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Abstract

The emergence and spread of drug-recalcitrant Plasmodium falciparum parasites threaten to reverse the gains

made in the fight against malaria. Urgent measures need to be taken to curb this impending challenge. The higher
plant-derived sesquiterpene, quinoline alkaloids, and naphthoquinone natural product classes of compounds have
previously served as phenomenal chemical scaffolds from which integral antimalarial drugs were developed. Histori-
cal successes serve as an inspiration for the continued investigation of plant-derived natural products compounds

in search of novel molecular templates from which new antimalarial drugs could be developed. The aim of this study
was to identify potential chemical scaffolds for malaria drug discovery following analysis of historical data on phyto-
chemicals screened in vitro against P, falciparum. To identify these novel scaffolds, we queried an in-house manually
curated database of plant-derived natural product compounds and their in vitro biological data. Natural products
were assigned to different structural classes using NPClassifier. To identify the most promising chemical scaffolds, we
then correlated natural compound class with bioactivity and other data, namely (i) potency, (ii) resistance index, (iii)
selectivity index and (iv) physicochemical properties. We used an unbiased scoring system to rank the different natu-
ral product classes based on the assessment of their bioactivity data. From this analysis we identified the top-ranked
natural product pathway as the alkaloids. The top three ranked super classes identified were (i) pseudoalkaloids, (i)
naphthalenes and (iii) tyrosine alkaloids and the top five ranked classes (i) quassinoids (of super class triterpenoids), (i)
steroidal alkaloids (of super class pseudoalkaloids) (iii) cycloeudesmane sesquiterpenoids (of super class triterpenoids)
(iv) isoquinoline alkaloids (of super class tyrosine alkaloids) and (v) naphthoquinones (of super class naphthalenes).
Launched chemical space of these identified classes of compounds was, by and large, distinct from that of ‘legacy’
antimalarial drugs. Our study was able to identify chemical scaffolds with acceptable biological properties that are
structurally different from current and previously used antimalarial drugs. These molecules have the potential to be
developed into new antimalarial drugs.
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1 Introduction

Despite a plethora of resolute regional and global con-
certed efforts to curb malaria, this infectious disease con-
tinues to be a considerable health burden particularly to
the populace in low-income countries of Africa and Asia
[1]. In 2021 there were ca. 245 million reported clinical
cases of malaria globally. The World Health Organisation
(WHO) African Region carried the highest burden of
this disease with ca. 234 million cases accounting for ca.
95% of global clinical malaria cases [1]. Significantly, four
Sub-Saharan African countries accounted for 50% of the
global clinical malaria burden in 2021 [1]. Despite report-
ing a low number of clinical malaria cases over the years,
the South-East Asia region is notorious for being the
epicenter of antimalarial drug-resistance development
[2]. This comes as earlier chloroquine and sulphadox-
ine-pyrimethamine drug-resistant P falciparum strains
first emerged from this territory before spreading to the
rest of the world [2]. Unfortunately, this phenomenon is
recurring in South-East Asia as evidenced by the emer-
gence of P falciparum strains resistant to the current
first-line WHO recommended antimalarial therapeutics,
the artemisinin-based combination therapy (ACT) [2, 3].
There is genuine solicitude that the inadvertent spread of
these ACT-resistant P. falciparum strains to Africa will
result in a catastrophic outbreak of the disease, under-
mining momentous efforts to eliminate and eradicate
malaria [2]. In this context, there is an urgent need to dis-
cover and develop new antimalarial drugs to circumvent
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this imminent global health threat. One source worth
exploring as a starting point in this regard is higher plant-
derived natural products.

Different classes of both microbial and plant-derived
natural products have historically proven to be an indis-
pensable source of lead compounds for the develop-
ment of the antimalarial arsenal [4]. Three derivatives of
microbial-produced natural product compounds remain
clinically useful for malaria control. These are clindamy-
cin (1) (Fig. 1), tetracycline (2) (Fig. 2), and doxycycline
(3) (Fig. 3) [5, 6]. Clindamycin is a lincosamide antibiotic
[7]. It is derived from the Streptomyces-produced natu-
ral product compound lincomycin (4) which belongs to
the aminoglycoside class of natural products (Fig. 1) [7].
Tetracycline and doxycycline are 1st and 2nd generation
semi-synthetic derivatives, respectively, belonging to the
tetracycline class of compounds [8]. Tetracyclines were
originally isolated from filamentous bacteria of the genus
Streptomyces [8]. Each one of these three drugs, 1-3, are
co-administered with either artesunate or quinine and
used as a second line treatment regimen for recurrent P
falciparum malaria. Furthermore, a combination of clin-
damycin and quinine is strongly recommended by the
WHO for treating uncomplicated P, falciparum malaria
in the first trimester of pregnancy [6].

Critical in the battle against malaria has been the
contribution of plant-derived natural products. These
phytochemicals are quinine (5), lapachol (6), and arte-
misinin (7) which belong to the quinoline alkaloid,
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Fig. 1 2D illustration of bacterial (Streptomyces) derived antimalarial drugs. 1 and 4 are aminoglycosides, and 2 and 3 are tetracyclines
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Fig. 2 2D illustration of plant-derived antimalarial drug compounds quinine (5) and its derivatives the 4-aminoquinolines 8-11

and 8-aminoquinolines 12 and 13

naphthoquinone and sesquiterpene lactone classes of
natural products, respectively (Figs. 2, 3) [4]. Quinine
served as a template from which its derivatives, the
aminoquinolines, including chloroquine (8), meflo-
quine (9), amodiaquine (10), piperaquine (11), and
primaquine (12) were developed (Fig. 2) [4]. The most
recent quinine derivative that has come to the fore is
tafenoquine (13) (Fig. 2) [9]. For decades, chloroquine,

an affordable and highly efficacious drug, was success-
fully used as the first line treatment drug for malaria.
Mefloquine, amodiaquine and piperaquine are part of
the ACT regimen [6]. Primaquine and tafenoquine are
both used for preventing relapse of P vivax and P. ovale
with the former compound additionally used for block-
ing transmission of sexual P. falciparum parasites [6,
10].
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Lapachol served as a scaffold which inspired the devel-
opment of atovaquone (14) [4] which currently, in combi-
nation with proguanil, is used as a casual prophylactic for
malaria (Fig. 3) [6]. Three prolific semi-synthetic deriva-
tives of artemisinin namely artesunate (15), artemether
(16) and dihydroartemisinin (17) are the core compo-
nents of the ACT regimen (Fig. 3) [6]. By and large, the
contribution of natural products, particularly those
which are plant-derived, has been profound in the fight
against malaria. Against this background, it’s only logical
to continue investigating this immense source in search
of valuable classes of natural product scaffolds to expe-
dite development of the next generation of antimalarials.

In the past decade there has been an evolution in the
natural product-based drug discovery field which allows
for the targeted isolation of compounds, a paradigm shift
from the classic ‘blind’ resource and time-consuming
bioassay-guided approach. This transformation has been
spurred on by the introduction of advanced hyphenated
analytical techniques such as liquid chromatography
coupled with mass spectrometry. Furthermore, there
has been an advent of platforms such as GNPS [11] and
SIRIUS [12] for high throughput spectral annotation and
compound dereplication. Combined, these techniques
and tools can facilitate the targeted isolation of struc-
turally related phytochemicals, i.e., a natural “chemical
series” of plant-derived analogues (analogous to a chemi-
cal series of compounds produced in a synthetic drug
discovery program). This “series” of natural analogues
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Fig. 3 2D illustration of plant-derived antimalarial drug compounds lapachol (6) and artemisinin (7) and their derivatives 14 and 15-17,
respectively

can be subjected to biological evaluation with the added
advantage of acquiring its structure-activity relationship
(SAR) data. The prompt establishment of the SAR for the
targeted compound “series” guides precise development
of their medicinal chemistry plans, to expedite their
development as potential drugs in the discovery pipeline.

For decades, multitudes of phytochemicals of diverse
structural classes have been screened in vitro for activ-
ity against asexual P falciparum parasites. Given the
immense structural variety and number of plant-derived
natural products (ca. 133 881 plant-derived compounds
reported in the dictionary of natural products by 2019
[13]), there is a need for a rational approach to priori-
tise classes of compounds for malaria drug discovery
projects. This approach has been attempted in a previ-
ous study by Egieyeh and co-workers which primarily
carried out a chemoinformatic-based analysis of a set of
1040 antiplasmodial natural compounds isolated from
different sources including plants, microorganisms, and
marine species [14]. Furthermore, this prior study briefly
examined the relationship between chemical class and
bioactivity. The outcome of the study was a list of specific
natural compounds the authors recommended be priori-
tised for antimalarial drug discovery [14]. In accordance
with this previous work, we here analyse an in-house data
set of 2400 plant-derived natural compounds to ascertain
which structural classes of natural compounds at the
pathway, super class and class levels should reasonably be
prioritised for antimalarial drug discovery. However, in
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variance to the study of Egieyeh et al., emphasis is herein
placed on prioritising structural classes and not individ-
ual compounds. Furthermore, our work has delved more
into the potency, additionally considering activity of the
compounds against both drug-sensitive (D-S) and drug-
resistant (D-R) intra-erythrocytic P falciparum para-
sites, an aspect not previously undertaken by the earlier
workers.

In this current study, we first evaluated the structural
classes, namely pathways, super class, and class, based
on four parameters, (i) potency, (ii) resistance index (RI),
(iii) selectivity index (SI), and (iv) drug-likeness proper-
ties. We then used an unbiased scoring mechanism to
rank structural classes based on their performance in
two (potency and SI) of these four parameters. From the
ranked list, the topmost pathway, super class, and class
categories were subsequently identified. We envisage that
findings from our study will be of value to the malaria
drug discovery field and will potentially play a role in has-
tening the discovery of novel antimalarial chemotypes
through target-based isolation.

2 Results, discussion and conclusion
2.1 Descriptive analysis: hit rate of natural product

compounds in different pathways, super class

and class categories
To identify the most quintessential structural class of
plant-derived natural compounds for antimalaria drug
discovery and development, we examined our previously
manually curated database (Moyo et al. submitted). The
database consists of a set of 2400 plant-derived natural
compounds (representing 1.8% of known phytochemicals
[13]) previously evaluated in vitro for their antiplasmo-
dial activity against the intra-erythrocytic asexual P. fal-
ciparum parasites. These plant-derived compounds were
identified and compiled from peer-reviewed literature
sources from PubMed published over a course of 58 years
between 1964 and 2021. Additional information available
on the database included the pharmacological activity of
the phytochemicals including their in vitro antiplasmo-
dial potency against intra-erythrocytic asexual P, falcipa-
rum parasites, and cytotoxicity data.

To achieve the objective of our study we first assigned
the 2400 natural product compounds to different struc-
tural classes, and to reduce subjectivity and ensure con-
sistency used an online chemical ontology classification
tool to classify all compounds/structures. Compounds in
the database were assigned into three hierarchical classi-
fication categories of natural products, namely pathway
(highest level), super class (middle level) and class (lowest
level). The classification was carried out primarily using
the online deep neural network-based structural classifi-
cation ontology tool NPClassifier (Fig. 4) [15]. However,
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NPClassifier in some cases apportioned compounds to
multiple classes. Hence in such circumstances, another
web-based application, ClassyFire [16], was then adopted
as an “arbitrator’; resolving this ambiguity, so assigning
the compound into one specific class level. NPClassifier
has been shown to outperform ClassyFire in accurately
assigning secondary metabolites to their correct classes
[15], hence its application for the primary classification.

Using NPClassifier, 97% (2349) of the compounds in
the database were successfully classified into five differ-
ent pathways, namely alkaloids, terpenes, polyketides,
fatty acids, and shikimates and phenylpropanoids. Two
hundred and twelve of the compounds multi-classified
by NPClassifier were successfully reclassified at the class
level using ClassyFire. Terpenes were the most repre-
sented pathway accounting for 40% of plant-derived com-
pounds examined (Fig. 4). They were closely followed
by shikimates and phenylpropanoids (30%), while fatty
acids (2%) were the least represented. This frequency in
the abundance of the pathways is consistent with their
reported distribution in plants. This distribution partially
matched that of antiplasmodial marine natural products
reported elsewhere [17]. At the super class level triterpe-
noids and flavonoids were the two most prevalent whilst
styrylpyrones and cyclic polyketides ranked as the least
represented. Only phytochemicals with>10 compounds
at a class level were considered for this study. At this
low level of classification, amongst the three most rep-
resented classes were isoquinoline alkaloids (of super
class tyrosine alkaloids), germacrane sesquiterpenoids (of
super class triterpenoids), and corynanthe-type alkaloids
(of super class tryptophan alkaloids). Aporphine alka-
loids (of super class tyrosine alkaloids) and abietane dit-
erpenoids (of super class diterpenoids) ranked amongst
the least represented chemical entities at the class level
(Fig. 4).

Having successfully classified the phytochemicals, the
next step was to get a preliminary insight into the potency
of natural products assigned to the different pathways,
super class and class levels. This analysis was carried out
by linking different compound classifications to their
reported in vitro activity against both D-S and D-R intra-
erythrocytic asexual P, falciparum parasites. The hit rates
(HR) of the compounds per each pathway, super class
and class were computed as previously reported by Moyo
et al. (in review). The HR is the proportion of active com-
pounds (defined as those with an IC;,<10 puM) relative
to the total number of compounds in that structural clas-
sification category. Considering the time and exorbitant
financial resources invested in drug discovery projects,
there is merit in working on structural classes with a high
HR, the presumption being that this will ensure drugs are
developed faster and more cost-effectively.
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Fig.4 Sankey chart illustration of pathways, super class and class of plant-derived natural compounds examined in this study. The size of nodes
is proportional to the relative number of compounds across the different pathways and within the respective super classes and classes.

Values in rectangles show hit rate (HR) against drug-sensitive (D-S) and drug-resistant (D-R) intra-erythrocytic asexual P falciparum strains.

ND not determined: This applies for compound pathways, super class and class of natural product compounds in which < 10 compounds

per classification were evaluated for their antiplasmodial activity. The hit rate is the calculated % number of compounds with an IC5, <10 uM

for each structural classification. Classification of compounds into pathways, super class and class levels was primarily carried out using the online
tool NPClassifier, and secondarily using ClassyFire, both automated online structural classification tools. Sankey chat was created using the online
platform SankeyMATIC (https://sankeymatic.com/)
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Amongst the pathways, alkaloids had the highest pro-
portion of active compounds and so achieved the top-
most HR against both D-S (HR=52%, n (number of
compounds)=281) and D-R (HR=54%, n=344) P. fal-
ciparum strains. Fatty acids had the lowest HR against
D-S (HR=17%, n=24) while polyketides had the lowest
HR against D-R (HR=28%, n=117) P, falciparum strains
(Fig. 4). Interestingly, the fatty acids were more potent
against D-R rather than to D-S asexual P falciparum
strains (difference of 23 between the HR).

At the super class level, pseudoalkaloids (HR=90%,
n=20) and naphthalenes (HR=65%, n=34) had the
highest ratio of active compounds against D-S and D-R
P falciparum strains, respectively. Phenylpropanoids
(C6-C3) (HR=3.4%, n=29) and styrylpyrones (HR=0%,
n=13) had the lowest ratio of active compounds against
D-S and D-R P, falciparum parasites, respectively (Fig. 4).
Xanthones, steroids, and diterpenoids had a remarkably
high proportion of compounds active against D-R rela-
tive to D-S P. falciparum strains. The differences in the
HR for activity against D-S and D-R parasites were 44,
36, and 22.7 for xanthones, steroids, and diterpenoids,
respectively.

Quassinoids were revealed to be topmost at the class
level, having the highest HR against both D-S (HR=100%,
n=18) and D-R (HR=91%, n=>54) intra-erythrocytic
asexual P falciparum parasites. Cinnamic acids and its
derivatives (of super class phenylpropanoids) (HR=0%,
n=29 and 23), and kaurane and phyllocladane diterpe-
noids (of super class diterpenoids) (HR=0%, n=10), had
the lowest ratio of active compounds against both D-S
and D-R asexual P falciparum parasites. Kavalactones
and derivatives (of super class styrylpyrones) also had
a poor representation of active compounds (HR=0%,
n=13) against D-R P falciparum parasites. Consist-
ent with its parent super class (xanthones), plant xan-
thones had a marked proportion of active compounds
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against D-R compared to D-S parasites (a difference of 44
between the HR). Chalcones (of super class flavonoids),
carboline alkaloids (of super class tryptophan alkaloids),
and aporphine alkaloids (of super class tyrosine alkaloids)
had a higher ratio of active compounds against D-S com-
pared to D-R P, falciparum parasites (difference of ca. 19
between HR for all three classes of natural compounds)
(Fig. 4).

In general, from this primary analysis we observe
that chemical entities within the alkaloid pathway, and
its associated super classes and classes have a high HR
against both D-S and D-R P, falciparum parasites. In con-
trast, natural product compounds assigned to the shi-
kimates and phenylpropanoids pathway and its related
super class and class categories largely demonstrated
low HR against the D-S and D-R P. falciparum parasite
strains.

2.2 Antiplasmodial activity of natural products in different
pathways, super classes and classes

Following the preliminary analysis of activity, we fur-
ther examined the relevant pharmacological proper-
ties of compounds assigned to the different structural
classification categories. We broadened our evalua-
tion of potency by looking into the proportion of com-
pounds per pathway, super class and class, classified
as either highly active (HA) (IC;y<1 pM), moderately
active (MA) (10 pM >1Cy,>1 uM), or poorly active (PA)
(IC50>10 uM). Furthermore, we investigated the resist-
ance index (RI) and selectivity index (SI) for the reasons
outlined above. A pathway, super class and class of prior-
ity for malaria drug discovery and development is taken
to be one whose majority of compounds are classified as
HA, while also having acceptable low RI (<10) and high
SI (>10).

From this evaluation, most natural compounds in
all five pathways were classified as PA (Table 1). The

Table 1 Antiplasmodial activity and cytotoxicity of higher plant-derived natural compound pathways

Pathway Inhibition of parasite proliferation Cytotoxicity
D-S D-R
n HA MA PA n HA MA PA n RI(£10) n SI(210)
Alkaloids 281 22.1] 299| 50.2||344] 23.3] 31.1] 45.6]|153 98.0
Fatty acids 24] 00| 16.7] 833|| 20} 5.0] 350| 60.0
Polyketides 125] 144| 31.2| 544|117 154| 25.6| 59.0|| 69 98.6
Shikimates” 389] 3.6] 20.1] 76.3]||507) 43| 237 72.0||176 96.6
Terpenoids 405] 11.1] 24.7] 64.2||667| 15.1] 30.7) 54.1||127 96.9
| 50 | 100] HM

n=number of compounds; HA, MA and PA values are expressed in % of total compounds evaluated; Rl shows % number of compounds with RI<10; SI shows %
number of compounds with SI > 10. The heat map (HM) ranges from green (lowest value, 0%) to yellow (mid-range value, 50%) to red (highest value, 100%), visually
illustrating the proportion of compounds classified as either HA, MA or PA. *Shikimates and Phenylpropanoids
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alkaloids pathway had the greatest number of com-
pounds classified as HA against both D-S (22%, n=281)
and D-R (23%, n=344) asexual P falciparum parasites
(Table 1). Furthermore, many (50%) of the natural prod-
ucts in the alkaloid pathway (n=232) showed a good SI.
Fatty acids and shikimates and phenylpropanoids had the
fewest number of compounds classified as HA with most
of the molecules (ca. 74%) in the latter pathway (n=209)
demonstrating a poor SI. The emergence of alkaloids as
the most prolific pathway is consistent with findings from
Egieyeh et al. [14].

For the super class evaluation, most compounds in
the naphthalenes were classified as HA against both D-S
(43%, n=30) and D-R (43%, n=35) asexual P. falcipa-
rum parasites. Other super classes to have a considerable
proportion (>25%) of their compounds classified as HA
against D-S P, falciparum parasites were anthranilic acid
alkaloids (n=18), lysine alkaloids (n=17), tyrosine alka-
loids (n=83) and pseudoalkaloids (n=20). Against the
D-R parasites, anthranilic acid alkaloids (n=23), tyros-
ine alkaloids (n=134) and tryptophan alkaloids (n=117)
had a marked proportion (>25%) of their compounds
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classified as HA. Additionally, the majority of compounds
(>45%) from the anthranilic acid alkaloids (n=38), lysine
alkaloids (n=14), tyrosine alkaloids (n=106) and pseu-
doalkaloids (n=20) showed acceptable SI (>10). Exten-
sive historical investigations reflected in our database
have shown that most compounds (>70%) of the super
classes flavonoids, isoflavonoids, and phenolic acids
(C6-C1) were PA against both D-S and D-R asexual P
falciparum parasites. Flavonoids, along with terpenoids,
have previously been observed to exhibit generally low
antiplasmodial activity [14]. Overall, most compounds
showed an acceptable RI (< 10), see Table 2.

At the class level, the potency of quassinoids (of super
class triterpenoids) was outstanding in having the major-
ity of the compounds classified as HA against both D-S
(77%, n=18) and D-R (63%, n=>54) P. falciparum para-
sites. This level of potency was followed by naphtho-
quinones (of super class naphthalenes) whose majority
of compounds emerged as HA against both D-S (44%,
n=27) and D-R (57%, n=26) parasites. Isoquinoline
alkaloids (of super class tyrosine alkaloids), steroidal alka-
loids (of super class pseudoalkaloids), cycloeudesmane

Table 2 Antiplasmodial activity and cytotoxicity of higher plant-derived super classes of natural compounds

Super Class Inhibition of parasite proliferation Cytotoxicity
D-S D-R
n HA MA PA n HA MA PA n RI(210) n SI(210)
T Anthranilic acid alkaloids 18] 33.3] 11.1] 55.8]| 23] 26.1] 21.7| 52.2|| 10 100.0
B Lysine alkaloids 17] 35.3] 11.8] 529|| 17| 17.6] 23.5| 5838 6 100.0
g Tryptophan alkaloids 128| 14.8| 32.0] 53.1||117] 256]| 29.9| 44.4|| 60 98.3
< Tyrosine alkaloids 83| 30.1] 37.3] 32.5|[134| 284| 37.3| 34.3|| 55 96.4
? Cyclic polyketides 11 0.0] 45.5| 54.5
s Naphthalenes 30] 433| 23.3] 33.3|| 35| 429| 229| 34.3|| 25 96.0
’_>‘. Phloroglucinols 14 0.0] 85.7] 14.3]| 13| 23.1] 38.5| 385
& Polycyclic aromatic polyketides | 33 3.0] 12.1] 84.8]| 37 0.0 16.2| 83.8|| 27 100.0
| [Coumarins 12 0.0] 16.7] 100.0]| 29 0.0] 6.9 931
Flavonoids 147 54| 21.8] 72.8||190] 4.2| 23.7| 721|| 71 97.2
¢ [|Isoflavonoids 48 0.0] 229| 771]| 72 0.0] 13.9] 86.1|]| 33 97.0
g Lignans 15 0.0] 13.3] 86.7|| 43] 11.6| 18.6| 69.8 7 100.0
X ||Styryipyrones 13 0.0 0.0] 100.0
% |[Phenolicacids (C6-C1) 63 79| 17.5| 74.86|| 41 73] 19.5| 73.2|| 19 947
Phenylpropanoids (C6-C3) 29 0.0 3.4] 966|| 25 0.0 8.0] 92.0]| 12 100.0
Xanthones 33 3.0] 27.3] 69.7]| 51 9.8| 64.7] 255]| 11 90.9
| Diterpenoids 84 71| 16.7] 76.2||144] 11.8]| 34.7| 535]| 22 100.0
@ Meroterpenoids 17 59| 47.1| 47.1|| 34 29| 44.1| 529
-'g Monoterpenoids 28 36 3.6] 929|| 46 0.0] 13.0] 87.0
E,_ Sesquiterpenoids 99 91| 434| 475||134] 209| 36.6| 425|| 31 96.8
5 | |Steroids 28 0.0] 21.4| 7886]| 26] 23.1] 34.6| 423
. Triterpenoids 143] 19.6| 20.3] 60.1]|281] 17.8] 28.1] 54.1|| 64 953
L Pseudoalkaloids 20| 30.0] 60.0f 10.0
[o | 50 | 100] Hm

n=number of compounds; HA, MA and PA values are expressed as % of total compounds evaluated; RI shows % of compounds with Rl < 10; SI shows % of compounds
with SI>10. The heat map (HM) ranges from green (lowest value, 0%) to yellow (mid-range value, 50%) to red (highest value, 100%), visually illustrating the proportion

of compounds classified as either HA, MA or PA. *Shikimates and Phenylpropanoids
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sesquiterpenoids (of super class triterpenoids), cassane
diterpenoids (of super class diterpenoids), aporphine
alkaloids (of super class tyrosine alkaloids), strychnos
type alkaloids (of super class tryptophan alkaloids), and
arylnaphthalene and aryltetralin lignans (both of super
class triterpenoids) also fared well with>30% of their
compounds classified as HA either against D-S or D-R
parasites. A considerable proportion of compounds
(ranging from 44 to 84%) from all these mentioned
classes also showed acceptable SI. The classes with the
lowest proportion of plant-derived natural compounds
classified as either HA or MA against P, falciparum para-
sites were kaurane and phyllocladane diterpenoids (of
super class diterpenoids), kavalactones and derivatives
(of super class styrylpyrones), simple coumarins (of super
class coumarins), oleanane triterpenoids (of super class
triterpenoids), labdane diterpenoids (of super class dit-
erpenoids), isoflavones (of super class isiflavanoids), iri-
doids monoterpenoids (of super class monoterpenoids),
flavones (of super class flavanoids), cinnamic acids and
derivatives (of super class phenylpropanoids), anth-
raquinones and anthrones (of super class polycyclic and
aromatic polyketides) and, interestingly, the quinoline
alkaloids (of super class tryptophan alkaloids) (Table 3).

Overall, consistent with earlier observations, the alka-
loid pathway and its associated sub-categories showed
the most promising pharmacological properties includ-
ing potency, RI and SI. Except for a few “pockets of
brilliance’;, e.g., quassinoids, cycloeudesmane sesquiter-
penoids, and steroidal alkaloids, by and large, most com-
pounds assigned to the terpenoid and shikimates and
phenylpropanoid pathways and related super classes and
classes were classified as PA.

2.3 Drug-likeness assessment of compounds produced
by different plant orders and families

Having assessed the pharmacological properties of
plant-derived compounds assigned to different struc-
tural categories, we then investigated their drug-likeness
for reasons outlined earlier (Moyo et al. submitted).
Drug-likeness assesses the probability of a molecule to
be bioavailable [18]. The current assessment was based
on evaluating the in silico computed properties of com-
pounds against criteria outlined by the Medicines for
Malaria Venture (https://www.mmv.org/frontrunner-
templates), Lipinski’s Rule of 5 [19], Veber’s rule [20] and
Ghose filters [21]. To a large extent, most compounds in
different pathways, super classes and classes complied
with the set criteria. The most notable non-compliant
structural classifications were the super classes fatty
acids (rotatable bonds (RB)=18) and steroids (molecular
weight (MW)=552, molecular refractory (MR)=159),
and the classes cycloeudesmane sesquiterpenoids (of
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super class triterpenoids) (MW =599), kaurane and
phyllocladane diterpenoids (of super class diterpenoids)
(MW =768, hydrogen bond acceptors (HBA) =16, hydro-
gen bond donors (HBD)=10, MR=181, and total polar
surface area (TPSA)=272), and gallotannins (of super
class Phenolic acids (C6-C1)) (MW =628, HBA=17,
MR =10, and TPSA=302). All structural classifications
showed an acceptable PAINS score (Moyo et al. submit-
ted). However, some classes demonstrated marked syn-
thesis accessibility scores (>6.5), most notable kaurane
and phyllocladane diterpenoids (8.7), jatrophane diterpe-
noids (of super class diterpenoids) (7.2), cycloeudesmane
sesquiterpenoids (of super class triterpenoids) (7.3), stig-
mastane steroids (of super class steroids) (6.7), limonoids
(of super class cyclic polyketides) (6.6), polyprenylated
cyclic polyketides (Hop meroterpenoids) (of super class
triterpenoids) (6.9), and oleanane triterpenoids (of super
class triterpenoids) (6.9), see Tables 4, 5, 6.

2.4 Overall ranking to identify compound structural
classes for prioritisation in malaria drug discovery
projects.

Having evaluated both pharmacological properties and
drug-likeness we then employed an unbiased scoring sys-
tem to rank different compound pathways, super classes
and classes (Tables 7, 8, 9). For this process we decided
against the inclusion of drug-likeness and RI as compo-
nents as we noted that most compounds were compliant
with these parameters.

Following implementation of this scoring system, the
following results were realized: the top-ranked pathway
was the alkaloids, top three ranked super classes were (i)
pseudoalkaloids, (ii) naphthalenes and (iii) tyrosine alka-
loids and top five ranked classes were (i) quassinoids,
(ii) steroidal alkaloids (iii) cycloeudesmane sesquiterpe-
noids (iv) isoquinoline alkaloids and (v) naphthoquinones
(Fig. 5).

Structurally, quassinoids are degraded triterpenes
which are highly oxygenated [22, 23]. They are subdi-
vided into 5 types based on the carbon skeleton struc-
ture, ie., C-18, C-19, C-20, C-22, and C-25. In nature,
they are mainly confined to the Simaroubaceae fam-
ily being responsible for the bitter taste of species in
this family [22, 23]. They are complex molecules which
are difficult to synthesise. Nonetheless, innovative syn-
thesis approaches for this class of compounds have
been reported in several studies [24—28] and concisely
reviewed by others [29, 30]. Biologically, quassinoids
have demonstrated exceptional potency across different
disease areas including cancer, HIV and, as noted in this
study, malaria [22, 23]. Some compounds have shown
single digit nanomolar activity against both D-S and D-R
P, falciparum parasites, not sharing cross resistance with
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Table 3 Antiplasmodial activity and cytotoxicity of higher plant-derived natural compound classes

Alkaloids

| Polyketidesl

Shikimates®

Terpenoids

(2023) 13:37

Class Inhibition of parasite proliferation Cytotoxicity
D-S D-R
n HA MA PA n HA MA PA n RI(<10) n SI(210)
Acridone alkaloids 12|  0.0] 16.7 83.3|| 12] 0.0] 25.0] 75.0 5 100.0
Amarnylidaceae alkaloids 17 0.0] 294| 708]| 21 48| 286| 66.7]| 11 100.0
Aporphine alkaloids 9| 222| 66.7| 11.1|| 23] 39.1] 30.4| 304
Carboline alkaloids 21| 19.0] 429| 38.1|| 31| 226] 19.4| 58.1|| 12 100.0
Isoquinoline alkaloids 43| 34.9| 37.2| 279|| 59| 30.5| 47.5| 22.0|| 27 96.3
Protoberberine alkaloids 9| 222| 33.3| 444|| 19] 26.3] 263] 474 9 100.0
Tetrahydroisoquinoline alkaloids 11| 27.3| 36.4| 364
Quinoline alkaloids 18] 0.0 27.8| 722|| 23] 0.0f 13.0f 87.0|| 11 100.0
Corynanthe type 46| 10.9| 28.3] 60.9|| 45| 17.8] 42.2| 40.0|| 23 95.7
Strychnos type 37| 16.2] 29.7| 54.1|| 19] 474 21.1| 316|| 16 100.0
Anthraquinones and anthrones 36 56| 16.7| 77.8]| 38 0.0] 184| 816|| 28 100.0
Naphthoquinones 27| 44.4| 222| 333]| 26] 57.7] 23.1] 19.2|| 22 95.5
Dimeric phloroglucinols 11 00| 909 941
Polyprenylated cyclic polyketides 14 0.0] 57.1| 429|| 19] 0.0] 684] 31.6
Chalcones 22 9.1| 455| 455|| 17| 11.8] 23.5| 64.7|| 14 100.0
Cinnamic acids and derivatives 29| 00| 0.0 100.0J|1 23] 0.0] 0.0} 100.0 8 100.0
Kavalactones and derivatives 13 0.0] 0.0] 100.0
Flavanones 40 50| 30.0f 650]| 50] 6.0] 30.0f 64.0|| 20 100.0
Flavones 30| 00| 133| 86.7]| 36] 56| 16.7] 889 8 100.0
Flavonols 41| 122| 146| 73.2|| 58] 0.0 259| 74.1|| 23 95.7
Gallotannins 17| 17.6] 176]| 64.7|| 13| 154| 23.1] 61.5|| 11 100.0
Isoflavones 13| 0.0 154| 846]| 29] 0.0] 6.9 93.1|| 12 100.0
Neolignans 18] 56| 27.8] 66.7
Plant xanthones 27| 87| 296| 66.7]| 48] 104| 64.6] 250 9 88.9
Simple coumarins 23 0.0] 43| 957
Simple phenolic acids 42 48| 190| 76.2|| 27 3.7] 185| 7738 7 85.7
Pterocarpan 13 0.0 23.1] 76.9|| 19 0.0] 21.1] 789 6 100.0
Aryinaphthalene and anyitetralin lignans 11| 36.4] 18.2| 455
Cassane diterpenoids 21| 33.3| 23.8] 429
Colensane and Clerodane diterpenoids | 14| 21.4| 429| 35.7|| 26] 11.5] 50.0] 38.5]| 10 100.0
Cycloeudesmane sesquiterpenoids 44| 545 159| 295
Eudesmane sesquiterpenoids 10 0.0 30.0] 70.0]| 10| 0.0] 30.0] 70.0 6 100.0
Friedelane triterpenoids 9| 114 111 77.8|| 11| 182 9.1| 727
Germacrane sesquiterpenoids 36| 13.9] 55.6| 306)| 42 48| 61.9| 33.3|| 10 90.0
Guaiane sesquiterpenoids 18 56| 33.3] 61.1
Iridoids monoterpenoids 15| 0.0 6.7 93.3|| 28] 0.0 7.1 929
Jatrophane diterpenoids 12 83| 16.7] 75.0
Kaurane and Phyllocladane diterpenoids| 10|~ 0.0] 0.0} 100.0f| 10} 0.0} 0.0} 100.0
Labdane diterpenoids 19 0.0 53] 94.7|| 17 0.0] 17.6] 824
Limonoids 15| 13.3| 33.3] 53.3]| 62 16] 29.0] 694 8 100.0
Lupane triterpenoids 29| 24.1| 24.1| 51.7|| 47| 17.0] 36.2] 46.8|| 14 92.9
Oleanane triterpenoids 13| 0.0 23.1] 100.0]| 42| 24| 31.0| 66.7 9 100.0
Quassinoids 18| 77.8| 222| 00]| 54| 63.0] 27.8] 9.3|| 12 83.3
Steroidal alkaloids 19| 31.6] 632 5.3
Abietane diterpenoids e] 0.0 444| 5586]| 15 6.7] 53.3] 40.0
Stigmastane steroids 18] 0.0 11.1] 88.9|| 12 0.0 16.7| 83.3
Ursane and Taraxastane triterpenoids 17 00| 17.6] 824|| 17 0.0] 35.3] 76.5 5 100.0
0 50 100 HM
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n=number of compounds; HA, MA and PA values are expressed in % of total compounds evaluated; Rl shows % number of compounds with RI<10; Sl shows %
number of compounds with SI>10. The heat map (HM) ranges from green (lowest value, 0%) to yellow (mid-range value, 50%) to red (highest value, 100%), visually
illustrating the proportion of compounds classified as either HA, MA or PA. *Shikimates and Phenylpropanoids
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Table 4 Calculated mean physicochemical descriptors for natural products in different pathways

Pathway Physicochemical Descriptors PAINS SA
MW RB HBA HBD MR TPSA clLogP

Alkaloids 378.6 2.8 4.2 1.3 113.7) 57.2 3.1 0.2 4.3

Fatty acids 4498 18.3 56 3.1] 12886 96.3 45 0.0 50

Polyketides 386.3 44 58 23| 108.2 935 3.5 04 40

Shikimates* 385.1 43 7.2 33| 1019 1136 24 0.2 40

Terpenoids 4435 46 59 21 1213 92.6 35 0.0 59

MW molecular weight, RB rotatable bonds, HBA hydrogen bond acceptors, HBD hydrogen bond donors, MR molar refractivity, TPSA total polar surface area, cLogP

consensus LogP, PAINS pan-assay interference compounds, SA synthesis accessibility

Grey shaded figures are those which don’t meet the set criteria; *Shikimates and Phenylpropanoids

Table 5 Calculated mean physicochemical descriptors for natural products in different super classes

Super Class Physicochemical Descriptors PAINS SA
MW RB HBA HBD MR TPSA clLogP
» | |Anthranilic acid alkaloids 279.2 14 3.3 0.7] 824 513 2.5 0.0 2.5
g Lysine alkaloids 3916 6.0 48 18] 1185 61.0 34 0.0 52
g Tryptophan alkaloids 407 4 2.3 35 16| 1249 56.5 29 0.3 5.0
< Tyrosine alkaloids 396.3 2.8 53 1.1] 1165 60.5 34 0.1 4.1
§ Cyclic polyketides 353.1 35 55 17] 967 936 31 0.0 44
3 Naphthalenes 418.0 3.2 56 24] 1228 822 39 05 4.2
*_>‘, Phloroglucinols 4226 74 6.0 33| 1212 106.9 45 0.0 43
& Polycyclic aromatic polyketides 359.0 2.5 6.1 25 952 1044 25 10 32
Coumarins 319.8 3.6 6.3 1.8 844 90.8 2.1 01 37
Flavonoids 422.7 4.0 8.1 41| 111.1] 1320 2.3 0.3 43
& ||Isoflavonoids 3270 25 53 16 89.6 742 29 0.0 36
g Lignans 373.2 6.0 6.0 15| 100.8 76.2 31 0.0 41
x ||Pseudoalkaloids 456.0 4.8 3.7 1.7] 1357 53.4 47 0.0 6.1
® ||Phenolic acids (C6-C1) 3598 45 8.3 42| 88.0| 1404 1.2 04 36
Phenylpropanoids (C6-C3) 3453 6.4 6.9 36 88.7] 115.3 1.3 04 3.7
Xanthones 3845 3.5 5.8 29| 1109 98.1 4.0 0.2 40
Diterpenoids 430.6 5.5 59 1.7] 1181 89.5 37 0.1 56
" Meroterpenoids 483.7 7.6 5.1 22| 1424 88.9 5.4 05 58
-'g Monoterpenoids 318.8 4.8 6.6 31 78.7] 1033 0.7 0.0 4.8
5 ||Sesquiterpenoids 3744 3.7 59 13 98.6 87.8 2.3 0.0 55
§ Steroids 552.3 8.0 55 23| 1594 81.9 5.7 0.0 72
= Triterpenoids 508.7 4.0 6.1 25| 140.7 996 4.3 0.0 6.5
Styrylpyrones 296.1 3.5 5.1 1.0 771 69.3 1.8 0.0 42

MW molecular weight, RB rotatable bonds, HBA hydrogen bond acceptors, HBD hydrogen bond donors, MR molar refractivity, TPSA total polar surface area, cLogP

consensus LogP, PAINS pan-assay interference compounds, SA synthesis accessibility

Grey shaded figures are those which don’t meet the set criteria; *Shikimates and Phenylpropanoids

chloroquine [31, 32]. It is therefore surprising that lim-
ited attention in the malaria field has been accorded this
class of compounds. Almost half of the compounds ana-
lysed in this study were from two studies carried out by
O’Neil and co-workers in 1986 and 1987 [31, 32]. One
possible deterrent is the earlier discussed complexity in
the synthesis of compounds in this quassinoids class.
A work around for this could be to identify molecular

features associated with potency and to use that to syn-
thesise libraries of simple molecules whose structures are
inspired by this class of compounds. This approach has
gained impetus in the field with millions of virtual natural
product-like compounds having been generated for drug
discovery [33-35].

The steroidal alkaloid class of phytochemicals is limited
in its distribution, amongst higher plants, being mainly
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Table 6 Calculated mean physicochemical descriptors for natural products in different classes

Class Physicochemical Descriptors PAINS SA
MW RB HBA HBD MR TPSA clLogP
Acridone alkaloids 2872 16 3.8 0.8 828 56.2 25 0.0 25
Amanylidaceae alkaloids 3158 14 55 1.2 85.6 64.3 13 0.0 4.5
Aporphine alkaloids 3228 18 43 0.7 947 51.8 3.0 0.0 3.1
«» ||Carboline alkaloids 3339 1.7 28 1.6 1028 525 3.1 04 3.4
E Isoquinoline alkaloids 4293 3.2 53 13| 129.2 61.3 42 0.2 4.3
g Protoberberine alkaloids 3518 28 48 09| 993| 572 26 03 3.3
< Tetrahydroisoquinoline alkaloids 564.5 35 75 09| 168.2 703 4.7 00 6.2
Quinoline alkaloids 2732 34 3.6 0.3 80.1 446 3.1 0.0 29
Corynanthe type 4132 26 3.5 18] 1263 59.6 29 05 52
Strychnos type 4755 16 37 09| 1483| 467 31 0.0 6.1
% ||Anthraquinones and anthrones 363.6 25 6.2 2.6 96.5| 106.4 2.5 1.0 3.3
% Naphthoquinones 4601 31 59 25| 1365 855 43 07 49
i;, Dimeric phloroglucinols 4624 78 71 36| 130.3] 1253 44 00 45
& Polyprenylated cyclic polyketides (Hop mgq 574.8 8.6 6.1 26| 168.2] 108.1 6.3 08 6.9
Chalcones 3824 5.6 4.9 1.7] 109.6 73.9 4.0 0.0 4.0
Cinnamic acids and derivatives 4771 8.7 111 6.1] 1155| 181.7 0.2 0.6 49
Kavalactones and derivatives 296.1 3.5 51 1.0 771 69.3 1.8 0.0 4.2
Flavanones 405.2 33 6.4 3.3] 110.3] 1051 33 0.0 4.1
Flavones 4311 33 8.2 40| 1150] 136.7 26 0.2 42
*8 Flavonols 480.7 52 11.2 6.0l 118.9] 184.7 1.0 04 50
@ ||Gallotannins 628.3 3.0 17.4 9.9| 144.8] 302.3 0.0 0.9 55
:E Isoflavones 3129 28 52 1.9 87.3 822 28 0.0 3.2
& ||Neolignans 368.9 75 55 20| 1025 75.8 33 0.0 4.0
Plant xanthones 3919 3.7 59 3.0 113.3] 1003 41 0.3 4.0
Simple coumarins 3124 38 58 14 84.1 81.8 24 0.0 36
Simple phenolic acids 2792 5.0 5.6 23 70.8 90.5 15 03 3.0
Pterocarpan 3222 1.8 52 1.2 86.5 63.2 3.0 0.1 3.9
Aryinaphthalene and anytetralin lignans 3913 45 6.5 0.5] 1043 731 33 0.0 4.1
Cassane diterpenoids 403.9 35 6.2 1.2] 106.0 90.9 2.8 00 55
Colensane and Clerodane diterpenoids 436.0 79 6.1 1.0] 1191 87.7 3.9 00 6.0
Cycloeudesmane sesquiterpenoids 599.9 59 10.2 25| 151.2] 154.1 25 0.0 7.3
Eudesmane sesquiterpenoids 2491 0.7 30 1.3 70.0 50.2 23 00 4.3
Friedelane triterpenoids 4426 0.6 20 04| 1356 342 6.8 0.0 53
Germacrane sesquiterpenoids 3490 39 6.1 1.0 909 874 20 0.0 56
Guaiane sesquiterpenoids 2728 0.8 42 12 721 61.9 17 00 51
" Iridoids monoterpenoids 386.6 5.6 9.8 49 87.2] 1533 -1.1 0.0 56
-'g Jatrophane diterpenoids 663.9 11.0 12.2 1.2] 1699| 1728 34 00 7.2
§_ Kaurane and Phyllocladane diterpenoids| 768.1 9.2 16.7 10.0 181.5] 272.9 -0.8 0.0 8.7
E Labdane diterpenoids 361.0 54 3.7 14| 105.0 60.2 43 01 5.0
Limonoids 516.6 49 84 0.8 132.8] 1175 3.2 0.0 6.6
Lupane triterpenoids 515.4 46 34 17| 1551 59.0 7.0 0.0 6.2
Oleanane triterpenoids 580.6 34 74 47| 159.1] 130.0 41 00 6.9
Quassinoids 4631 2.9 9.4 3.7 111.5] 148.38 04 0.0 6.3
Steroidal alkaloids 4709 5.0 3.8 16| 1405 504 5.0 0.0 6.3
Abietane diterpenoids 300.2 11 2.3 0.6 90.1 39.2 4.2 09 4.1
Stigmastane steroids 4571 6.5 24 17| 1412] 428 6.6 0.0 6.7
Ursane and Taraxastane triterpenoids 4716 16 3.4 23| 1403 63.7 57 0.0 6.4
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Table 6 (continued)

MW molecular weight, RB rotatable bonds, HBA hydrogen bond acceptors, HBD hydrogen bond donors, MR molar refractivity, TPSA total polar surface area, cLogP
consensus LogP, PAINS pan-assay interference compounds, SA synthesis accessibility

Grey shaded figures are those which don’t meet the set criteria; *Shikimates and Phenylpropanoids

Table 7 Ranking compound pathways for antimalarial drug discovery from higher plants

Pathway Points Ranking
D-S DR
HR  HA HR  HA S|  Total Normalised
Alkaloids 1 1 1 1 1 5 g
Fatty acids 5 5 4 4 2 20 4 4
Polyketides 2 2 3 2 4 13 2,6 2
Shikimates” 4 4 5 5 5 23 46 5|
Terpenoids 3 3 2 3 3 14 2.3 3|
@ | 5| RSHM

HR Hit rate; ranking score heat map (RSHM) ranges from red (best ranking, lowest points) to green (lowest ranking, most points). *Shikimates and Phenylpropanoids

Table 8 Ranking compound super classes for antimalarial drug discovery from higher plants

Super Class Points Ranking
D-S D-R
HR HA HR HA SI Total Normalised
? Anthranilic acid alkaloids 10 3 8 3 1 25 5 4
‘S ||Lysine alkaloids 4 2 12 9 3 33 6.6 6
£ ||Tryptophan alkaloids 8 7 7 4 5 31 6,2 5
| < | [Tyrosine alkaloids 3 4 3 2 4 16 3.2 3|
$ | [Cyctic polyketides 9 16 20 45 15 17|
% | [Naphthalenes 4 1 2 1 7 15 3 2
; Phloroglucinols 2 16 4 5 12 39 7.8 7
i Polycyclic aromatic polyketides 19 14 16 16 18 83 16,6 19|
Coumarins 18 16 20 16 8 78 15,6 18]
Flavonoids 13 12 14 14 13 66 13,2 15|
2 ||!soflavonoids 16 16 17 16 22 87 17,4 22
g Lignans 20 16 13 11 6 66 13,2 15|
= ||Pseudoalkaloids 1 5 1 7 230 1
@ |[Phenolic acids (C6-C1) 14 9 15 13 9 60 12 12
Phenylpropanoids (C6-C3) 22 16 19 16 11 84 16,8 20|
|| |Xanthones 12 14 1 12 19 58 11,6 10
Diterpenoids 15 10 10 10 17 62 12,4 14
- Meroterpenoids b 11 9 15 21 61 12,2 13
2 |[Monoterpenoids 21 13 18 16 16 84 16,8 20|
§ Sesquiterpenoids 6 8 6 7 14 41 8,2 3|
E Steroids 17 16 5 5 15 58 11,6 10
Triterpenoids 11 6 11 8 10 46 9.2 9]
| ||Stynipyrones 21 16 37 18,5 23|

[ 23] RSHM

HR hit rate; ranking score heat map (RSHM) ranges from red (best ranking, lowest points) to green (lowest ranking, most points). *Shikimates and Phenylpropanoids
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Table 9 Ranking compound classes for antimalarial drug discovery from higher plants

Alkaloids

| Polyketidesl

Shikimates®

Terpenoids

(2023) 13:37
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Class Points Ranking
D-S D-R
HR HA HR HA S| Total Normalised
Acridone alkaloids 32 23 30 29 114 28,5 38|
Amarylidaceae alkaloids 23 23 25 24 29 124 248 28
Aporphine alkaloids 4 6 6 5 9 30 6 6
Carboline alkaloids 9 9 18 11 4 51 10,2 il
Isoquinoline alkaloids 3 3 8 5 24 4.8 4
Protoberberine alkaloids 11 6 17 10 14 58 11,6 12
Tetrahydroisoquinoline alkaloids 10 9 11 30 10 10
Quinoline alkaloids 24 23 38 29 34 148 29,6 39
Corynanthe type 17 16 12 13 14 72 14 4 16
Strychnos type 15 11 7 4 10 47 94 9
Anthraquinones and anthrones 29 18 35 29 24 135 27 35
Naphthoguinones 7 2 2 2 12 25 5 5|
Dimeric phloroglucinols 3 23 17 43 14,33 15
Polyprenylated cyclic polyketides 10 23 7 29 35 104 20,8 25
Chalcones 12 17 22 16 22 89 17,8 19
Cinnamic acids and derivatives 38 23 42 29 31 163 32,6 44|
Kavalactones and derivatives 42 29 71 35,5 47|
Flavanones 20 20 20 21 19 100 20 24
Flavones 34 23 32 22 25 136 27,2 36
Flavonols 25 14 29 29 28 125 25 29
Gallotannins 19 10 19 15 8 71 14,2 14
Isoflavones 33 23 40 29 36 161 32,2 43
Neolignans 23 22 45 225 27
Plant xanthones 21 22 4 18 30 95 19 20|
Simple coumarins 41 29 70 35 46
Simple phenolic acids 26 21 32 26 20 125 25 29
Pterocarpan 27 23 34 29 36 149 29,8 40!
Aryinaphthalene and aryltetralin lignans 15 6 3 24 8 7|
Cassane diterpenoids 14 7 7 28 9.3 8
Colensane and Clerodane diterpenoids 8 8 11 17 36 80 16 17
Cycloeudesmane sesquiterpenoids 5 3 1 9 3 B
Eudesmane sesquiterpenoids 22 23 27 29 25 126 25,2 33
Friedelane triterpenoids 29 15 28 12 84 21 26
Germacrane sesquiterpenoids 6 12 9 24 31 82 16,4 18
Guaiane sesquiterpenoids 18 18 22 58 19,3 22
Iridoids monoterpenoids 36 23 39 29 127 31,75 42
Jatrophane diterpenoids 31 19 50 25 29
Kaurane and Phyllocladane diterpenoids 38 23 42 29 132 33 45
Labdane diterpenoids 37 23 36 29 125 31,25 41
Limonoids 14 13 26 28 16 97 19,4 23
Lupane triterpenoids 13 5 16 14 13 61 12,2 13
Oleanane triterpenoids 27 23 23 27 33 133 26,6 34
Quassinoids 1 1 1 1 6 10 2
Steroidal alkaloids 2 4 2 8 270 2
Abietane diterpenoids 16 23 12 20 25 96 19,2 21
Stigmastane steroids 35 23 37 29 18 142 28 4 37
Ursane and Taraxastane triterpenoids 3 23 21 29 21 125 25 29
il 47| RSHM

HR hit rate; ranking score heat map (RSHM) ranges from red (best ranking, lowest points) to green (lowest ranking, most points). *Shikimates and Phenylpropanoids

confined to a few plant families that include the Solan-
aceae, Buxaceae, Apocynaceae, and Liliaceae sensu lato
[36, 37]. Structurally, steroidal alkaloids consist of a basic

steroidal skeleton containing either one or two nitrogen
atoms either in the rings or on an attached functional
group [37]. From a medicinal chemistry perspective, this
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Fig.5 2D illustration of representative HA natural product compound structures from the top five ranked compound classes. Indicated ICg,'s are
measured against intra-erythrocytic asexual P falciparum parasites
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Isoquinoline alkaloids (Alkaloids, Tyrosine alkaloids)
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Fig.5 continued

complex class of compounds presents a synthesis chal-
lenge mainly brought about by the chiral nature of the
molecules. This challenge was already noted by the high
synthesis accessibility score highlighted in this study.
Nonetheless, despite their complexity, several steroidal
alkaloids have been successfully synthesised [38-40].
This has allowed for structural modifications leading

N
|

27: 1C5 = 0.006 uM

to the development of analogues of parent compounds.
Synthesis of analogues has resulted in the establishment
of comprehensive SAR studies which have informed the
progress of initial leads to clinical candidates [38—40].
The unique structural combination of the steroidal and
alkaloid moieties endows this class of natural compounds
with a unique set of physicochemical and biological
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Fig. 6 Launched drug chemical space (generated using the principal component analysis (PCA) dimensional reduction method) of the ‘legacy’
antimalarials and natural product compounds from the top five ranked compound classes. The online Python library for chemical space
visualization, ChemPlot, was used to launch the chemical space of the natural compounds and ‘legacy’antimalarials

properties. Consequently, they have a wide spectrum
of biological activity including anti-inflammatory, anti-
microbial and anticholinergic [36]. They have received
marked interest in the cancer field for their exceptional
activity epitomised by the clinically approved prostate
cancer therapeutic abiraterone acetate [37]. Another
noteworthy antineoplastic agent of the steroidal alka-
loids class is cyclopamine, a natural compound isolated
from the plant Veratrum californicum (Melanthiaceae)
[37]. While cyclopamine is still in clinical studies, two
of its analogues, vismodegib and sonidegib have already
been approved by the Food and Drug Agency for cancer
treatment [37]. Overall, steroidal alkaloids, despite their

complex structure, are evidently amenable to structural
modifications which have successfully led to the develop-
ment of drugs.

Despite their exceptional biological activity, steroidal
alkaloids have received comparatively subdued atten-
tion for their antiprotozoal activity, particularly against
P falciparum parasites. Foremost in their examina-
tion has been a study carried out by Szabo et al. [41] in
which 25 alkaloids, including steroidal alkaloids (as per
classification of NPClassifier) were isolated from Buxus
sempervirens (Buxaceae). Their study provided evi-
dence of the potential of this class of compounds, with
five compounds showing exceptional activity with IC,
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Fig. 7 Launched drug chemical space (generated using the uniform manifold approximation and projection (UMAP) dimensional reduction
method) of the ‘legacy’antimalarials and natural product compounds from the top five ranked classes. The online Python library for chemical space
visualization, ChemPlot, was used to launch the chemical space of the natural compounds and legacy’antimalarials

values<1 puM [41]. Moreover, the authors highlight that
SAR studies are in progress and are anticipated to give
insights on structural modifications that could improve
the potency of the compounds and reduce their toxicity,
hence improving their selectivity further [41].
Cycloeudesmane sesquiterpenoids belong to the same
super class category as artemisinin, namely the sesquit-
erpenoids. Despite their prolific activity, this class of
compounds is yet to receive marked attention in the anti-
malarial drug discovery field. All compounds assessed in
this study were from a single study by Zhou et al. [42].
To our best knowledge, there are few antimalarial stud-
ies that include this class of compounds, making it an

interesting exploratory prospect. In contrast, the iso-
quinoline and naphthoquinone classes have received an
abundance of antiplasmodial research attention [43-46].
These alkaloids have been isolated principally from spe-
cies of African Ancistrocladaceae and Dioncophyllaceae,
providing hope that they will be the source of the first
plant-derived antimalarial drug to be discovered on the
African continent.

Following identification of the top-ranked classes of
natural product compounds, we have sought to struc-
turally compare them with the legacy set of antimalari-
als, i.e., the old and currently used malaria therapeutics
[47]. To assess the structural similarity between the
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legacy antimalarial series and compounds assigned to
the top five ranked classes, we launched the chemical
space of the two groups of compounds (Figs. 6, 7). The
chemical space of compounds is a multi-dimensional
environment in which structurally similar molecules
are grouped closely together [48] while structurally
distinct compounds occupy a different space. The co-
ordinates of the compounds within the 2D chemical
space were plotted using four-dimensional reduction
tools. In this study we chose two different dimensional
reduction tools, namely the principal component analy-
sis (PCA) and uniform manifold approximation and
projection (UMAP) [48]. Encouragingly, compounds
from the top five ranked classes largely clustered sep-
arately from the legacy antimalarials indicating struc-
tural differences between the two groups of compounds
(Figs. 6, 7). Overlap in the chemical space was noted
for the legacy antimalarials, and isoquinoline alkaloids
in the PCA plot. This overlap could be explained by
some structural similarities between the closely related
isoquinoline alkaloids and quinoline derivatives which
largely dominate the antimalarial legacy compounds.
Nevertheless, most of the natural product classes occu-
pied a different chemical space to legacy antimalarials,
indicative of structural differences between these com-
pound groups.

In conclusion, higher plant-derived natural products
present a myriad of biologically exciting, structurally
complex, and diverse molecules with great potential for
development into antimalarial drugs. They offer a great
avenue to find novel chemotypes that could circumvent
the antimalarial drug resistance threat. Targeted isola-
tion of compounds offers a great opportunity to isolate
structurally related compounds of antiplasmodial inter-
est that can be subjected to a fully-fledged drug discov-
ery program, to expedite product delivery in a malaria
drug discovery pipeline. Our study has provided insights
to support this notion by cogently identifying structural
classes of phytochemicals with acceptable in vitro anti-
plasmodial potency, RI, SI and drug-likeness proper-
ties. These compound classes (and super classes) should
rationally be prioritized for target-based natural product
drug discovery in the development of novel antimalarial
chemotypes.

3 Methods
Detailed methods for this article are provided in our
companion article Moyo et al. (submitted).
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