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The biological activity and structural diversity of natural

products are unsurpassed by any available synthetic screening

libraries. As such, these privileged scaffolds serve as

important, biologically prevalidated platforms for the design of

compound libraries in the search for new drug candidates.

Recent progress has focussed on improving the potency,

selectivity and pharmacokinetics of bioactive natural products

through structural modification, leading to the emergence of a

number of drug-like lead compounds. Here, we review recent

advances in the exploitation of terpenoid, polyketide,

phenylpropanoid and alkaloid natural product scaffolds for

inspiration in the design and development of important new

drug candidates.
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Introduction
Natural products (NPs) are an invaluable source of inspira-

tion in drug design and development. Having evolved over

several millennia to acquire specific ligand–protein binding

motifs, NP structures cover a wide range of biologically

relevant chemical space that cannot be efficiently explored

by synthetic compounds in commercially available screen-

ing libraries [1,2].Several studies intheearly2000s revealed

NPs favour inclusionof aliphatic over aromatic rings, as well

as more sp3-hybridised bridgehead atoms and chiral centres

than synthetic small molecules [3,4]. As the clinical success

of drug candidates is directly correlated to the molecules

three-dimensionality [5], NPs clearly possess an advanta-

geous structural foundation over synthetic small molecules

in the development of drug candidates. However, the

structural complexity, toxicity and unfavourable
www.sciencedirect.com 
pharmacokinetics (PKs) often associated with NPscan limit

their clinical potential, and as such, structural modification

isoften required [2].Tothis end, many leadingchemists are

not only targeting bioactive NPs, but also libraries of

structurally related compounds for biological evaluation.

The core scaffold of NPs and their analogue libraries may,

therefore, be considered ‘privileged’ since contemporary

use of the term typically refers to multiple compounds with

the same core scaffold possessing bioactivity [6]. Here, we

reviewimportantadvances inthe useof smallmolecule NP-

derived privileged scaffolds in drug discovery over the past

two years, with focus on the biological activity, structure–

activity relationships (SARs), PKs and clinical potential of

the resulting lead compounds.

Terpenoid natural product scaffolds
Terpenoids are the largest class of NPs, with about 60% of

NP diversity originating from the terpenoid pathway of

NP biosynthesis [7]. As such, extensive research has been

conducted on terpenoid NP scaffolds in recent years.

The meroterpenoid NP family [represented by aureol (1)
and smenoqualone (2), Table 1] have been found to exhibit

antiviral, anticancer and cytotoxic activities [8�]. Thorough

antibacterial and antiproliferative assays of six natural

meroterpenoids and 15 synthetic analogues identified 3
as a promising lead compound [8�]. Synthetic meroterpe-

noid 3 exhibited potent activity against two methicillin-

resistant Staphylococcus aureus (MRSA) strains (EC50 0.2–

0.6 mM), as well as antiproliferative activity against four

mammalian cancer cell lines (EC50 7–14 mM) [8�].

The lissoclimides and haterumaimides [represented by

dichlorolissoclimide (4) and haterumaimide A (5)] are a

large family of structurally related NPs isolated from

ascidians of the genus Lissoclinium. The cytotoxic poten-

cies of these NPs were found to range from subnanomolar

(against the P388 murine leukaemia cell line) to

completely inactive [9]. Vanderwal and co-workers

recently prepared a library of 10 analogues by de novo
synthesis in order to further probe the SARs of the NP

scaffold [9,10�]. Perturbation of the stereochemistry at

C7, C12 or C13, or removal of the C2 chlorine substituent

leads to reduced cytotoxicity (4 and 5, blue circles) [10�],
and identified natural chlorolissoclimide (6) as the most

potent compound tested. Moreover, 6 was found to exert

translational-inhibition by binding to the eukaryotic 80S

ribosome (IC50 0.5 mM); activity which exceeds that of

the commercially available chronic myeloid leukaemia

drug, Synribo [10�]. Although the natural scaffold of
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Table 1

Recent advances in the use of terpenoid NPs in drug discovery [8�,10�,13,15,16]

Natural product(s) Library scaffold Lead compound

aSARs indicated by blue (essential for bioactivity) and red (alteration enhances bioactivity) circles.
chlorolissoclimide (6) thus appears optimised for potent

bioactivity, PK studies have yet to be conducted to

investigate the clinical utility of this NP in chemotherapy.

The neurotropic sesquiterpenes anislactone A/B (7) and

merrilactone A (8) were isolated from the pericarps of the

trees Illicium anisatum and Illicium merrillanium, respec-

tively [11,12]. Despite the important neuronal outgrowth
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capabilities of these NPs, there had been no SAR studies

conducted until recently, possibly due to the lengths of

the reported syntheses. Recent de novo synthesis and

biological profiling of 15 analogues identified several

compounds that were capable of exerting neurotropic

activity comparable to that of the NPs, despite being

significantly structurally simplified [13]. SAR analysis of

the library showed that ring opening of lactone A or olefin
www.sciencedirect.com
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insertion in ring C enhanced neurite outgrowth (7, red

circles), while ring opening of lactone B leads to reduced

bioactivity (7, blue circles) [13]. Lactone 9 exhibited the

most potent activity, causing 138% relative neurite out-

growth of N2a cells, making it a promising, synthetically

accessible lead in the development of drugs for the

treatment of Parkinson’s and Alzheimer’s diseases [13].

Oridonin (10), an ent-kaurene diterpenoid, was isolated

from the herb Isodon rubescens which is commonly used in

Chinese traditional medicine. With an impressive biolog-

ical profile (anticancer, anti-inflammatory, antimicrobial

and neuroprotective activities) [14], oridononin (10) has

attracted a great deal of attention in recent years.

Although unfavourable toxicity and PKs have hampered

the advancement of natural 10 into clinical trials [14], the

alanine ester prodrug of oridonin was advanced to Phase I

clinical trials in 2014 for the treatment of acute myeloid

leukemia [14], and numerous recent studies have identi-

fied potent drug-like oridonin analogues targeting various

diseases [15–23]. Notably, oridonin-derived aziridine 11
was recently identified as potential anticancer drug can-

didate due to in vivo suppression of triple-negative breast

cancer xenograft growth and development of lung metas-

tasis, in conjunction with significantly reduced toxicity to

normal human mammary epithelial cells as compared to

oridonin (10) [15,24]. Trans-cinnamic acid derivative 12
was also recently identified as a potent cytotoxin in a

screen of 33 oridonin-derived analogues, and displayed

pronounced in vivo efficacy [70% tumour growth inhibi-

tion (TGI)] in an MCF-7 breast cancer xenograft mice

model, with no notable toxicity [16].

Polyketide natural product scaffolds
The polyketide class of NPs has great pharmaceutical

value, with sales totalling about $10 billion annually [7].

In recent years, K. C. Nicolaou has made remarkable

strides in the design of several polyketide NP-derived

payloads for antibody drug conjugates (ADCs).

The trioxacarcins [represented by trioxacarcin A (13),
Table 2] are a family of naturally occurring DNA alkylat-

ing agents that possess potent antitumour, antibiotic and

antimalarial activity [25]. The impressive biological pro-

files of the trioxacarcins inspired the de novo syntheses of a

range of structurally simplified cytotoxic analogues, of

which, 14 exhibited the most potent activity against all

three cancer lines tested (IC50 0.4–0.6 nM) [26��]. The

cytotoxic activity of 14 surpassed that of all five NPs

tested, especially against the multi-drug-resistant cell line

MES SA DX, making it a valuable lead compound for

further optimisation or as a payload for ADCs [26��].

Uncialamycin (15) is a natural enediyne antibiotic, pos-

sessing extremely high potency against a wide array of

both Gram-positive and Gram-negative bacteria, as well

as equally impressive picomolar cytotoxic activities
www.sciencedirect.com 
against an array of human cancer cell lines [27]. A

number of analogues of 15 were prepared by de novo
synthesis, with masked amino groups acting as handles

for the attachment of antibodies (via a linker), so they

could be investigated as payloads for ADCs [28��].
Methylamine analogue 16 was found to be 100-fold more

potent than uncialamycin (15), exhibiting low picomolar

activity against four tumour cell lines [28��]. The

remarkable potency of 16 was attributed to the amino-

methyl group enhancing the rate of Bergman cycloar-

omatisation and hence DNA cleavage [28��]. As envis-

aged, several of these analogues were advanced into

ADCs which are under further investigation as targeted

cancer therapies [29].

The thailanstatins and spliceostatins [represented by

thailanstatin A (17)] are a family of spliceosome modu-

lating NPs with powerful antiproliferative activities [30].

An impressive article by Nicolaou et al. recently detailed

the total syntheses of four of these NPs along with the de
novo syntheses of 48 analogues [31��]. The cytotoxic

evaluation of this library, and the resulting SARs were

also reported [31��]. A number of these analogues exhib-

ited extremely potent cytotoxicity, with 18 demonstrating

the highest average potency across all three cancer cell

lines (IC50 0.003–0.14 nM) [31��]. SAR studies indicated

that the epoxide motif, a saturated C12–C13 bond and the

(1S)-configuration, (3S)-configuration and (12S)-configu-
ration of thailanstatin A were essential for maintaining

potent cytotoxicity (17, blue circles). Esterification of the

carboxylic acid or replacement with a lipophilic group

leads to enhanced potencies, and replacement of the C40

acetate with carbamate, urea or amide functionalities

were either tolerated or enhanced bioactivity (17, red

circles) [31��]. These findings indicate that further refine-

ment of the leading thailanstatin analogues could provide

potent clinical anticancer drug candidates and/or payloads

for ADCs.

Phenylpropanoid natural product scaffolds
The phenylpropanoids are a diverse class of plant-

derived NPs [7]. Isodaphnetin (19, Table 3), a phenyl-

propanoid NP inhibitor of dipeptidyl peptidase-4 (DDP-

4) enzyme (IC50 14 mM), recently served as inspiration

for the rational in silico design of a library of 27 analogues

[32�]. De novo synthesis and biological testing of this

analogue library identified 20 as a lead compound, with

~7400-fold improvement in potency [32�]. The good oral

bioavailability of analogue 20, combined with sustained

pharmacodynamic effect (>80% plasma DPP-4 inhibi-

tion over 24 hours) and excellent performance in the oral

glucose tolerance test [32�] suggest 20 is an outstanding

candidate as a long-acting oral-hypoglycemic antidia-

betic agent.

Bifidenone (21), a tubulin polymerisation inhibitor, was

recently isolated from the leaves of Beilschmiedia sp. and
Current Opinion in Chemical Biology 2019, 52:1–8
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Table 2

Recent advances in the use of polyketide NPs in drug discovery [26��,28��,31��]

Natural product(s) Library scaffold Lead compound

aSARs indicated by blue (essential for bioactivity) and red (alteration enhances bioactivity) circles.
exhibited submicromolar antiproliferative activity

against a panel of human tumour cell lines [33]. A library

of 42 analogues were synthesised de novo in an attempt to

improve the potency and PKs of bifidenone (21) [34�].
SAR analysis of the analogues indicated the C9 methyl

group and the C6 stereochemistry were important for

activity (21, blue circles) [34�]. The C14 methoxy sub-

stituent was found to be critical for potency (21, blue

circle); however, replacement of the C13 methoxy group

leads to enhanced bioactivities (21, red circle) [34�].
Fluorine substitution on the aromatic ring successfully

enhanced both potency and bioavailability of several

analogues [34�]. Analogue 22 was selected as a lead

compound after it was found to demonstrate superior

PK activities, as well as potent in vitro activity (IC50 5–

60 nM) against a panel of 50 human cancer lines, includ-

ing 7 taxane-resistant cell lines [34�]. Significant TGI

(>60%) was also effected by 22 in vivo, indicating 22 has

potential as a clinical candidate for taxane-resistant

cancer [34�].
Current Opinion in Chemical Biology 2019, 52:1–8 
Chalcone is the privileged scaffold of a vast number of

NPs, such as isoliquiritigenin (23, chalcone scaffold in

bold), with an extensive range of biological properties,

including anticancer, anti-inflammatory, antibacterial,

antidiabetic, antioxidant, antiviral and antimicrobial

activities [35]. This privileged scaffold has been used

in the recent development of several lead compounds

with impressive biological activities, such as anticancer

indole-chalcone 24 [36], anti-HIV chalcone 25 [37], and

anti-inflammatory pentamethoxychalcone 26 [38].

Alkaloid natural product scaffolds
Despite being the smallest NP class, the alkaloids are of

great interest in drug discovery due to the importance of

several commercially available alkaloids such as mor-

phine, vincristine, codeine, atropine and quinine [7].

Quinine (27, Table 4) belongs to a family of cinchona

alkaloids which collectively possess a diverse range of

biological activities. A library of ring-distorted cinchonine

derivatives were recently prepared from several cinchona
www.sciencedirect.com
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Table 3

Recent advances in the use of phenylpropanoid NPs in drug discovery [32�,34�,36–38]

Natural product(s) Library scaffold Lead compound

aSARs indicated by blue (essential for bioactivity) and red (alteration enhances bioactivity) circles.
bHuman immunodeficiency virus-1.
cAcute lung injury.
alkaloids, and were investigated for their ability to inhibit

autophagy induced by amino acid starvation [39]. Oxa-

zatwistanes 28 and 29 both exhibited submicromolar

activity by inhibiting both autophagosome biogenesis

and maturation; bioactivity which was not shared by

the parent NPs [39]. A number of phenyl substituted

quinine derivatives were also recently found to exert

trypanocidal activity against Trypanosoma cruzi, the pro-

tozoan responsible for Chagas disease [40]. The most

potent derivative, 30, exhibited an 83-fold increase in

potency against intracellular T. cruzi amastigotes com-

pared to quinine (27), and a threefold increase compared

to benznidazole, the current treatment for Chagas disease
www.sciencedirect.com 
[40]. Although 30 appears to hold valuable potential for

treatment of this neglected tropical disease, the scaffold

will likely require further modification to reduce cytotox-

icity against host cells.

The dimeric nuphar alkaloids, such as (+)-31, were iso-

lated from the yellow water lily, Nuphar pumilum and

possess a broad biological profile, exhibiting antifungal,

antibacterial, immunosuppressant and cytotoxic activities

[41,42]. The recent de novo synthesis of a collection of

truncated monomeric analogues showed that the rapid

and potent apoptotic activity of naturally occurring (+)-31
could be enhanced up to eightfold [for (+)-32] despite the
Current Opinion in Chemical Biology 2019, 52:1–8
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Table 4

Recent advances in the use of alkaloid NPs in drug discovery [39,40,42,43,46�]

Natural product(s) Library scaffold Lead compound(s)

aPoly(ADP-ribose) polymerase.
drastic structural simplification [42,43]. Synthetically

accessible monomeric quinolizidine (+)-32 thus appears

to be an excellent platform for further investigation as a

potential cancer chemotherapeutic agent.

Deprenyl (33), a clinically available monoamine oxidase-

B (MAO-B) selective inhibitor, is a synthetic analogue of

the naturally occurring central nervous system (CNS)

stimulant, amphetamine (34) [44,45]. Recently, the scaf-

fold of 33 and 34 was employed in the in silico design and

synthesis of a number of polar derivatives, with the aim of

minimising blood–brain barrier (BBB) penetration to

target MAO-B inhibition in peripheral tissues [46�]. In
vitro testing identified four potent and selective MAO-B

inhibitors (IC50 0.20–0.26 mM), which all performed well

in stability assays, and demonstrated good in vivo bio-

availability and significantly reduced BBB permeability
Current Opinion in Chemical Biology 2019, 52:1–8 
[46�]. Of these, two lead compounds, 35 and 36, were

chosen (based on selectivity for MAO-B over MAO-A,

and lowest maximum brain concentrations in vivo) for

future evaluation in the management of non-CNS inflam-

matory diseases [46�].

Conclusions and outlook
NPs and their privileged scaffolds continue to serve as

valuable sources of inspiration in the design of novel

drugs. The structural complexity of NPs makes their

syntheses inherently challenging, and as such, NP ana-

logue libraries are significantly smaller than commercial

libraries. However, as NPs are structurally fine-tuned by

nature for optimum bioactivity, often only minor struc-

tural perturbations are necessary to optimise drugability;

thus, commercial sized libraries of NP derivatives are

somewhat superfluous.
www.sciencedirect.com
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NP libraries are more frequently prepared by de novo
synthesis (as opposed to semisynthesis), owing to the

greater efficiency of divergent syntheses, and, therefore,

greater structural variation allowed for using this method.

Functionalisation of key late-stage synthetic intermedi-

ates, assembly line synthesis and protecting group-free

strategies are becoming crucial in strategising concise

synthetic routes to complex organic molecules. However,

these methodologies, along with the associated time and

funding investments largely constrain this research area to

academia, which is unlikely to change in the foreseeable

future. As such, considerable development in the effi-

ciency, scalability and even automation of synthetic

routes to NPs is needed before these undervalued drug

leads can be fully exploited. Nevertheless, many leading

research groups are increasingly choosing to prepare NP

analogues alongside the NP target, which is pivotal in the

development of new NP-derived drugs, and is expected

to be the new gold standard of NP chemistry.

Recent focus has primarily been on the development of

anticancer drug leads (>50% of lead compounds dis-

cussed herein), with the development of several polyke-

tide NP-derived payloads for ADCs holding particular

promise in cancer therapy [26��,28��,31��]. However, NPs

also hold historical importance as lead scaffolds for novel

antibiotics, and as such, these platforms are expected to

become increasingly important with the decline of indus-

trial antibiotic development and the growth of antibiotic

resistance. The diversity of NP bioactivity has also

offered unique groundwork for the design of drugs tar-

geting other important diseases, as exemplified by the

recent development of structurally simplified, potent and

drug-like lead compounds derived from terpenoid, phe-

nylpropanoid and alkaloid NPs.
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