensis [40].
Zuurbergenin had also been reported to occur in the aerialparts of Chrysanthemum

coronarium L. [41] and Artemisia afra [23].
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Figure 5.6:

Selected NOESY caorrelations in zuurbergenin (90).

Table 5.3: Comparison of 'H (500 MHz) and 3C (125 MHz) NMR data of isolated
zuurbergenin (90) in CDCls to *H NMR published data [40].
Position | Isolated Zuurbergenin (CDCls) Data published for Zuurbergenin
in CDCls (*H, 270 MHz) [40]
Un (M, J in Hz) Uc Un (M, J in Hz)
1 125.5
2 3.02 (g, 2H) 37.9 2.97 (m, 2H)
3 5.61 (1H, m, 1H) 127.2 5.55 (br s, 1H)
4 140.7
5 3.42(d, J = 10.0, 1H) 55.6 3.36 (d, Js6 = 10, 1H)
6 3.72(dd, J = 10.1, 1H) 83.0 3.69 (dd, Js7 = 10, 1H)
7 3.19 (dddd, J = 3.0, 10.3, 1H) 56.0 3.14 (dddd, J7s= 10, 1H)
8 4.86 (td, J = 10.5, 1H) 71.1 4.85 (ddd, J;= 10, 1H)
9U 2.55 (t, J = 13.0, 1H) 41.8 2.50 (dd, Joas = 10, Jeasp= 13, 1H)
9b 2.32 (dd, J = 2.3, 13.0, 1H) 2.29 (dd, Job,s = 2.5, Joaon = 13, 1H)
10 139.0
11 138.0
12 169.6
13 6.13 (d, J=3.2, 1H) 120.8 6.16 (d, J = not reported, 1H)
5.62 (d,J=3.2,1H) 5.57 (d, J = not reported, 1H)
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14-CHs | 1.79 (s, 3H) 22.9 1.76 (s, 3H)
15-CHs | 1.97 (s, 3H) 18.0 1.94 (s, 3H)
16 170.3
17-CHs | 2.14 (s, 3H) 215

5.3.5.2 Costunolide (91)

Compound 91 was extracted as white powder. It had molecular formula of CisH2002,
which was deduced from its ESI-MS at m/z 233.1528 [M+H]* (calcd. for CisH2102,
233.1542), 'H NMR and 3C NMR data. The *H NMR spectrum displayed two proton
signalsofane x omet hyl en e6.1®(1b,d,p) =8.%5 Hz{H-13a) and 5.52 (1H, d,
J = 3.5 Hz, H-13b), two methyls at Gn 1.33 (3H, s, 14-CH3s) and 1.61 (3H, s, 15-CH3), and
two olefinic protons resonating at tix 4.75 (1H, m, H-5) and 4.85 (1H, m, H-1). Similar to
zuurbergenin, HMBC correlations (Figure 5.7) of the exomethylene protons H2-13/C-11
(Uc 140.5), C-12 (Uc 170.3), and C-7 (uc 50.4) enabled the construction of the five-
membered lactone ring. The rest of the molecule was deduced from HSQC, HMBC and
COSY spectra. In the HMBC spectrum, H-2a (Un 2.21, m) correlated with C-1 (lic 126.9).
Further, HMBC correlations between H-3b (Gnx 1.95, m) and C-4 (lc 141.7), C-5 (lc
127.3), and CHzs-15 (lc 17.2), H-5 and CHs-15, H-6 (Un 4.56, dd, J = 8.8, 8.7 Hz) and C-
4, Ha-8 (U 2.00, m) and C-10 (lic 137.2) and C-6 (lic 81.9), H-9 (Un 2.05 and 2.35, m)
and C-10 were consistent with the molecule being the known compound costunolide
(Table 5.4) [42]. A deduction further supported by COSY interactions H-1/H-2, H-5/H-6,
H-6/H-7, H-7/H-8 and H-8/H-9.
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—— COSY

—» HMBC

Figure 5.7: Chemical structure of costunolide (91) and selected COSY and HMBC

correlations.

Costunolide was isolated for the first time from the roots of Saussurea lappa [43] and then

from many various sources [44] including Artemisia species such as A. genipi [45], A.

balchanorum [46], A. hispanica [47], A. verlotiorum [48], however this is the first report on

its isolation from A. afra.

Table 5.4: Comparison of the 'H (500 MHz) and 3C (125 MHz) NMR data of isolated
costunolide (91) in CDCls to the published data [42].

Position | Isolated costunolide (CDCls) Data published for costunolide in
CDCl3 (*H, 400 MHz 3C, 100 MHz)
[42]
Un (m, Jin HZ) Uc Un (m, Jin HZ) Uc
1 4.85(dd,J=11.9,4.7,1H) | 126.9 4.84 (dd, J =11.0, 4.3, 1H) 126.7
2 2.21 (m, 1H) 26.2 27.7
2.09 (m, 1H)
3 2.24 (m, 1H) 39.4 40.7
1.95 (m, 1H)
4 141.7 139.8
5 4.75(d,J=9.9, 1H) 127.3 4.72 (d, J=9.9, 1H) 127.0
6 4.56 (dd,J=8.8,8.7,1H) [81.9 4.56 (dd, J =9.9,8.7, 1H) 81.6
7 2.57 (t, J=8.5, 1H) 50.4 2.56 (t, J=8.4, 1H) 50.0
8 2.00 (m, 1H) 28.1 25.9
1.58 (m, 1H)
9 2.35(dd, J=6.1, 13.1, 1H) | 41.0 39.1
2.05 (m, 1H)
10 137.2 136.6
11 140.5 141.0
12 170.3 170.2
13 6.19 (d, J=3.5, 1H) 119.2 6.23 (d, J=3.3, 1H) 119.3
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5.52 (d, J = 3.2, 1H 5.52 (d, J = 3.3, 1H)
14-CHs [ 1.33 (s, 3H) 15.9 1.41 (s, 3H) 15.8
15-CHsz | 1.61 (s, 3H) 17.2 1.69 (s, 3H) 17.0
5.3.5.3 Verlotorin (peroxycostunolide) (92)

Compound 92 was isolated as white powder, which had molecular formula CisH2004
deduced from its molecular ion peak at m/z 265.1370 (calcd. for CisH2104, 265.3254)
based on the QTOF MS spectrum. The *H NMR spectrum showed signals at tiH 6.19 (1H,
d, J = 3.4 Hz, H-13a) and 5.46 (1H, d, J = 3.4 Hz, H-13b), which correlated in the HSQC
spectrum with the carbon signal at tc 118.9 (C-13) and in the HMBC spectrum with C-6
(Gc 80.9), C-7 (lic 51.3), C-11 (tc 139.9), C-12 (lic 170.5), hence enabling the construction
of the five-membered lactone ring. A doublet resonating at Un 5.26 (1H, d, J = 9.9 Hz, H-
5) showed HMBC correlations (Figure 5.8) with 15-CHs (lc 17.7) and C-6. The presence
of an additional exomethylene group was confirmed by proton signals at Un 5.23 1(H, s,
H-14a) and 5.03 (1H, s, H-14b). Further, the proton at Un 4.16 (1H, s, H-1) correlating in
the HSQC spectrum with the carbon signal at tc 91.8 (C-1) were in agreement with

compound 92 being verlotorin also called peroxycostunolide (Table 5.6) [49].

OH

14
CH,

92

—— COSY
—— HMBC

Figure 5.8: Chemical structure of verlotorin (92) and selected COSY and HMBC
correlations.

Verlotorin was previously isolated from Magnolia grandiflora [49], Laurus nobilis [50] and

Artemisia umbelliformis [51]. This is the first report on its isolation from A. afra.
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Table 5.5: Comparison of the 'H (500 MHz) and 3C (125 MHz) NMR data of isolated
verlotorin (92) in CDCls to the published data [52].

Position | Isolated verlotorin (CDCls) Data published for verlotorin (*H in
aceton-d6, 90 MHz 3C in Pyr-ds, 90
MHz) [52]
Un (M, Jin H2) Uc U (M, Jin H2) Uc
1 4.16 (br's, 1H) 91.8 |4.04(dd,J=9.0, 3.5, 1H) 91.4
2 2.27 (m, 2H) 36.0 34.0
3 1.96 (m, 2H) 27.0 27.0
4 147.4 148.0
5 5.26 (d, J=9.9, 1H) 122.2 | 5.39 (brd, J=8.9, 1H) 123.1
6 4.38 (t, J =9.0, 1H) 80.9 4.44 (t, J=9.7, 1H) 80.9
7 2,71 (br s, 1H) 51.3 49.8
8 2.12 (m, 2H) 28.4 28.3
9 2.23-2.36 (m, 2H) 374 37.2
10 146.7 146.5
11 139.9 141.0
12 170.5 170.4
13 6.19 (d, J = 3.4, 1H) 118.9 |[6.03(d,J=3.2, 1H) 117.9
5.46 (d, J = 3.2, 1H) 5.52 (d, J = 3.2, 1H)
14 5.23 (s, 1H) 112.8 | 5.18 (brs, 1H) 112.6
5.06 (s, 1H) 5.03 (brs, 1H
15-CHs | 1.69 (s, 3H) 17.7 1.70(d,J=1.3, 1H) 17.5
(OOH) 10.51 (brs, 1H)
5.35.4 1-dehydroartemorin (anhydroverlotorin) (93)

Compound 93 was identified as the known sesquiterpene 1-dehydroartemorin also called
anhydroverlotorin. The molecular formula C1sH1803 deduced from its monoprotonated ion
[M+H]* at m/z 247.1378 (calcd. for C15H1003, 247.1334). The *H NMR spectrum exhibited
t wo doubd6et (§4H, & 8 = 315 Hz, H-13a) and 5.47 (1H, d, J = 3.5 Hz, H-13b),
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which were assigned to the exomethylene group of the five-membered lactone ring in the
HSQC spectrum. The proton signals at un 5.82 (1H, s, H-14a) and 5.65 (1H, s, H-14b)
together with carbon signal at Uc 123.5 indicated the presence of an additional
exomethylene group. These exomethylene protons correlated in the HMBC spectrum with
the carbonyl signal at tc 204.7 (C-1), C-9 (Uc 28.3), and C-10 (Uc 150.9). HMBC
correlations (Figure 5.9) between methyl at Gn 1.74 (3H, d, J = 1.2 Hz, 15-CHs) with C-4
(Gc 143.0), C-5 (Uc 125.0), and C-3 (lc 38.4), H2-13 and C-11 (lc 139.6), C-7 (Uc 49.7),
and C-12 (Uc 170.3), H-5 (n 5.07, d, J = 9.7 Hz) and C-3 and 15-CHs (lic 17.2), H-6 (Un
4.32,t,J=10.0 Hz) and C-8 (lic 29.2) and C-11, were consistent with compound 93 being
1-dehydroartemorin (Table 5.7) [53].

)

15

—— COSY
— HMBC

Figure 5.9: Chemical structure of 1-dehydroartemorin (93) and selected COSY and
HMBC correlations.

1-dehydroartemorin was isolated from various sources such as Laurus nobilis L. [53],
Artemisia verlotorum [54], Tanacetum parthenium L. [55], Magnolia grandiflora L. [49],
Artemisia genipi [45], A. hispanica [47], Palythoa aff clavata [56]. This is the first report

on its isolation from A. afra.
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Table 5.6: Comparison of the 1H (500 MHz) and 3C (125 MHz) NMR data of isolated 1-
dehydroartemorin (93) in CDCls to the published data [53].

Position | Isolated 1-dehydroartemorin Data published for 1-
(CDCls) dehydroartemorin in CDCls (*H, 400
MHz 3C, 100 MHz [53]
Un (M, Jin H2) Uc Un (M, Jin H2) Uc
1 204.7 205.7
2 2.55 (m, 1H) 35.7 2.45-2.60 (m, 1H) 355
3.15 (m, 1H) 3.13 (br s, 1H)
3 2.52 (m, 1H) 38.4 | 2.45-2.60 (m, 1H) 38.3
2.37 (m, 1H) 2.35(dt, J=2.6, 7.1, 1H)
4 143.0 142.7
5 5.07 (d, J=9.7, 1H) 125.0 |5.07 (d,J =10.0, 1H) 124.8
6 4.32 (t, J = 10.0, 1H) 81.1 |[4.31(t, J=10.0, 1H) 80.6
7 2.46-2.58 (m, 1H) 49.7 2.45-2.60 (m, 1H) 49.6
8 1.41 (m, 1H) 29.2 1.39 (dd, J=13.2, 170, 1H) 29.2
2.25 (m, 1H) 2.23(ddd, J = 2.6, 6.5, 13.2,
1H)
9 2.46-2.58 (m, 1H) 28.3 | 2.45-2.60 (m, 1H) 28.1
10 150.9 150.5
11 139.6 139.2
12 170.3 169.8
13 6.21 (d, J = 3.5, 1H) 119.3 | 6.20(d,J=3.4, 1H) 119.2
5.47 (d, J = 3.5, 1H) 5.46 (d, J = 3.4, 1H)
14 5.82 (s, 1H) 123.5 |5.80 (s, 1H) 123.3
5.65 (s, 1H) 5.64 (s, 1H)
15 1.74 (d, J = 1.2, 3H) 17.2 | 1.74 (s, 3H) 17.1
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5.3.5.5 12-oxo-phytodienoic acid methyl ester (94)

Compound 94 was isolated as white powder. It had a molecular formula C19H3003, which

was deduced from its LC-MS QTOF spectrum at m/z 307.2359 [M+H]* (calcd. for

Ci19H3103, 307.2273). The H NMR spectrum suggested the compound to be a
prostaglandin-l i ke f atty aci d. qn1.8 (14, d =e5B, 28HYy H-40),s at U
6.18 (1H, dd, J = 5.8, 1.8 Hz, H-11), 5.39 (1H, m, H-15), 5.52 (1H, m, H-16), 3.67 (3H, s,

CHs-0), 2.98 (1H, m, H-9), 0.97 (3H, s, 18-CHz3). The 3C NMR spectrum displayed 19

signals, which were classified from DEPT as two methyls (one oxygenated), nine

met hyl enes, six methines (four olefinie), anc
210.9 and 174.4). HMBC correlations (Figure 5.10) between the methoxy protons and the

carbonyl at 174.4 suggested the presence of a methyl ester moiety. The NMR data

matched the ones reported for 12-oxo-phytodienoic acid methyl ester (Table 5.8) [57].

——— COSsY

— HMBC

Figure 5.10: Chemical structure of 12-oxo-phytodienoic acid methyl ester (94) and
selected COSY and HMBC correlations.

12-oxo-phytodienoic acid methyl ester was isolated for the first time from Chromolaena

morii K. et R. aerialpart [58]. This is the first report of its isolation from an Artemisia
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species. Nonetheless, some prostaglandin-like fatty acids had previously been found in

Artemisia anomala S. Moore [59].

Table 5.7: Comparison of *H (500 MHz) and *3C (125 MHz) NMR data of isolated 12-oxo-
phytodienoic acid methyl ester (94) in CDCI3 to the published data [57].

Position | Isolated 12-o0x0-phytodienoic Data published for 12-0x0-
acid methyl ester (CDCls) phytodienoic acid methyl ester in
CDCls (*H, 400 MHz 13C, 250 MHz [57]
Un (M, Jin H2) Uc Un (M, Jin H2) Uc
1 174.4 174.2
2 2.30 (t, J=7.5, 2H) 34.2 2.31(t,J=7.5, 2H) 34.0
3 1.62 (m, 2H) 251 | 1.62(m, 2H) 24.9
4 1.29 (br s, 2H) 29.3 [ 1.62(m, 2H) 29.1
5 1.31 (br s, 2H) 29.2 [1.31(m, 2H) 29.1
6 1.25 (s, 2H) 29.7 |1.31(m, 2H) 29.6
7 1.39 (m, 2H) 27.7 | 1.31(m, 2H) 27.6
8 1.73 (m, 1H) 30.9 |[1.73(m, 1H) 30.8
1.15 (m, 1H) 1.15 (m, 1H)
9 2.98 (m, 1H) 44.4 | 2.98 (m, 1H) 44.3
10 7.74 (dd, J =5.8, 2.8, 1H) 167.2 | 7.74 (dd, J =5.8, 2.8, 1H) 166.9
11 6.18 (dd, J =5.8, 1.8, 1H) 132.6 |6.18(dd,J=5.8,1.8, 1H) 133.0
12 210.9 210.6
13 2.44 (m, 1H) 50.0 2.44 (ddd, J=10.1, 6.2, 4.7, 49.9
1H)
14 2.51 (m, 1H) 23.9 2.51 (m, 1H) 23.8
2.13 (m, 1H) 2.15 (ddd, J = 15.8, 10.1, 8.1,
1H)
15 5.39 (m, 1H) 127.1 | 5.40 (m, 1H) 127.0
16 5.52 (m, 1H) 133.1 | 5.40 (m, 1H) 132.5
17 2.06 (quintet, J = 7.3, 1H) 20.9 | 2.06 (quintet, J = 7.5, 1H) 20.8
18-CH; | 0.97 (t, J=7.5, 1H) 14.1 | 0.97(t,J=7.5, 1H) 14.0
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O-CHs | 3.67 (s, 3H) 51.6 |3.67 (s, 3H) 51.4

5.3.5.6 Acacetin (85)

Compound 85 was obtained as yellow crystalline powder. Its structure was elucidated

through crystallography (Figure 5.12) as the known flavonoid, acacetin (molecular formula

C16H1205). This was further supported by 1D and 2D NMR spectra. The 'H NMR

spectrum exhibited the presence oftwo meta-c oupl ed pr ot ong6.18€KH,onatin
d,J=15Hz H-6)and 6.49 (1H,d,J=15Hz, H8) , one $b6.85dlIHesStH-3xt U

they all correlated with the carbonyl at tc 181.8 (C-4) in the HMBC spectrum, hence

suggesting they were located intheringsAandB. Fur t her, two dowbl ets
7.10 (2H, d, J=8.8 Hz, H-3"and H-5") and 8.02 (2H, d, J = 8.8 Hz, H-2' and H-6') integrated

for 2 protons each, indicating the presence of symmetry in the molecule, which was in

agreement with the structure of acacetin (Figure 5.11). This was corroborated by the 13C

NMR spectrum, which displayed 14 signals with two of them integrating for 2 carbons

each. In the HMBC spectrum, H-2'/6' correlated with C-2 (lic 164.7), which confirmed their

positions. Further, COSY interactions between H-2'/6" and H-3'/5' were also observed.

The 'H and 3C NMR indicated the presence of a methoxy group (Uit 3.85, lic 55.6), which

was assigned at position 4' from HMBC correlations of OCHz with C-4' (lic 162.4) and H-

3'/5" with C-4'. The NMR data compared favourably with those reported in the literature

for acacetin (Table 5.9) [60]. Acacetin had previously been identified in A. afra [27].
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Figure 5.11: Chemical structure of acacetin (85) and selected HMBC and COSY
correlations.

Acacetin (85) crystallized in a space group P21/n. The benzopyran-4-one and benzene
rings and the methoxy were all coplanar. An intramolecular hydrogen bond between O2
and OH3 was present in the molecular structure. The C bond lengths and angles
displayed normal values (Supplementary data 129-130) [61]. The crystal structure of
acacetin matched favourably that which was reported [62].

Figure 5.12: Crystal structure of acacetin (85).
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Table 5.8: Comparison of *H (400 MHz) and 13C (100 MHz) NMR data of isolated acacetin
(85) in DMSO to the published data [60].

Position Isolated acacetin (DMSO) Data published for acacetin in DMSO
(*H, 300 MHz *C, 500 MHz [60]
Un (M, Jin HZ) Uc Un (M, Jin H2) Uc
2 164.7 164.2
3 6.85 (s, 1H) 103.6 | 6.87 (s, 1H) 103.5
4 181.8 181.8
5 161.5 161.4
6 6.18 (d, J = 1.5, 1H) 99.1 [6.20(d,J=21, 1H) 98.9
7 163.3 163.3
8 6.49 (d, J = 1.5, 1H) 942 |6.51(d,J=21, 1H) 94.0
9 157.5 157.3
10 103.7 103.8
1 122.9 122.8
2' 8.02 (d, J=8.8, 1H) 128.4 |8.05(d, J=9.0, 1H) 128.3
3 7.10 (d, J = 8.8, 1H) 114.7 | 7.12(d, J=12.0, 1H) 114.6
4 162.4 162.3
5' 7.10 (d, J=8.8, 1H) 114.7 | 7.12(d,J=12.0, 1H) 114.6
6' 8.02 (d, J=8.8, 1H) 128.4 |8.05(d,J=9.0, 1H) 128.3
4-OCHs; |3.85(s, 3H) 55.6 | 3.86 (s, 3H) 55.6
7-OH 10.86 (s, 1H)
5-OH 12.93 (s, 1H)
5.35.7 7-O-Methylacacetin (84)

Compound (84) was obtained as yellow powder substance, whoich allow the structure
elucidation through crystallography (Figure 5.14). It was identified as 7-O-methylacacetin.
This was supported by its NMR data and molecular formula Ci7H140s deduced from
UPLC-QTOF-MS spectrum at m/z 299.0915 (calcd. for C17H1505, 299.0919), 14 units

more than acacetin, indicative of one additional methyl group. The *H NMR spectrum
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di spl ayed the same pattern as for acabstin in
(1H, d, J = 2.1 Hz, H-6), 6.42 (1H, d, J = 2.1 Hz, H-8), 6.47 (1H, s, H-3), 6.93 (2H, d, J =
8.9 Hz, H-3'/5"),and 7.77 (2H, d, J = 8.9 Hz, H-2'/6"). The only difference was the presence
of an additional methoxy group, which was assigned at position C-7 based on HMBC
correlations (Figure 5.13) of signal at G+ 3.79 (3H, s, 7-OCHz) with C-7 (lUc 165.6) and of
H-6 and H-8 with C-7 and the NOESY interactions between both H-6 and H-8 with the
methoxy. Further, a singlet resonating at 12.74 was assigned to the OH attached to C-5
as deduced from HBMC correlations of OH with C-6 (lc 98.0), C-9 (lc 162.3), C-10 (lic
105.6) and H-8 with C-5 (Uc 157.9), C-6, C-7 and C-10. As for acacetin, COSY
interactions existed between H-2'/6' with H-3'/5'. The NMR data matched the ones
published for 7-O-methylacacetin (Table 5.10) [63]. This compound had previously been

isolated from the leaves of A. afra [25].

Figure 5.13: Chemical structure of 7-O-methylacacetin (84) and selected COSY, HMBC
and NOESY correlations.

7-O-methylacacetin (84) crystallized in a space group P21/c. The direction was the
methoxy group attached C-4' was noticeably different from the one in acacetin. The
benzopyran-4-one and benzene rings are coplanar. The two methoxy groups were
likewise coplanar with the rings. An intramolecular hydrogen bond was observed between

02 and OH3 in the molecular structure. All these data, including the C bond lengths and
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angles (Supplementary data 127-128) were compared favourably with those previously
reported [64].

Figure 5.14: Crystal structure of 7-O-methylacacetin (84).

Table 5.9: Comparison of *H (500 MHz) and 3C (125 MHz) NMR data of isolated 7-O-
methylacacetin (84) in CD2Cl: to the published data [63].

Position | Isolated 7-O-methylacacetin Data published for 7-O-

(CD:Cly) methylacacetin in CDCls (*H, 300 MHz

13C, 75 MHz [63]

Un (M, Jin HZ) Uc Un (M, Jin H2) Uc
2 164.1 164.0
3 6.47 (s, 1H) 104.3 | 6.55 (s, 1H) 104.1
4 182.5 182.5
5 157.9 157.7
6 6.24 (d,J=2.1, 1H) 98.0 6.32(d,J=2.1, 1H) 98.1
7 165.6 165.5
8 6.42 (d, J= 2.1, 1H) 925 |[6.44(d,J=21,1H) 92.6
9 162.3 162.2
10 105.6 105.6
1 123.6 123.6
2' 7.77 (d, J=8.9, 1H) 128.1 | 7.80(d,J=8.9, 1H) 128.0
3 6.93 (d, J = 8.9, 1H) 1145 |6.98(d,J=8.9, 1H) 114.5
4 162.8 162.6
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5 6.93 (d, J = 8.9, 1H) 1145 [6.98(d,J = 8.9, 1H) 114.5
6' 7.77 (d,J=8.9, 1H) 128.1 |7.80(d,J=8.9, 1H) 128.0
4-OCHs |3.78 (s, 3H) 55.7 | 3.85(s, 3H) 55.6
7-OCHs | 3.79 (s, 3H) 56.0 | 3.86 (s, 3H) 55.9
5-OH 12.74 (s, 1H) 12.78 (s, 1H)

5.3.5.8 7 , 3-Nj;Odnigthylluteolin (95)

Compound 95 was isolated as yellow powder. It had the molecular formula C1sH160s6 as
deduced from its monoprotonated molecular ion at m/z 329.1021 (calcd. for C1sH170es,
329.3246). The 'H NMR data suggested the compounds to be a flavonoid having three
methoxy groups appearing at Un 3.82 (3H, s, 7-OCHz), 3.90 (3H, s, 3'-OCH3s), and 3.91
(3H, s, 4'-OCHpgs). The aromatic region displayed signals at U+ 6.43 (1H, s, H-8), 6.52 (1H,
s, H-3), 6.91 (1H, s, H-6), 6.92 (1H, d, J = 8.3 Hz, H-5"), 7.28 (1H, s, H-2"), and 7.46 (1H,
d, J = 8.2 Hz, H-6'). The 3C NMR spectrum displayed 18 signals with one at Uc 56.3
accounting for two carbons. The positions of the methoxy groups were assigned from
HMBC correlations (Figure 5.15) of both H-5' and the methoxy at tn 3.90 with C-3' (lic
149.5), H-2' and methoxy at tUn 3.91 with C-4' (lUc 152.4). In the COSY spectrum, H-5'
correlated with H-6', while small interactions of H-6 with H-8 and H-2' with H-6' were
observed, indicating a meta-coupling. All NMR data matched the ones published for
7 , 3-tpO-4nbljhylluteolin (Table 5.11) [65, 66].

210



Figure 5.15:

Table 5.10: Comparison of 'H (500 MHz) and 3C
tri-O-methylluteolin (95) in CDCIs to the published data [65].

Chemical s t rtrt@-rhethylleteolm {95) and 3gctddNGOSY

and HMBC correlations.

(125 MHz)

NMR dat a

Position Isolated 7 , 3-Nj;O4 Nj Data published for 7 , 3-Nj;O4 Nj

methylluteolin (CDCly) methylluteolin in DMSO-ds (*H, 600

MHz 3C, 150 MHz [65]

Un (M, Jin Hz) Uc Un (M, Jin H2) Uc
2 164.2 163.8
3 6.52 (s, 1H) 104.9 | 6.64 (s, 1H) 104.3
4 182.6 181.7
5 162.4 162.1
6 6.31 (s, 1H) 98.2 |[6.32(d,J=1.8, 1H) 98.0
7 165.6 165.5
8 6.43 (s, 1H) 928 |6.68(d,J=1.8, 1H) 92.4
9 157.8 150.5
10 105.7 105.3
1 123.8 123.9
2' 7.28 (s, 1H) 108.9 | 7.51(d,J=1.8, 1H) 108.0
3 149.5 149.1
4 152.4 152.3
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5 6.92 (d, J = 8.3, 1H) 111.3 | 6.87(d,J = 7.8, 1H) 111.2
6' 7.46 (d, J=8.2, 1H) 120.3 | 7.42(dd,J=8.4,1.8, 1H) 121.0
3-OCHs | 3.90 (s, 3H) 56.3 | 3.88(s, 3H) 56.5
4-OCHs; [3.91(s, 3H) 56.3 | 3.77 (s, 3H) 56.0
7-OCHs | 3.82 (s, 3H) 56.0 |3.91(s, 3H) 55.4
5-OH 12.73 (s, 1H) 12.60 (s, 1H)

5.3.5.9 Arteanoflavone (96)

Compound 96 was extracted as yellow powder, which had the molecular formula
C19H180s deduced from its ESI-MS spectrum at m/z 375.1117 (calcd. for Ci9H190s,
375.1080). NMR data suggested the compound was a flavonoid. The *H NMR spectrum
showed the presence of four methoxy groups resonating at tn 3.93 (3H, s, 4'-OCHgs), 3.95
(6H, s, 3'/5'-OCHs), and 4.04 (3H, s, 6-OCHs). The aromatic regions displayed four
protons appearing at U1 6.60 (1H, s, H-3), 6.62 (1H, s, H-8), and 7.07 (2H, s, H-2'/6"). The
singlet at un 12.98 (1H, s, OH-5) was assigned to position 5 based on its HMBC
correlations (Figure 5.16) with C-5 (lc 152.2), C-10 (lic 105.9), C-4 (Uc 183.0), and C-6
(Gc 130.6). Further, H-3 displayed HMBC correlations with C-4, C-2 (lc 164.1), C-1' (Uc
126.6), and C-10. Additionally, the position of methoxy group in the phenyl moiety was
deduced from the symmetry displayed by this part, HMBC correlations of H-2'/6" with C-
2, C-5'/3' (Uc 153.7), C-4' (Uc 141.6), C-1', C-2'/6' (Uc 103.9), 3'/5'-OCH3s with C-3'/5' and
4'-OCHs with C-4' and NOESY interactions between H-2'/6" with 3'/5'-OCHs. The NMR
data were consistent with the compound being arteanoflavone (Table 5.12), previously
isolated from Artemisia hispanica and A. anomala S. Moore [39, 67]. This is the first report

of its isolation from A. afra.

212



——» HMBC
-« NOESY

Figure 5.16: Chemical structure of arteanoflavone (96) and selected HMBC and NOESY
correlations.

Table 5.11: Comparison of 'H (500 MHz) and *3C (125 MHz) NMR data of isolated
arteanoflavone (96) in CDCIs to the published data [39].

Position Isolated arteanoflavone Data published for arteanoflavone in
(CDCly) CDCI;s (*H, 200.13 MHz C, 50.32 MHz
[39]
Un (M, Jin H2) Uc Un (M, Jin H2) Uc
2 164.1 164.0
3 6.60 (s, 1H) 105.1 | 6.61 (s, 1H) 105.0
4 183.0 182.9
5 152.2 153.2
6 130.6 130.5
7 155.3 155.2
8 6.62 (s, 1H) 93.6 |6.58(s, 1H) 93.5
9 153.3 152.1
10 105.9 105.8
1 126.6 126.51
2'and 6' 7.07 (s, 2H) 103.9 | 7.07 (s, 2H) 103.9
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3and 5 153.7 153.7
4 141.6 141.6
6-OCHs 4.04 (s, 3H) 61.0 | 4.04 (s, 3H) 60.9
3/5-OCH; | 3.95 (s, 6H) 565 | 3.95 (s, 6H) 56.4
4-OCH; 3.93 (s, 3H) 612 |3.92(s, 3H) 61.1
5-OH 12.98 (s, 1H)

5.3.5.10 7 , 3-NrimétRylquercetin (97)

Compound 97, isolated as a yellow powder, had the molecular formula C1sH1607 deduced
from its monoprotonated molecular ion at m/z 345.0983 (calcd. for C1sH1707, 345.0974).
The NMR data indicated that it was a flavonoid. The *H NMR spectrum exhibited two
ortho-coupled proton signals at G+ 7.05 (1H, d, J = 8.4 Hz, H-5") and 7.68 (1H, dd, J = 2.0,
8.4 Hz, H-6"), two meta-coupled protons resonating at Un 6.36 (1H, d, J = 2.2 Hz, H-6)
and 6.45 (1H, d, J = 2.2 Hz, H-8), one small doublet at U 7.71 (1H, d, J = 2.0 Hz, H-2"),
three oxygenated methyls appearing at U+ 3.86 (3H, s, 7-OCHs), 3.88 (3H, s, 3'-OCHj3),
and 3.99 (3H, s, 4'-OCHs) and two hydroxyl groups appearing as singlets at tUn 5.98 (1H,
s, 3-OH) and 12.66 (1H, s, 5-OH). In the COSY spectrum, only two protons were
correlating (Figure 5.17), H-5' and H-6'. The H and 3C NMR were favorably comparable
to the data published for 7 , 3-tdimethipuercetin (Table 5.13) [68].

— HMBC

Figure 5.17: Chemical s t ftrnethylguereetino(97) and CODE)Y ahdNHMBC
correlations.
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Table 5.12: Comparison of 'H (500 MHz) and 3C

(125 MHz) NMR dat a

trimethylquercetin (97) in CDClIs to the published data [68].

Position Isolated 7, 3-Nj, 4 Nj Data published for 7 , 3-Nj, 4 Nj

Trimethylquercetin (CDCls) Trimethylquercetin in CDCls (*H, 300

MHz 3C, 75 MHz) [68]

Un (M, J in H2) Uc Un (M, Jin H2) Uc
2 155.7 155.9
3 ND 138.8
4 178.8 178.7
5 162.1 162.0
6 6.36 (d, J= 2.2, 1H) 97.9 [6.34(d,J=21, 1H) 97.8
7 165.5 165.4
8 6.45 (d, J = 2.2, 1H) 922 |6.42(d,J=2.1,1H) 92.2
9 156.9 156.7
10 106.1 106.0
1 122.7 122.7
2' 7.71 (d, J = 2.0, 1H) 110.9 |7.68(d,J=1.8, 1H) 110.8
3 146.3 146.3
4 148.3 148.3
5' 7.05 (d, J=8.4, 1H) 1146 | 7.01(d,J=28.4,1H) 114.5
6' 7.68 (dd, J = 2.0, 8.4, 122.5 |7.65(dd,J=1.8, 8.4, 1H) 122.4

1H)
3'-OCHs 3.88 (s, 3H) 55.8 | 3.96 (s, 3H) 55.8
4'-OCHs 3.99 (s, 3H) 56.1 | 3.86 (s, 3H) 56.1
7-OCHs 3.86 (s, 3H) 60.2 |3.84 (s, 3H) 60.2
5-OH 12.66 (s, 1H) 12.6 (br s, 1H)
3-OH 5.98 (s, 1H) 5.98 (br.s, 1H)
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5.3.5.11 Retusin (98)

Compound 98 was obtained as yellow powder. It had a molecular formula C19H1807,

which was deduced from its monoprotonated ion at m/z 359.1160 (calcd. for C19H1907,
359.1131). The *H and '3C NMR suggested the compound to be a flavonoid. The *H NMR

spectrum revealed the presence of two ortho-c oupl ed ar omati c pmotons
6.99 (1H, d, H-5") and 7.74 (1H, dd, H-6"), which was further supported by their COSY
correlations, three meta-c oupl ed aromati c pHOGI6GEIMsSH J=a@R@Rear i ng
Hz, H-6), 6.45 (1H, d, J = 2.2 Hz, H-8), and 7.69 (1H, d, J = 2.2 Hz, H-2"), four oxygenated

met hy In8.8643H, s,iB-OCHs), 3.88 (3H, s, 7-OCHg3s), 3.97 (3H, s, 3'-OCHs3), and 3.98

(3H, s, 4'-OCHa) and one hydrm(kH b, 5-QH).oTingrr pasitions twere

deduced from HMBC correlations (Figure 5.18) of 3-OCHs with C-3 (lc 138.8), 7-OCHs

with C-7 (Uc 165.4), 3'-OCHs with C-3' (lic 148.8) and 4'-OCHjs with C-4' (lic 151.4). 5-OH

showed HMBC correlations with C-5 (161.9), C-10 (106.1). H-5' displayed HMBC
correlations C-3'and C-1' (lc 123.0). The quantity of the compound did not allow to have

a good *3C NMR spectrum, yet all NMR data obtained matched that previously published

for retusin (Table 5.14) [69]. Retusin had previously been isolated from Artemisia annua

[70]. This is the first report of its isolation from A. afra.

Figure 5.18: Chemical structure of retusin (98) and COSY and HMBC correlations.
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Table 5.13: Comparison of *H (500 MHz) and *3C (125 MHz) NMR data of isolated retusin
(98) in CDCls to the published data [69].

Position Isolated retusin (CDCls) Data published for retusin in CDCl;
(*H, 400 MHz 3C, 250 MHz [69]

Un (M, Jin HZ) Uc Un (M, Jin H2) Uc
1
2 155.8
3 138.8 138.9
4 178.7
5 161.9 162.0
6 6.36 (d, J = 2.2, 1H) 97.9 [6.30(d,J=2.2, 1H) 97.8
7 165.4 165.4
8 6.45 (d, J = 2.2, 1H) 92.4 [6.44(d, J=2.2, 1H) 92.2
9 156.7
10 106.2 106.0
1 123.0 122.3
2 7.69 (d, J = 2.2, 1H) 111.3 [ 7.66(d,J=2.5, 1H) 110.2
3 148.8 148.8
4 151.4 151.4
5' 6.99 (d, J = 8.6, 1H) 111.0 |6.96 (d, J =8.4, 1H) 111.2
6' 7.74 (dd,J=2.2,8.6,1H) | 122.2 | 7.70(dd, J =25, 8.4, 1H) 122.1
3-OCH:; | 3.86 (s, 3H) 60.3 | 3.84 (s, 3H) 60.1
3-OCHs | 3.97 (s, 3H) 56.1 | 3.94 (s, 3H) 56.0
4-OCHs; |3.98 (s, 3H) 56.1 | 3.94 (s, 3H) 56.0
7-OCH; | 3.88 (s, 3H) 55.9 | 3.84 (s, 3H) 55.8
5-OH 12.65 (s, 1H)

217



5.3.6 Assessment of the antiplasmodial potential of compounds isolated from A.
afra

All isolated compounds, except for 7 , 3-tpO-4nbijhylluteolin (95) (insufficient quantities),

were screened against the asexual P. falciparum NF54 parasites (ICso values are shown

in table 5.15). The classification criteria for antiplasmodial activity of compounds was the

same as the one used in Chapters 3 and 4, based on the that published by Batista et al.,

which was as follow: ICso < 1 OM, iexcel | el@st df -8 0 e ®M, adigiowid
acti vibofid1 00 COM, fAmoder @ofd00-200i DM, y G, owCactiyv
ICso> 200 OM, [7Hli nacti veo

Table 5.14: In vitro activity of compounds isolated from A. afra leaves against asexual P.

falciparum NF54 parasites (n=2, one biological assay with technical
triplicates). Chloroquine was used as a control compound.

Compound Activity against asexual P. falciparum
NF54 parasites + SEM (ICso in pg/mL)

7-O-Methylacacetin (84)

> 40

Acacetin (85)

4.18 £ 0.03 (14.7 pM)

Zuurbergenin (90)

16.66 * 1.33 (57 pM)

Costunolide (91)

> 20

Verlotorin (92)

> 20

1-dehydroartemorin (93)

3.95 + 0.35 (16 pM)

12-oxo-phytodienoic acid methyl
ester (94)

22.34 £ 3.16 (72.9 pM)

Arteanoflavone (96)

20.65 % 0.06 (55.1 puM)

7 , 3-tmetdhilpuercetin (97)

14.68 = 0.64 (42.6 pM)

Retusin (98)

6.03 £ 0.25 (16.8 pM)

Chloroquine

0.009 * 0.005 pMm

Based on the classification criteria, 1-dehydroartemorin (93), acacetin (85) and retusin
(98) exhibited good activity against asexual P. falciparum NF54 strains with ICso values

of 3.95, 4.18 and 6.03 pg/mL, respectively. Zuurbergenin (90), 12-oxo-phytodienoic acid
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methyl ester (94), arteanoflavone (96) and 7 , 3-tmethiNpuercetin (97) showed

moderate activities.

1-dehydroartemorin (93) has not been previously tested for its antiplasmodial activity,
making this the first report for its effect on P. falciparum asexual stage parasites. It has
however been reported for having strong growth inhibitory effect against human
promyelotic leukemia HL-60 cells [53].

The antiplasmodial potency of acacetin (85) observed in this study (ICso = 4.18 pug/mL or
14.7 uM) was consistent with 1Cso values of 5.5 pg/mL [25], 13 uM [72] reported against
chloroquine-sensitive PoW and chloroquine-resistant 7G8 P. falciparum parasites,
respectively. However, different results were reported by other studies, such as ICso
values of 12.6 pg/mL, > 100 uM and not active against chloroquine-resistant clone Dd2
[25], chloroquine-sensitive 3D7 [72], and Sierra Leone D6 clone [73], respectively.
Surprisingly, in one study, acacetin displayed a very low ICso value of 0.005 uM against
the 3D7 strain [74], more active than the positive controls, chloroquine and artemisinin
(ICs0 values of 0.13 and 0.03 pM, respectively). These contradicting results could be due
to various factors including strain-specific activity, variation in culturing protocols or

incubation periods and assay platforms used.

Retusin (98) displayed an ICsp value (6.03 pg/mL (16.8 uM)) comparable to that reported
against chloroquine-sensitive Sierra Leone (D6) and chloroquine- resistant Indo-China
(W2), which were 10.7 and 9.4 pg/mL, respectively [75]. In one study, retusin showed a
moderate activity with an 1Cso value of 23.4 pM against the NF54 strain [76]. Different
data have been reported for retusin, such a inactivity at 10 pg/mL against P. falciparum

[77] and one study showing an ICsp of 73 uM [78].

The antiplasmodial activity of 7 , 3-tmedhipuercetin (97) in this study was moderate
(IC5014.68 £ 0.64 (42.6 uM)). However, in another study, it showed good activity with 1Cso

valuesof2 . 6 7 Ng/nmbLamtl3 . 2 9 Ng/nll adgaifist the chloroquine-sensitive 3D7

and chloroquine-resistant INDO P. falciparum strains, respectively [79].

Zuurbergenin (90), 12-oxo-phytodienoic acid methyl ester (94), arteanoflavone (96),

costunolide (91) and verlotorin (92) have not been previously reported for being tested
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for their antiplasmodial activity. Therefore, this is the first report on their antiplasmodial

effect.

7-O-Methylacacetin (84) did not show any antiplasmodial activity in this study, which is
consistent with previous reports [77], however, in some studies, it showed good to
moderate potency with ICso values of 6.0 and 4.3 pg/mL against PoW, 5.1 and 7.0 pg/mL
against Dd2 [25, 80] and 12.5 pg/mL against W2 [81]. These conflicting results may be

due to several factors such as assay platform or strain specificity.

5.4 Conclusion

A. afra leaves were extracted with acetone which was subjected to ppSPE fractionation
to produce seven fractions. The extract and fractions were tested against asexual P.
falciparum NF54 strains. The Fractions 5 and 6 displayed good activity with ICso values
less than 10 pg/mL (5.2 and 8.8 pg/mL, respectively). The extract displayed moderate
activity with an ICsp value of 11.0 pg/mL indicating the concentration of the activity in

selected fractions.

The crude extract and all subsequent fractions were analysed for biological scoring of
ions by using UPLC-QTOF-MS, the GNPS platform and Jupyter notebook. A total of 10
ions were identified as the most likely bioactive compounds as they had r > 0.85 and p
value < 0.03 for which acacetin was among them. Through the use of Dictionary of Natural
Products and MetFrag, seven peaks were tentatively identified in the most active fraction
(Fraction 5) as scopoletin, acacetin, 7-O-methylacacetin, axillarin or tomentin,
arteanoflavone, methylcapillarisin or pillion and tri-O-methylluteolin. A targeted isolation
was undertaken using mass-directed prep HPLC and eleven pure compounds were
isolated and their structures elucidated using 1D and 2D NMR and MS. These were
identified as zuurbergenin (90), costunolide (91), verlotorin (92), 1-dehydroartemorin (93),
12-oxo-phytodienoic acid methyl ester (94), acacetin (85), 7-O-methylacacetin (84),
7 , 3-tpO4nbijhylluteolin (95), arteanoflavone (96), 7 , 3-tmethipguercetin (97) and
retusin (98). Acacetin and 7-O-methylacacetin were successfully re-crystalized and
subnected to single crystal XRD for structure elucidation. Their crystal structures matched

the ones published on the Cambridge Crystallographic Data Centre (CCDC).
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All of the compounds were tested against asexual NF54 strains of P. falciparum. 1-

dehydroartemorin (93), acacetin (85) and retusin (98) exhibited good activities with ICso

values of 3.95, 4.18 and 6.03 pug/mL, respectively. 1-Dehydroartemorin and acacetin were

among the mass that were identified in the biological scoring analysis, which indicated

the analysis was successful in identifying the most likely bioactive compounds.

Zuurbergenin (90), 12-oxo-phytodienoic acid methyl ester (94), arteanoflavone (96) and

7 , 3-tmethilpuercetin (97) showed moderate activities with ICso values between 14

and 23 pg/mL. The method and hyphenated technique applied in this study were

successful in enabling a rapid isolation of the active compounds.
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Chapter 6. General conclusion

The fact that communities from malaria endemic regions have been using plants to fight
against the disease and, additionally, the most potent antimalarial drugs are derived from
natural compounds isolated from plants (Cinchona and Artemisia annua), provides
evidence that plants are a valuable source for the discovery of antimalarial chemical
entities. The current antimalarial medications are facing growing resistance, hence, new
drugs are urgently needed. One of the approaches to the rapid identification of
antimalarial i h compounds is the use of natural products libraries compatible with high
throughput biological screening. The Biodiscovery lab in the Department of Chemistry at
University of Pretoria started implementing a natural product library, after inheriting the
CSIR repository of extracts and dry plant materials. As part of this project, extracts and
fractions were prepared from plant materials selected from the repository. Set keywords,
including South Africa, Southern Africa, medicinal plants, in combination with malaria
and/or fever, were used while searching in electronic databases Google scholar, Pubmed
and University of Pretoria library for plant materials to be included in this study. A scoring
system was applied to prioritize plants species that were highlighted from the broad
search. A total of 100 species belonging to 44 families with a total score > 10 were
selected. A total of 64 plant materials were retrieved from the repository. Using a high-
throughput extraction technique, each plant material was individually sequentially
extracted with DCM/MeOH (1:1) and MeOH. A quantity of each extract (150 - 300 mg)
was fractionated using the ppSPE workstation to produce seven fractions per extract
collected in pre-weighed 2D barcoded tubes. The extracts and subsequent fractions were
formatted in DMSO at a concentration of 5 mg/mL in 96 deep well plates for cold storage.
This process resulted in 64 extracts and 448 subsequent fractions prepared from 41
species belonging to 25 families, formatted in 96 deep well plates and ready for high
throughput bio-activity screening. Copies of extracts and fractions were made and
screened for the antiplasmodial activity against asexual P. falciparum chloroquine-
sensitive strain NF54 at dual point concentration of 10 and 20 ug/mL. The screening
results indicated that the fractionation was successful in concentrating active compounds

into one or two fractions as the fractionation resulted in an increase in the activity, except
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for only one extract (A. marlothii roots), which exhibited good activity together with its
subsequent fractions. Fractions obtained from Aloe marlothii roots, Mundulea sericea
leaves, Syzygium cordatum stems, Hypericum aethiopicum aerial part, Kirkia wilmsii
leaves, Euclea natalensis roots, Ziziphus mucronata bark, Turraea obtusifolia leaves and
Artemisia afra leaves showed good activity with more than 50% and 70% inhibition of the
P. falciparum parasite viability at 10 and 20 pg/mL, respectively. These, therefore,
warranted further investigated to identify active ingredients. In this study, Aloe marlothii
roots, Turraea obtusifolia leaves and Artemisia afra leaves were further explored for the
identification of their active ingredients. The rest of species aforementioned, which
showed good antiplasmodial activities, should be further studied to identify the active
compounds. Phytochemistry studies have never been conducted on some of them, such
as Syzygium cordatum, Hypericum aethiopicum and Kirkia wilmsii. Therefore, there is a

good probability of identifying new antiplasmodial compounds.

A. marlothii has been used in the traditional treatment of malaria. In this work, A. marlothii
roots crude extract, Fractions F6 and F7, which displayed a good antiplasmodial activity
(>97% and 100% inhibitonof par asi tes proliferation a)
were analysed using UPLC-QTOF-MS. This analysis tentatively identified aloesaponol |
(45), aloesaponarin | (46) and aloesaponol I, anthraquinones and pre-anthraquinones,
as the major compounds in the active fractions. Using mass-directed purification, six pure
and one impure anthraquinones were isolated. Their structures were elucidated using
NMR as aloesaponol | (45), aloesaponarin | (46), chrysophanol (48), aloesaponol IV (51),
b-sorigenin-1-O-methyl ether (52), emodin (53) and impure isoxanthorine (54). All pure
compounds were tested against asexual and sexual stage P. falciparum NF54 parasites.
Against the asexual stage P. falciparum NF54 strain, aloesaponarin | (46) displayed a
good activity with ICso value of 1.6 pg/mL (5 uM), while emodin (53), aloesaponol | (45)
and aloesaponol IV (51) showed moderate activities with 1Cso values of 11.0,10.4 and
19.8 pg/mL, respectively. b-Sorigenin-1-O-methyl ether (52) exhibited a low activity (ICso
29.0 ug/mL), while chrysophanol (48) was inactive. Only aloesaponarin | (46) was further
tested against the asexual stage P. falciparum chloroquine-resistant K1 strain and it
displayed a good activity with an 1Cso value of 1.6 pg/mL (5 pM), hence, displaying

equipotent activity against both sensitive and resistant strains. All screened compounds,

229

10

a |



except for chrysophanol, were further tested against the late stage gametocytes NF54 P.
falciparum at dual point concentrations of 10 and 20 pg/mL. Aloesaponol IV (51) showed
an increased potency to late-stage gametocytes as compared to its activity against
asexual by inhibiting the gametocytes viability with 80 % and 88 % inhibition at 10 and 20
pg/mL, respectively. Emodin (53) exhibited a moderate gametocytocidal activity (35% and
55% inhibition at 10 and 20 pg/mL, respectively, while the remaining compounds showed
no or minimal activity, including aloesaponarin | (46), which displayed good activity
against the asexual stage. The most active gametocytocidal compound, aloesaponol 1V
(51), was subjected to in vitro full dose-response activity screening against late
gametocytes and it exhibited an I1Cso value of 6.5 pg/mL against late-stage gametocytes,
which indicated increased potency to late-stage gametocytes compared to its activity
against asexual (ICso value of 19.8 pg/mL). This translated to a 94% inhibition (at 20
png/mL) of male gametocytes exflagellation, a phenotype that was sex-specific since only
37% inhibition female gamete formation was observed under these conditions. The two
most active compounds, aloesaponarin | (46) and aloesaponol IV (51), were subjected to
in silico mode of action studies. The resultsi d e n t ihdmiatim dnd DNA topoisomerase
Il as potential biological targets of aloesaponarin | (46) and aloesaponol IV (51),
respectively. This is the report that these compounds have been isolated from A. marlothii
roots and the antiplasmodial active ingredients have been identified from A. marlothii
roots. Furthermore, this is the study of the compounds isolated from an Aloe species to
have been tested for their activity against late-stage gametocytes P. falciparum.
Nonetheless, it is still recommendable to further investigate A. marlothii as there is yet a
possibility of identifying other compounds from the plant because it has not been

extensively studied.

The antiplasmodial potential of T. obtusifolia was not previously reports and studied for
the first time. The crude T. obtusifolia leaf acetone extract and subsequent SPE fractions
were screened for their effect against the asexual stage of P. falciparum NF54 parasites
viability. The crude extract and Fractions 5, 6 and 7 showed good activity against P
falciparum NF54 strain by having ICso values less than 10 pg/mL. Fraction 6 and the crude
acetone extract were the most potent displaying almost the same ICso values (4.4 and

4.8 pg/mL, respectively). The extract and all seven subsequent fractions were analysed
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for biological scoring of ions by using UPLC-QTOF-MS, the GNPS platform and Jupyter
notebook. As results, 21 ions were identified as the most probable bioactive compounds
as they had r > 0.85 and p value < 0.03. These did not match any compound in the GNPS
platform. Using other online tools Dictionary of Natural Products and MetFrag, the
majority of ions matched limonoids and pregnane-steroids, but a tentative identified was
not achieved due to the number of isomers. Some of the identified masses were isolated
as pure compounds using mass-directed purification. One of the major obstacles
accounted in the purification process was the presence of several ions with the target
mass but eluting at different retention times, making it difficult to identify the correct target.
Further, some ions collected were later found to be impure after NMR analysis or being
fatty acids (m/z 664). A total of seven pure compounds were isolated and their structure
elucidated using NMR. Three of them were new pregnane steroids, which were given the
names turranin M (78), turranin N (79) and turranin O (80) and four were known limonoids
nymania 1 (68), rubralin B (81), alphapolynin C (82) and trichilia substance Tr-B (83).
Except for nymania 1 (68), this is the first report of these limonoids being isolated from T.
obtusifolia. All of the isolated compounds were tested against asexual P. falciparum NF54
strain. They showed different level of activities. Rubralin B (81) was the most potent
compound with an ICso value of 3.47 pug/mL (4.57 uM), classified as good, which was
slightly lower than the most active fraction (ICso 4.4 pg/mL). This indicated that rubralin B
strongly contributed to the overall activity of the fraction. Nymania 1 (68) and turranin O
(80) demonstrated moderate activity with ICso values < 30 pg/mL (< 60 uM). Alphapolynin
C (82) and trichilia substance Tr-B (83) were first tested as a mixture and exhibited an
ICso value of 6.59 pg/mL, which was considered as good activity. However, after
successful separation, these were screened individually but were found to have ICso
values > 20 pg/mL. Further investigation of the species is recommended to identified
possible new compounds and isolate the remaining identified most likely bioactive

masses.

The crude A. afra leaf acetone extract and subsequent SPE fractions were likewise tested
for their potency against the asexual stage of P. falciparum NF54 parasites. Two fractions
(5 and 6) displayed good activity with ICso values less than 10 pg/mL (5.2 and 8.8 pg/mL,
respectively), while the extract had moderate activity. The crude extract and fractions
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were subjected to biological scoring using the UPLC-QTOF-MS, GNPS platform and
Jupyter notebook to identify potential bioactive ions. The results provided 10 ions with r >
0.85 and p value < 0.03, which were considered to be potential bioactive compounds.
These were from two classes of compounds, flavonoids and sesquiterpenes. Using the
the UPLC-QTOF-MS data and Dictionary of Natural Products and MetFrag online tools,
one of the probable bioactive ions was identified as acacetin. Additionally, seven
compounds were identified in the most active Fraction 5 as scopoletin, axillarin or
tomentin, arteanoflavone, pillion, tri-O-methylluteolin and 7-O-methylacacetin, including
acacetin. Using mass-directed purification, a total of eleven pure compounds were
isolated and their structure elucidated using 1D and 2D NMR and MS. Their structures
were identified as zuurbergenin (90), costunolide (91), verlotorin (92), 1-
dehydroartemorin (93), 12-oxo-phytodienoic acid methyl ester (94), acacetin (85), 7-O-
methylacacetin (84), 7 , 3-tifO<4nklfhylluteolin (95), arteanoflavone (96), 7, 3-Nj, 4 Nj
trimethylquercetin (97) and retusin (98). This report is the first time these compounds
were isolated from A. afra, except for acacetin (85) and 7-O-methylacacetin (84), which

had previously been reported in the plant.

All of the compounds were tested against asexual NF54 strains of P. falciparum. 1-
dehydroartemorin (93), acacetin (85) and retusin (98) displayed good activities with ICso
values of 3.95, 4.18 and 6.03 pug/mL, respectively. 1-Dehydroartemorin and acacetin were
among the mass that were identified in the biological scoring analysis, which indicated
the analysis was successful in identifying the most likely bioactive compounds.
Furthermore, this is the study of the antiplasmodial activity of 1-dehydroartemorin (93).
Zuurbergenin (90), 12-oxo-phytodienoic acid methyl ester (94), arteanoflavone (96) and
7 , 3-tmedhipuercetin (97) showed moderate activities with ICso values between 14
and 23 pug/mL, while the remaining compounds were inactive. This is the first report of the
antiplasmodial effect of zuurbergenin (90), 12-oxo-phytodienoic acid methyl ester (94),
arteanoflavone (96), costunolide (91) and verlotorin (92).

Most of the compounds isolated from A. marlothii, T. obtusifolia and A. afra in this study

had chiral center. This warrants further analysis to confirm proposed stereochenmistry.
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Supplementary data 1: iFit value of aloesaponol | (45) in the active Fraction 6 A. marlothii

roots.
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Supplementary data 2: MS and MS/MS data of aloesaponol | (45) in the active Fraction
6 of A. marolothii roots.
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Supplementary data 3: iFit value of aloesaponol Il in the active Fraction 6 of A. marlothii

roots.
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Supplementary data 4: MS and MS/MS data of aloesaponol Il in the active Fraction 6 of
A. marolothii roots.
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Supplementary data 5: MS and MS/MS data of aloesaponol Il in the active Fraction 6 of
A. marolothii roots.

Supplementary data 6: MS and MS/MS data of aloesaponarin | (46) in the active Fraction
6 of A. marolothii roots.
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