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Abstract: The cyclodepsipeptide doliculide is a marine natural
product with strong actin-polymerizing and anticancer activ-
ities. Evidence for doliculide acting as a potent and subtype-
selective antagonist of prostanoid E receptor 3 (EP3) is
presented. Computational target prediction suggested that this
membrane receptor is a likely macromolecular target and
enabled immediate in vitro validation. This proof-of-concept
study demonstrates the in silico deorphanization of phenotypic
screening hits as a viable concept for future natural-product-
inspired chemical biology and drug discovery efforts.

Many important and life-saving drugs have been derived
from natural product leads.[1] However, the direct use of
bioactive natural products as drugs is often limited by
insufficient bioavailability and challenging total syntheses.[2]

Methods to derive synthetically accessible small molecule
mimetics from such pharmacologically validated templates
are, therefore, in high demand.[3] We recently demonstrated
the applicability of automated de novo design for this
purpose.[4, 5] Irrespective of the particular approach chosen,
the identity of the macromolecular target(s) that underlie an
observed phenotypic effect are often unknown. Machine
learning models can point to potential target families and
sometimes even to the target subtypes of approximately one-
third of the natural products identified to date.[6–8] Herein, we
computationally identified and biochemically confirmed
a previously unknown, high-affinity macromolecular target
of doliculide (1), a marine natural product that is produced by
the sea hare Dolabella auricularia.[9] Based on our recent
work, this structurally intricate cyclodepsipeptide can now be
generated by total synthesis in only fourteen linear steps.[10]

Doliculide possesses potent cellular anticancer activity in the
high nanomolar range. It can reversibly disturb actin poly-
merization dynamics in a concentration- and time-dependent
manner.[11] Significant killing of MCF7 cells was observed at
doliculide concentrations greater than circa 250 nm.[12] Doli-
culide is non-cytotoxic at concentrations below circa 100 nm,
but inhibits cell proliferation through the induction of

premature cellular senescence.[13] These phenotypic observa-
tions raise the question of whether these effects can be
explained by direct interactions of the compound with F-actin
as its sole molecular mode of action.

We performed automated target prediction for both
doliculide and the 134 reaction intermediates and precursors
that we generated during its total synthesis.[10] Only statisti-
cally significant (p< 0.05) predictions were considered. For
doliculide, our analysis suggested B-cell lymphoma 2 (Bcl-2,
p = 0.015), viral 3C protease (p = 0.027), ligase (p = 0.038),
prostanoid receptors (p = 0.047), and acetyl-CoA-acetyltrans-
ferase (p = 0.049) as high-probability targets. The prediction
of Bcl-2 would be in accord with the experimental observation
of apoptosis induction by doliculide,[11] because inhibiting this
clinically relevant oncogene can induce cell death signal-
ling.[14] We did not aim to experimentally test this particular
hypothesis further, but instead focused on prostaglandin
receptors. Overall, this most intriguing hypothetical target
was also best supported by the computational model, because
the prostaglandin receptors were predicted as targets for not
only doliculide itself but also for most of the synthesis
intermediates (100/134 with p< 0.15; Supporting Informa-
tion, Table S2).

After obtaining these computational results, we inves-
tigated doliculide (1) and the synthetic precursors 2–4 (see
Figure 1 for structures) for agonistic and antagonistic effects
on the EP2, EP3, and EP4 prostaglandin receptors in human
recombinant HEK293 cells.[15] The precursors can be
regarded as synthetically motivated fragments to reinforce
the prediction for doliculide,[6] they might provide structure–
activity relationship information, or stand alone as confi-
dently predicted natural-product-derived fragments (p =

0.004 for all three compounds).[7] At a concentration of
50 mm, we observed strong antagonism of the EP3-mediated
increase in intracellular Ca2+ concentrations in response to
doliculide (1) (86% inhibition of the control agonist 1 nm
sulprostone; IC50 = 0.02 nm) and compound 4 (42% inhibition
of the control agonist) (Figure 2 a). We obtained an IC50 value
of 16: 7 nm (Kb = 6 nm) for doliculide (1), which is an
approximately 30-fold stronger effect than the activity of
the selective EP3 antagonist l-798,106[16] (IC50 = 450:
150 nm, Kb = 130 nm), which we used as a positive control
(Figure 2b).

This measured inhibition of EP3 by doliculide is in full
agreement with our computational predictions. It is known
that EP3 overexpression promotes the Rho-mediated forma-
tion of actin stress fibers, while doliculide treatment of cells
leads to the disappearance of such structures.[17] Therefore,
reducing or blocking intracellular EP3 signalling using
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doliculide could represent a second mode of action for its
phenotypic anticancer effects, in addition to direct interac-
tions with F-actin.

EP3 is a G-protein-coupled receptor (GPCR) that has
raised attention as a potential therapeutic target for different
indications, including breast cancer and type 2 diabetes.[18]

The lack of structural information on the EP3
binding site and the limited insight into the
molecular mechanism pose major challenges in
drug design. Although mutagenesis studies have
suggested that the second extracellular loop of
EP3 plays an important role in agonist recogni-
tion,[19] the receptor binding sites and molecular
mechanisms of EP3 antagonists remain largely
unknown. Crystal structures of neither EP3 nor
a homologous protein are currently available;[20]

therefore, we performed ligand-based pharmaco-
phore modelling to further rationalize our target
prediction outcomes. The well-studied non-selec-
tive receptor agonists 5–7 provided the greatest
contribution to the computational prediction of
prostanoid receptors as a doliculide target class.
We superimposed reference ligands 5 (sulpro-
stone),[21] 6 (enprostil),[22] and 7 (GR63,799)[23]

with doliculide (1) using a flexible three-dimen-
sional pharmacophore alignment (Figure 1). Our
pharmacophore model revealed that, despite
structural and functional differences, the four
compounds contain a total of five common phar-
macophore points that could be geometrically
aligned. The best matches between all four com-
pounds were found in the aliphatic part of the

macrocycle, which provides support for a receptor-binding
hypothesis that merits further study. We stress that our
computational model does not distinguish between different
functions of ligands of the same receptor, for example,
agonists versus antagonists, as shown previously.[24] The
superposition of agonists with antagonists is based on the
implicit assumption that both types of ligands at least partially
bind to the same site of the EP3 receptor, which at this point
has not been verified experimentally. However, the pharma-
cophore model is motivated by the experimental confirmation
of the computational target prediction, which was based on
the pharmacophore patterns of agonist reference compounds.
The partial match between the pharmacophore features of the
reference EP3 agonists (5–7) and doliculide (1) may account
for the EP3 antagonistic activity of the natural product.
Whether these compounds actually have the same receptor
binding site can only be determined by structural studies on
EP3–ligand complexes with agonists and doliculide bound, as
shown for other GPCRs.[25] However, our target prediction
lends plausibility to this hypothesis, which may provide an
example of how our target prediction method and related
software tools can assist medicinal chemists in model building
and ligand design.

These findings demonstrate the practical applicability of
machine learning models to predict the macromolecular
targets of complex natural products and to deorphanize
phenotypic screening hits. Within seconds, this computational
tool yielded biochemically meaningful hypotheses that could
be corroborated in vitro. Importantly, a newly discovered
target–ligand association was established for a pharmacolog-
ically relevant natural product. To the best of our knowledge,
doliculide (1) represents a novel chemotype among G-
protein-coupled receptor ligands and might provide further

Figure 1. Chemical structures of doliculide (1), three synthetic intermediates (2, 3,
and 4) in the synthesis of 1, and known prostanoid receptor ligands (5, 6, and 7).
Center: A three-dimensional alignment of compounds 5–7, in which doliculide (1) is
shown in green and reference ligands are shown in grey, based on common
pharmacophore features that are indicated in the chemical structures by colored
dots (red, hydrogen-bond donors; grey, lipophilic interaction centers; and orange,
aromatic centers).

Figure 2. a) EP3 receptor antagonism by doliculide (1) and its syn-
thetic precursors, 2, 3, and 4 (50 mm, N = 2 technical replicates).
b) Concentration-dependent EP3 receptor antagonism by doliculide (1)
(Kb = 6 nm, solid line) and a positive antagonist control, L-798,106
(Kb = 130 nm, dotted line).
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insights into the polypharmacology of EP3 as a potential
anticancer target, especially in the context of the cytoskeletal
effects of drugs.[26] This outcome offers a fresh perspective on
natural-product-inspired drug discovery, in which a natural
product serves as a starting point, rather than as an actual
drug, for the discovery of disease-relevant targets, target–
ligand relationships, and innovative lead compounds.

Experimental Section
The synthesis of doliculide (1) and of precursors 2–4 has been
previously described.[10]

Compound structures were processed using a KNIME (version
2.9.3) workflow.[27] All chemical structures were pre-processed using
the “wash” function of MOE (2011.10; Chemical Computing Group,
Montreal, Canada) with the options “disconnect salts”, “remove lone
pairs”, “deprotonate strong acids”, “remove minor component”,
“protonate strong bases”, and “add hydrogens”. We computed
topological pharmacophore descriptors (CATS2) for each molecule,
using a maximal feature correlation distance of 10 bonds and
pharmacophore-type sensitive scaling.[28] Target predictions were
performed according to the SPiDER protocol,[8] relying exclusively
on the CATS2 description. In brief, the query compounds were
projected onto a self-organizing map that consisted of 120 receptive
fields and had previously been trained using the COBRA collection
(version 12.6, inSili.com, Zurich, Switzerland) of pharmacologically
active reference compounds.[29] We computed p-values based on the
background distribution of known drugs to rank the predicted
targets.[8]

Biophysical assays were performed on a fee-for-service basis by
Cerep (http://www.cerep.fr; Celle lQEvescault, France). Data obtained
from the assays were analysed using Prism version 6.0d (GraphPad
Software Inc., La Jolla, CA, USA).

Flexible pharmacophore alignments were performed using
LigandScout software (version 3.12, Inte:Ligand GmbH, Vienna,
Austria).[30] Initial molecular conformations were generated using the
MOE energy minimize function with the MMFF94x force field, an
RMS gradient of 0.1 and utilizing Born solvation.[31] Flexible ligand
pharmacophore alignments for the three EP3 reference ligands were
generated using LigandScout (scores obtained: 87.86 (5), 87.99 (6),
86.97 (7)). The doliculide structure served as the test set (score: 66.94
(1)) with a total of five pharmacophore feature matches (three
hydrogen bond acceptors, one aromatic ring, one aliphatic chain). We
used ChemDraw (version 15 Professional; PerkinElmer, Waltham,
MA, USA) and PyMol (version 1.3, http://www.pymol.org; Schrç-
dinger, New York, NY, USA) for visualization.
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