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Triterpenes are structurally complex
natural products with promising
therapeutic properties. Recalci-
trance to chemical synthesis has
hindered their use in drug develop-
ment. Recent advances now make
it possible to access and harness
triterpene structural diversity using
engineering biology approaches,
enabling the discovery and optimi-
sation of a new generation of drug
leads.
The triterpenes: untapped potential
for drug discovery
Although the number of chemically
synthesizable compounds has increased
over the past 30 years, this has not trans-
lated into an increase in drug approvals,
suggesting that the quality of the chemical
structures rather than the quantity of new
molecules is the limiting factor [1]. Natural
products (chemical compounds synthe-
sized by living organisms) have a far greater
degree of chemical diversity in both molec-
ular structures and physicochemical prop-
erties than the chemical space that can
be accessed using synthetic chemistry.
Furthermore, they have been honed by
evolution to interact with biological targets
and processes, making them a rich source
of potential drug leads [2].

The triterpenes are a large structurally
diverse group of natural products with
considerable pharmaceutical potential.
They are particularly abundant in plants
(>20 000 distinct structures reported to
date) but are also found in fungi and
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some marine animals. Four triterpenes
have been approved for clinical use in
humans to date. However, broader inves-
tigations of the triterpenes as potential
new drug leads have been hampered by
the recalcitrance of these structurally com-
plex compounds to chemical synthesis
and the dual challenges of purifying these
compounds from natural sources and
lead optimisation. Advances in plant geno-
mics and improved understanding of
triterpene biosynthesis nowmake it possible
to access previously inaccessible triterpene
chemical space using engineering biology
approaches. This opens up the possibility
of systematically evaluating the bioactivities,
modes of action, and structure–activity
relationships (SARs) of a diverse array of
new triterpene chemistries for the develop-
ment of next-generation drugs. In this
forum article, we provide background on
triterpene structure, biosynthesis, and cur-
rent pharmacological status. We highlight
recent advances that are now enabling the
previously inaccessible triterpene chemical
space to be accessed and harnessed
using engineering approaches. We further
review new developments and future poten-
tial for understanding the impact of
triterpenes on cellular functions, identifying
their protein targets and rational design of
new triterpene-based therapeutics.

Triterpene structure, biosynthesis,
and current pharmacological status
Triterpenes are complex hydrocarbons de-
rived from the isoprenoid pathway by cycli-
zation of 2,3-oxidosqualene. They consist
of 30 carbon atoms cyclised to form one to
five ring skeletons, the most common of
which are pentacyclic (e.g., β-amyrin;
Figure 1A). Asmore cycles are added, the ri-
gidity of the triterpene increases. Cyclisation
also leads to chiral centres, which, along
with the conformational rigidity of the scaf-
fold, result in complex, preorganised mole-
cules. Subsequent scaffold decoration
(e.g., the addition of hydroxyls, carbonyls,
sugars, and acyl chains) confers even
greater structural diversity and is responsible
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for the wide range of biological activities
displayed by these compounds.

Despite the considerable pharmaceutical
interest in this large diverse family of nat-
ural products, examples of progression
of triterpenes to clinical use have so far
been limited. By 2020 two triterpenes had
been approved for therapeutic use in
humans, the vaccine adjuvant QS-21 and
carbenoxolone (for peptic andmouth ulcers).
More recently omaveloxolonewas approved
for treatment of Friedreich’s ataxia [3], and
ibrexafungerpwas approved for vulvovaginal
candidiasis [4] (Figure 1B). QS-21 is a highly
complex triterpene glycoside sourced by
extraction from the bark of the Chilean
soapbark tree Quillaja saponaria, while
carbenoxolone and omaveloxolone are
semisynthetic triterpenes generated from
oleanolic acid. All three of these compounds
are derived from β-amyrin, the most
common pentacyclic triterpene scaffold
(Figure 1A). Ibrexafungerp is generated by
chemical derivatisation of the naturally occur-
ring fungal triterpene enfumafungin [5]. Fifty
clinical trials for triterpene-based therapies
are currently registered (Figure 1C), further
highlighting the potential of this family of
natural products as drug leads.

Opening up access to new chemical
space for triterpene drug
development
Increased understanding of the genes and
enzymes of triterpene biosynthesis from
species across the plant kingdom now
makes it possible to generate triterpene
structural diversity in heterologous systems.
Microbial systems such as yeast are tradi-
tionally used for heterologous expression
and are favoured by industry. However mi-
crobes lack many of the features needed
for efficient and effective expression of
plant natural product biosynthetic enzymes
and pathways and require considerable en-
gineering for pathways to be expressed
successfully. Transient plant expression of-
fers a solution to this problem (Figure 2A).
In this approach, leaves of a wild relative of
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Figure 1. Structural diversity and pharmaceutical potential of triterpenes. (A) Triterpenes are synthesised from isoprene units via the mevalonate pathway. The
precursor 2,3-oxidosqualene is cyclised into triterpenes with one to five cycles. Increasing the number of cycles restricts conformational freedom, resulting in highly
preorganised triterpene skeletons. Representative triterpenes are achilleol A (monocyclic), lansic acid (bicyclic), poricoic acid B (tricyclic), cucurbitacin B (tetracyclic),
and β-amyrin (pentacyclic). 3D structures are from PubChem. (B) Clinically approved triterpenes include the vaccine adjuvant QS-21 (the only natural triterpene clinically
approved so far) and the semisynthetic triterpenes omaveloxolone (Friedreich’s ataxia), ibrexafungerp (vulvovaginal candidiasis), and carbenoxolone (peptic and mouth
ulcers). (C) GSK3640254 and GSK3739937 are semisynthetic triterpene HIV maturation inhibitors. GSK3739937 is currently in Phase 1 clinical trialsi.
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tobacco (Nicotiana benthamiana) are infil-
trated with agrobacteria containing genetic
information for the expression of biosyn-
thetic pathway enzymes, resulting in accu-
mulation of the desired molecule. The
process is very rapid, taking just 3–5 days
from agroinfiltration to analysis of themetab-
olite content of the leaf extract.

Triterpenes are inherently complex mole-
cules with multiple sites of oxidation, often
with a number of sugar residues. SAR stud-
ies of triterpenes by traditional synthetic
chemistry is therefore challenging and in-
volves multistep syntheses [6]. Increased
understanding of biosynthetic pathways
and advances in large-scale transient ex-
pression have paved the way for in planta
production of bespoke triterpenes through
transient expression of a ‘toolkit’ of enzymes
known to undertake characterised alter-
ations at specific positions on the triterpene
skeleton [7]. This combinatorial approach
enables the generation of designer, highly
substituted triterpenes on a milligram to
gram scale and expands the chemical
space available for SAR studies of novel
triterpenes, thereby revolutionising the
drug discovery pipeline. The 20-gene
Q. saponaria QS-21 pathway has recently
been reconstituted in N. benthamiana
leaves by transient plant expression [8].
QS-21 has also recently been produced
in yeast, but this required extensive
retuning of the host’s natural pathway
fluxes and coexpression of 38 heterolo-
gous enzymes [9]. Production of QS-21
at scale will require considerable further
Trends in Pharma
optimisation. Nevertheless, the fact that
this exceptionally complex triterpene can
be made in heterologous systems holds
great promise for the development of new
vaccine adjuvants.

Understanding modes of action
fuels triterpene drug development
Understanding modes of action will be
critical for drug development. For many
triterpenes, even some of those with clini-
cal approval, the mechanism of action re-
mains elusive. Methods to investigate
triterpene bioactivity have generally relied
on traditional techniques such as western
blotting, ELISA, real-time PCR, and immu-
nofluorescence. While these techniques
are important for validating target engage-
ment and downstream effects, they are
cological Sciences, November 2024, Vol. 45, No. 11 965
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Figure 2. Strategies for generating triterpene diversity and investigating function. (A) Engineering triterpenes in Nicotiana benthamiana. N. benthamiana leaves
are infiltrated with agrobacteria containing plasmids for the expression of the enzymes needed to synthesise the desired triterpene. (B) Chemoproteomics pipeline. Probes
containing photoreactive and enrichment tags are incubated with cells. Irradiation leads to a covalent bond between the protein and the probe. Cells are lysed and
subjected to affinity enrichment, and tagged proteins are collected by affinity chromatography. The tagged proteins are eluted, digested, and analysed by proteomics
The structures of the photoaffinity probes PT-22 [13] and betulinic acid [12] are shown with the photoreactive diazirine (blue) and the alkyne for affinity enrichmen
(green) highlighted. (C) Structure-based drug design workflow. The structure of a molecule in its binding site is analysed to improve its binding affinity. Key residues
(purple) and novel binding pockets (blue) are identified. In silico docking is used to screen for higher-affinity binders, and the best compounds are synthesised and
analysed for biological activity. Representative crystal structure Protein Data Bank (PDB): 4CXT. Images were created using BioRender.com.
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focused on potential target proteins of
interest, not on de novo discovery of un-
known targets.

Notably, three of the four clinically ap-
proved triterpenes are semisynthetic
(Figure 1B). Semisynthesis allows for
the development of analogues with
improved pharmacokinetics. This is
approached through SAR studies, which
depend on some understanding of the bio-
logical target. For instance, the develop-
ment of GSK3640254 and GSK3739937
(Figure 1C), HIVmaturation inhibitors, relied
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on the identification of a critical carboxylic
acid [10]. The growing number of enzymes
available for regio- and stereo-specific
modification of triterpene scaffolds now of-
fers opportunities to make new cohorts of
analogues that cannot be attained using
chemical synthesis, further empowering
SAR studies.

Chemical probes can be used to elucidate
the mechanism of action of molecules in
the complex environment of a cell. While
not a new concept, the application of such
approaches for the study of biologically
Vol. 45, No. 11
.
t

active triterpenes is underexplored and has
considerable potential for increasing the un-
derstanding of modes of action. The design
of chemical probes involves the addition of
a tag to the molecule of interest, for exam-
ple, fluorescent markers to track localisa-
tion and reactive functional groups that
can interact with proteins, making sure
that any alteration does not affect biological
activity. The development of fluorescently
tagged triterpenes has allowed for studies
of their cellular localisation, narrowing
down the potential molecular targets. For
example, in a recent study, a cytotoxic
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rhodamine conjugate of the triterpene asi-
atic acid was localised to the mitochondria,
suggesting a mitochondrial target [11].

Further information about target en-
gagement can be obtained using
chemoproteomics, which involves de-
veloping a probe (often a photoaffinity
probe) of the molecule of interest that
can react with protein partners. After incu-
bation of cells with the probe, UV irradiation
leads to the reaction of the photosensitive
linker with proteins in close proximity. The
inclusion of an alkyne in the linker allows
for isolation of these proteins through click
chemistry to agarose beads, a process
known as affinity enrichment. Proteins that
interact with the molecule of interest are
then identified by protein digestion and
proteomic analysis. This approach is grow-
ing in popularity for unbiased identification
of drug targets. The development of a
photoaffinity probe for betulinic acid, a
triterpene reported to interact with a
plethora of targets to activate apoptosis,
implicated the actin-binding protein
tropomyosin as its putative target in
breast cancer cells [12]. Photoaffinity
probes have also identified the chromatin-
binding protein high-mobility group box 1
as a possible target for the semisynthetic
triterpene PT-22 [13] (Figure 2B). However
chemoproteomics may produce mislead-
ing information because it directs the
focus on abundant proteins that may be in-
cidentally labelled as bystanders. Such re-
sults should therefore be interpreted with
caution and require further validation by ad-
ditional thorough pharmacological analysis.

The role of structural and
computational biology in
triterpene drug development
Understanding of the binding sites of
triterpenes will accelerate with the contin-
ued rapid development of structural biol-
ogy techniques such as cryoelectron
microscopy (cryo-EM). As cryo-EM does
not rely on the crystallisation of proteins
with their binding partner (unlike X-ray
crystallography), it opens avenues to de-
termine previously inaccessible structural
information for triterpenes bound to their
protein partners. For example, the antifun-
gal semisynthetic triterpene ibrexafungerp
inhibits the fungal β-(1,3)-d-glucan syn-
thase FKS1 by binding to the catalytic
subunits [14]. A recent cryo-EM structure
of FKS1 [15] highlights the potential for
the use of structure-based design to de-
velop further analogues active against
ibrexafungerp-resistant strains. In silico
docking of triterpenes with known molec-
ular targets will help to identify key resi-
dues and novel binding pockets and
inform structure-based drug design
(Figure 2C).

Computational approaches to predict
protein–small-molecule interactions now
offer a powerful means of narrowing poten-
tial targets down to a small number of candi-
dates that can then be evaluated
experimentally. Target-based approaches
exploit three-dimensional structural informa-
tion for potential target proteins. Reverse
docking, by contrast, screens the com-
pound against a database of numerous
protein structures to identify possible bind-
ing sites. AlphaFold2 allows binding of li-
gands to the predicted human proteome
via reverse docking [16]. A new model
(AlphaFold3) with substantially improved
predictive capability for protein–ligand com-
plexes has also recently been developed
[17]. The application of such approaches
should in the future provide insights into un-
derstanding the impact of triterpenes on
cellular functions, identify potential pro-
tein targets, and enable rational design
of new triterpene-based therapeutics.

Concluding remarks
Advances in bioengineering are now open-
ing up unprecedented opportunities to
access and harness a vast array of pre-
viously inaccessible triterpene chemical
space. Unbiased approaches to target
elucidation continue to develop and,
coupled with novel predictive computational
Trends in Pharma
innovations (e.g., AlphaFold3), will acceler-
ate understanding of the molecular targets
and modes of action of these structurally di-
verse compounds. The triterpene structural
diversity attainable with the rapidly growing
toolkit of biosynthetic enzymes harvested
from the Plant Kingdom can be triaged
in silico using machine learning-based
methods that predict the structures of bio-
actives for particular therapeutic indications
[18], thereby guiding and informing directed
biosynthesis of promising new triterpene
therapeutics. Collectively these advances
ultimately offer an entirely new pipeline
for discovery and optimisation of next-
generation triterpene therapeutics.
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