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the plant pathogenic fungus Claviceps purpurea motivated 
by its use as traditional medicine [45]. Pure ergotamine was 
isolated in 1918 and brought to the market (Gynergen®) in 
1921 to control postpartum bleeding and later migraine. 
At that time, neither the chemical structure of ergotamine 
was known, nor was it investigated for its pharmacologi-
cal properties. The following decades yielded more exam-
ples of novel natural products or derivatives, which were 
approved for human therapy. The resumption of ergot alka-
loid research in the 1930s through Albert Hofmann resulted 
in 3 new drugs as well as the famous lysergic acid deriva-
tive LSD-25, which during the following decades was used 
as a tool to understand the role of the neurotransmitters 
serotonin and dopamine [45]. The discovery of the cyclic 
peptide cyclosporine from the fungus Tolypocladium infla-
tum in the 1970s revolutionized the field of transplantation 
medicine (Sandimmun®) and allowed for the investigation 
of the cellular function of cyclophilins, a family of proteins 
binding cyclosporine with high affinity. Apart from the 
immunosuppressive activity via interrupted signaling in T 
cells, cyclosporine-related compounds are also under clini-
cal investigation as antiviral and cardioprotective agents via 
their potent inhibition of cyclophilin A and D, respectively 
[21, 62]. Another natural product-derived agent, FTY720 
(fingolimod, Gilenya®), excels as first in class compound 
for the treatment of the autoimmune disease, multiple scle-
rosis. Fingolimod is inspired by the natural product myri-
ocin, a compound originally isolated from an extract of the 
fruiting bodies of the fungus Isaria sinclairii. It mediates 
its immune-suppressive effect by the modulation of sphin-
gosine 1‑phosphate (S1P) receptors, thereby regulating 
the migration of selected lymphocyte subsets into the cen-
tral nervous system. The study of the therapeutic mecha-
nism of fingolimod has largely expanded the understand-
ing of the biology of S1P receptors [3]. Last but not least, 

Abstract  From the start of the pharmaceutical research 
natural products played a key role in drug discovery and 
development. Over time many discoveries of fundamental 
new biology were triggered by the unique biological activ-
ity of natural products. Unprecedented chemical structures, 
novel chemotypes, often pave the way to investigate new 
biology and to explore new pathways and targets. This 
review summarizes the recent results in the area with a 
focus on research done in the laboratories of Novartis Insti-
tutes for BioMedical Research. We aim to put the techno-
logical advances in target identification techniques in the 
context to the current revival of phenotypic screening and 
the increasingly complex biological questions related to 
drug discovery.

Keywords  Natural products · Target identification · 
Chemical proteomics · Genetic screens · Cancer · 
Antibiotic · Malaria

Introduction

The discovery and commercialization of natural product-
based drugs have shaped the history of the pharmaceutical 
industry over 200  years. Pharmaceutical research at San-
doz, one of the predecessor companies of Novartis, started 
in 1917 with the investigation of the ergot alkaloids from 
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the rapamycin derivative everolimus (Afinitor®) has to be 
mentioned. The therapeutic potential of inhibitors of the 
mammalian target of rapamycin (mTOR) pathway is still 
growing. Initially developed for kidney transplantation, its 
clinical use was extended to heart and liver transplantation 
[10, 22, 58]. The central role of mTOR for cellular prolif-
eration led to the exploration of everolimus as an anticancer 
agent [20]. Recently, it has been reported that rapamycin 
extends lifespan in genetically heterogeneous mice and that 
everolimus enhances the response to vaccination of aging 
humans [18, 40]. However, Goldberg et  al. performed a 
detailed study in old mice indicating deleterious conse-
quences of rapamycin to the aging immune system and host 
survival after infection [17].

The above examples indicate the double role of natu-
ral products as drugs and as starting points to explore the 
underlying biochemistry/physiology in mode of action 
studies. Today’s technologies allow a more rapid elucida-
tion of potential targets and signaling cascades. The review 
will focus on our work at Novartis Institutes for BioMedi-
cal Research in the area of target identification with natu-
ral products, covering publications from the last 7  years 
(period 2008–2015). The examples are grouped according 
to the main biological activity of the compounds and thus 
the relevant therapeutic areas. As a further introduction into 
the topic, a brief overview of commonly employed methods 
for target identification of bioactive molecules is given in 
the next section.

Methods for target identification

Before proteins could be purified with relative ease and 
biochemical assays were miniaturized to formats amena-
ble to sensitive screens, phenotypic screening (i.e., test-
ing the response of an entire cell, tissue or organism to 
compound treatment) was the standard in pharmaceutical 
industry over decades. Despite the current sophisticated 
biochemical assays and readout systems, phenotypic 
screening is presently seeing a revival at Novartis and 
other drug discovery companies. Phenotypic screens have 
demonstrated to deliver more first in class medicines than 
other strategies [57], but come with the caveat that the 
modulated target and pathways yet need to be identified. 
Most of the compounds presented in this review indeed 
have been identified in phenotypic, cell-based assays and 
the target was subsequently determined. Table 1 summa-
rizes all compounds mentioned throughout this article and 
provides information about applied technologies as well 
as a reference to the figure, which depicts the chemical 
structure.

Target identification methodologies can be grouped 
into two classes: biochemical and genetic assays. This 
article provides examples for both approaches. The bio-
chemical assay used in house for unbiased target discov-
ery is referred to as chemical proteomics [52]. This strat-
egy is based on the immobilization of a bioactive analog 
of the lead compound to affinity-capture cellular proteins 

Table 1   Compilation of 
natural product–target pairs 
including information on target 
identification technologies

ETC, mitochondrial electron transport chain; RP, resistance profiling; M.t., Mycobacterium tuberculosis; 
P.f., Plasmodium falciparum; S.a., Staphylococcus aureus

Compound name Target Target identified by Depicted in figure References

Arctigenin ETC Expression profiling 5, other [32]

Argyrin B mEFG1 Resistance profiling 2, anticancer [43]

Cladosporin P.f. LysRS HIP, resistance profiling 4, antiparasitic [24]

Cyclomarin A M.t. ClpC1 Chemical proteomics 3, antibacterial [54]

Cyclomarin A P.f. Ap3Aase Chemical proteomics 4, antiparasitic [5]

Decatransin SEC61 HIP, resistance profiling 5, other [27]

Englerin A TRPC4 Resistance profiling 2, anticancer [7]

Euphohelioscopin A PKC Biochemical 5, other [11]

GE2270A S.a. EF-Tu Resistance profiling 3, antibacterial [41]

KAE609 P.f.ATP4 Resistance profiling 4, antiparasitic [56]

Lipiarmycin A3 RNA pol Resistance profiling 3, antibacterial [31]

Manassantin B ETC Expression profiling 5, other [32]

Nannocystin A eEF1A Chemical proteomics, HIP, RP 2, anticancer [30]

Novolactone HSP70 HIP, resistance profiling 2, anticancer [19]

OSW-1 OSBP, OPR4L Chemical proteomics 2, anticancer [6]

Rocaglamide eIF4A HIP, resistance profiling 2, anticancer [49]

Sesquicillin ETC Expression profiling 5, other [32]

Silvestrol eIF4A HIP, resistance profiling 2, anticancer [49]

Thiomuracin A S.a. EF-Tu Resistance profiling 3, antibacterial [41]
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from cell lysates. The captured proteins are then identi-
fied by mass spectrometry (Fig.  1a). A refined version of 
this experiment adds a dose-dependent competition step 
of the bound proteins using defined concentrations of 
unbound compound resulting in fewer false-positive hits. 
This report presents examples of successful application of 
this technology (OSW1: [6], cyclomarin A: [5, 54], nan-
nocystin A: [30]). The requirement to immobilize the lead 
compound using a suitable chemical linker can comprise a 
resource-intensive task especially in the context of natural 
compounds that might not be available in large amounts or 
amenable for simple chemical derivatization. Most genetic 

assays have the advantage of not requiring such chemi-
cal modifications of the test compound. However, these 
assays do not report direct binding but cellular responses 
like hypersensitivity, resistance or pathway activations. A 
powerful assay based on sensitivity is haploinsufficiency 
profiling (HIP). It has been shown that heterozygous dip-
loid cells that bear a deletion in one copy of a small mol-
ecule’s target gene show increased sensitivity to that small 
molecule relative to those strains that have two copies of 
the gene [16]. This is a likely consequence of decreased 
expression of the target in the heterozygous diploid cell. 
The increased sensitivity then results in slower replication 
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Fig. 1   Target identification technologies. a Chemical proteomics 
using immobilized compound to fish for specific binding proteins in 
a proteome-wide manner. Competition with extra compound can help 
to distinguish specific versus non-specific binders. b Haploinsuffi-
ciency profiling of fungal heterozygous deletion strains in a genome-

wide, pooled fashion. Gene-copy reduction in the target gene leads 
to hypersensitivity and lack of growth. Underrepresentation of dis-
tinct mutants in the pool can be identified by microarray or sequenc-
ing technologies. c Identification of spontaneous or induced resistant 
mutants due to mutations in the target gene
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rates and underrepresentation of the affected mutants that 
can be detected by microarray or sequencing methodolo-
gies (Fig.  1b) [23]. Obviously, best applicability of this 
assay is in the area of antifungal research but due to sig-
nificant biological conservation the HIP methodology sup-
ported target identification of several targets also in other 
species including Plasmodium and human as presented in 
this study by cladosporin [24], novolactone [19] and roc-
aglamide [49]. Additional examples are shown in the study 
by Hoepfner et al. [23]. As the availability of genome-wide 
heterozygous deletion collections is restricted to few fun-
gal species [47] an alternative and more widely applicable 
approach is to subject target cells to spontaneous or induced 
random mutagenesis and then score for resistance against 
the compound in question. The underlying principle is that 
mutations in the target protein that affect compound bind-
ing but retain the biological activity render cells resistant. 
Sequencing the resistant mutant and comparing its genomic 
information to the sensitive wild type thus not only iden-
tifies the target but frequently also allows mapping of the 
compound binding site as presented for GE2270A [41], 
argyrin B [43], novolactone [19], and rocaglamide [49]. 
Increased sequencing power paralleled by decreased costs 
bypass the cumbersome approach to subclone the resist-
ance-conferring mutations through generation of genomic 
libraries and enable the sequencing of even large mamma-
lian genomes as shown for decatransin [27]. Beyond unbi-
ased approaches, for both, genetic and biochemical con-
cepts a plethora of targeted methodologies exist that allow 
validation of target hypotheses in a focused fashion. For 
example, methodologies like CRISPR-based genome edit-
ing allow directed changes in gene function and expression 
in most organisms [39].

Cancer

During the last decade, cancer therapy has evolved from 
being nonselective to selective and targeted [50]. The 
deeper understanding of oncogenes, tumor suppressor 
genes and cancer-causing pathways allowed the develop-
ment of these targeted therapies. Tamoxifen, binding to the 
estrogen receptor in estrogen receptor-positive breast can-
cer, was the first targeted cancer therapy introduced to the 
market 1977. The field gained momentum through the dis-
covery and development of imatinib (Gleevec®), a selective 
inhibitor of BCR-Abl tyrosine kinase [59]. In recent years, 
mainly targeted therapies have been approved as novel can-
cer treatments; exemplified by an impressive number of 
31 new targeted cancer medicines, which have entered the 
market between 2012 and 2014 [50]. Examples for natu-
ral product-based targeted therapies are everolimus (semi-
synthetic Rapamycin derivative) targeting mTOR kinase 

for renal cell carcinomas, romidepsin targeting HDAC in 
cutaneous T cell lymphoma or the antibody–drug conjugate 
Trastuzumab emtansine using DM1 (maytansine) as pay-
load. Targeted therapies typically have fewer side effects 
and most importantly allow for a genetic stratification of 
patients, largely improving cancer management. Thus, 
knowing the protein target of an anti-proliferative natural 
product is a crucial step and the gate keeper before any in-
depth analysis of its therapeutic potential.

The plant-derived steroid OSW-1 (see Fig.  2) showed 
an interesting activity profile in the cancer cell line panel 
of the National Cancer Institute. The observed sensitivity 
pattern was also found for the structurally unrelated natu-
ral products cephalostatin 1, ritterazine B and schwein-
furthin A. For the target identification of the natural prod-
uct OSW-1 chemical proteomics were used to explore its 
action. In the pull down experiment, the oxysterol-binding 
protein (OSBP) and its closest paralog, OSBP-related pro-
tein 4L (OPR4L), showed the largest competition by OSW-
1. OSBP and ORPs are an evolutionarily conserved protein 
superfamily involved in signal transduction, lipid transport 
and lipid metabolism. It was not known that these proteins 
are involved in cancer cell survival. It was also shown that 
cephalostatin 1, ritterazine B and schweinfurthin A are tar-
geting also the same protein [6].

HIP in yeast, as described in the methods section, has 
also been used to explore the mode of action (MoA) of dif-
ferent anti-proliferative compounds. The following exam-
ples of natural products are targeting conserved nodes in 
cellular pathways, whose inhibition results in growth-inhib-
itory activities in the lower eukaryote S. cerevisiae and in 
mammalian cells. Novolactone, an unusual tetracyclic com-
pound produced by a fungal strain (see Fig. 2), was broadly 
profiled to identify a biological activity. Since it scored 
in a yeast growth assay it was submitted to the HIP assay 
and turned out to be a potential modulator of the chaper-
one network. Using a combination of cellular and in vitro 
approaches, it was confirmed that novolactone targets cyto-
solic and ER-localized isoforms of Hsp70 through a highly 
conserved covalent interaction at the interface between the 
substrate-binding and ATPase domains [19]. Inappropriate 
Hsp70 activity can disrupt protein homeostasis, an event 
observed in many cancers. Consequently, affecting Hsp70 
function has been observed to phenocopy Hsp90 inhibi-
tion and cause extensive tumor-selective apoptosis [46, 53]. 
Novolactone thus provides a valuable tool to investigate the 
Hsp70/Hsp90 interplay in a disease context.

The plant compound silvestrol and the related rocagla-
mide scaffold are targeting the translation initiation (see 
Fig. 2). Using HIP in yeast, the eukaryotic initiation factor 
elF4a could be identified as the primary molecular target 
of this compound family. The target could be confirmed 
by genome sequencing of resistant yeast clones showing 



253J Ind Microbiol Biotechnol (2016) 43:249–260	

1 3

different mutations in the components of the elF4F com-
plex. The data support a model, whereby rocaglamide 
stabilizes an elF4A–RNA interaction to either alter the 
level and/or impair the activity of the elF4F complex [49]. 
Deregulated signaling pathways in cancers converge to 
influence protein synthesis. Thus, targeting factors involved 
in translation initiation is a viable therapeutic strategy that 
has demonstrated success in pre-clinical cancer settings [8].

The target of the nannocystin class, an unusual macrocy-
clic compound class isolated from myxobacteria with cyto-
toxic activity (see Fig. 2) [25, 30], was determined to be the 
eukaryotic translation elongation factor 1α (EF-1α). The 
target for this compound was confirmed by the application 
of different technologies including HIP in yeast, chemical 
proteomics, profiling in the cell line panel and sequenc-
ing of a resistance cancer cell line [30]. Nannocystin A not 
only shares the same target but also a conserved binding 
site with didemnin B, a marine natural product that shows 
promising results in pre-clinical settings for the treatment 
of cancers [55].

One approach for target identification is based on com-
pound profiling in cellular assays against a large panel 
of cancer cell lines. For this approach, a cancer cell line 

encyclopedia (CCLE) was established including 947 well-
characterized cancer cell lines allowing the identification 
of genetic, lineage and gene expression-based predictors of 
drug sensitivity [2]. For example for the plant compound 
englerin A (see Fig.  2), which was first isolated in 2008 
from the bark of the African plant Phyllanthus engleri, 
it was shown that the block of cell proliferation is corre-
lated with the expression of the TRPC4 cation channel in 
sensitive cell lines suggesting TRPC4 to be the biologi-
cally relevant the target. This could be confirmed by elec-
trophysiology experiments showing that englerin A can 
induce currents across the membranes of cells in presences 
of TRPC4, but not in its absence [7]. The same target was 
found in parallel by Waldmann et  al. following a similar 
approach [1].

The antibacterial- and anti-tumor-active argyrin B, iso-
lated from myxobacteria and actinomycetes (see Fig.  2) 
[13, 51], showed in the CCLE a selective profile inhibiting 
cell viability in 18 from 512 cell lines with an IC50 below 
1 μM. The profile shows a strong correlation to mitochon-
drial electron transport inhibitors like rotenone or antimy-
cin A. This correlation led to the assumption, that argyrin 
A is acting by inhibition of mitochondrial protein synthesis 

Fig. 2   Chemical structures of 
potential cancer agents
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via mitochondrial elongation factor G1 (mEF-G1), which 
could be confirmed by lower sensitivity of argyrin against 
mEFG1 knockout cell lines. For the antibacterial activity 
of argyrin B the bacterial homolog of mEF-G1 was found 
to be the target in bacteria via resistant mutant selection, 
whole genome sequencing and crystallography [43].

Antibiotics

The growing medical need for new antibiotic and antiviral 
treatments led Novartis to re-enter anti-infective research 
in 2002. From the beginning the main focus was on phe-
notypic screens and a close collaboration between the anti-
infective group and the natural product group was initiated. 
Early on, a screen for growth inhibition of Staphylococcus 
aureus was performed using both the pure natural prod-
uct library and the extract library. Taking full advantage of 
technological progress in screening and NP-related meth-
ods [36], it was possible to identify new chemical starting 
points for drug discovery. New members of the class of 
molecules known as thiopeptides could be discovered from 
the extract screening alongside previously described com-
pounds. The thiomuracins are produced by a rare-actino-
mycetes bacterium typed as a Nonomuraea species (see 
Fig. 3) [41]. The thiopeptides are chromosomally encoded, 
ribosomally synthesized proteins, and isolation of gene 
clusters for production of thiomuracin and the related thio-
peptide GE2270A revealed the post-translational machin-
ery required for maturation. The main metabolite of the 
strain, thiomuracin A, shows minimal inhibitory concen-
trations (MIC) of 0.25 and 0.5 µg/ml against Enterococcus 
faecalis and S. aureus. As a means to identify the target 
of the thiomuracins, spontaneously resistant mutants of S. 
aureus were selected. Mutants harbored single nucleotide 
changes in tufA (G826A/C), the gene encoding Elongation 
Factor Tu (EF-Tu), resulting in amino acid substitutions 
within the codon for glycine 275. Residue 275 is located 
within EF-Tu domain II, the binding site for the thiopeptide 
antibiotic GE2270A [41]. A lead optimization program was 
initiated using the thiopeptides GE2270A and thiomuracin 
as starting points [33, 34]. Like GE2270 A and thiomura-
cin, the clinical candidate LFF571 has antimicrobial activ-
ity against a range of Gram-positive bacteria, including 
Clostridium difficile with MIC90 values between 0.125 and 
0.5 µg/ml [35]. Spontaneous mutants with reduced suscep-
tibility to LFF571 were analyzed for changes in EF-Tu. C. 
difficile possesses two identical copies of the gene encod-
ing EF-Tu, tufA and tufB. All mutants exhibited tufB muta-
tion resulting in amino acid substitution G260E, only one 
mutant harbored the change in both tufA and tufB. Thus, 
through genetic analysis of spontaneous mutants in S. 
aureus and C. difficile the target of thiomuracins and the 

clinical candidate LFF571 could be identified as EF-Tu. In 
addition to potently inhibiting a target that is unexploited 
by marketed human therapeutics, the thiomuracins and 
LFF571 have a low propensity for selecting for antibiotic 
resistance and confer no measurable cross-resistance. In 
clinical trials, LFF571 proved to be safe and efficacious for 
the treatment of C. difficile infections in patients [42].

Anti-infective research with a focus on tropical or 
neglected diseases is the aim of the Novartis Institute for 
Tropical Diseases (NITD), which was inaugurated in Sin-
gapore in 2002. As part of the efforts to identify new anti-
tuberculosis agents, the pure natural product library was 
screened in a growth inhibition screen using Mycobacte-
rium bovis BCG strain. Hits were profiled for their activity 
against M. tuberculosis (MTB). The goal of the project was 
to identify natural products which are active against repli-
cating mycobacteria as well as against the dormant stages. 
Starting with a library of approximately 10,000 pure nat-
ural products and yielding 173 primary hits, only 4 com-
pounds could be validated using the criteria stated above 
(see Fig. 3). Two compounds belonged to the class of thio-
peptides and were not pursued further. Lipiarmycin A3 and 
related macrocyclic polyketides purified from a Catellatos-
pora strain of the actinomycetes group exhibited excellent 
inhibitory activity against multidrug-resistant strains of 
MTB with MIC values below 0.1 µg/ml. Sequence analysis 
of the rpoB and rpoC genes from spontaneous lipiarmycin-
resistant mutants of MTB revealed that missense muta-
tions in these genes caused resistance to lipiarmycin [31]. 
Although both lipiarmycin and rifampicin are known to 
inhibit the bacterial RNA polymerase, the sites of mutation 
in the rpoB gene were found to be different in MTB strains 
resistant to these inhibitors.

Finally, cyclomarin A, a cyclic peptide produced by 
actinomycetes of the genus Streptomyces, proved to be 
bactericidal against replicating MTB and dormant forms 
in macrophages (see Fig. 3) [54]. The cidal concentration 
was determined as 0.3 and 2.5  µM, respectively. In addi-
tion, cyclomarin A was active against a panel of multidrug-
resistant clinical isolates of MTB thus indicating that it 
acts through a novel mechanism. No bactericidal activity 
was found in a panel of Gram-positive and Gram-negative 
organisms. Since, no spontaneous mutants with a decreased 
susceptibility for cyclomarin A could be obtained, a chemi-
cal proteomic approach via affinity chromatography was 
performed and the target in MTB was identified as ClpC1. 
ClpC proteins function as regulatory subunits of the 
caseinolytic Clp protease. ClpC is a chaperone that unfolds 
protein substrates in an ATP-dependent manner before 
channeling them to the ClpP protease chamber of the com-
plex. In bacteria, the Clp protease plays a crucial role in 
protein quality control by removing unfolded proteins 
from the cell and by specifically controlling the turnover 
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of regulatory proteins [4]. Cyclomarin A was shown to 
increase the proteolytic activity in mycobacteria cells, thus 
it acts as an activator of the Clp protease [54]. Recently, 
another cyclic peptide from a Nonomuraea sp. strain, 
ecumicin, was also described to target ClpC in MTB [15]. 
Target identification for this tridecapeptide was achieved 
via genomic analysis of spontaneous mutants and verified 
using the in  vitro protein–compound binding technology 
DART [14].

Antiparasitic

In 2006, a public–private partnership including several 
Novartis Research Institutes as well as Wellcome Trust and 
Medicines for Malaria Venture was initiated with the goal 
to find a one-dose cure for malaria. One of the approaches 
for the identification of new malaria drugs was a pheno-
typic screen for growth inhibition of Plasmodium falcipa-
rum. The screen was conducted with approximately 12,000 
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Fig. 3   Chemical structures of antibacterial compounds and flowchart of Staphylococcus aureus and Mycobacterium bovis BCG screens
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compounds from the pure natural product library, which 
also included natural product-like compounds. The result-
ing 275 primary hits with submicromolar activity against 
Plasmodium falciparum were further profiled against 
multidrug-resistant parasites and mammalian cells (see 
Fig. 4). Pharmacokinetic and physical properties were then 
determined for the remaining 17 compounds. A synthetic 
compound from the spiroindolone class was chosen as 
starting point for a medicinal chemistry lead optimization 
effort. Synthesis and evaluation of about 200 derivatives 
yielded the optimized compound KAE609 [48, 61]. To gain 
insight into the mechanism of action in  vitro selection of 
resistance was applied. After 3–4 months of constant drug 
pressure, the IC50 values had increased 7- to 24-fold and 
resistant Plasmodium clones were subjected to genomic 
analysis. A number of mutations and copy number varia-
tion events could be localized to locus pfatp4 encoding 
P-type cation-transporter ATPase4 (PfATP4), a membrane 
transport protein that regulates sodium homeostasis and 
thus the osmoregularity of the parasite [56]. It is estimated 
that about 5  % of the ~30,000 anti-malarial compounds 
identified through phenotypic screening also target PfATP4 
[9]. KAE609 showed rapid clearance of parasites from the 
blood of patients in clinical trials and a favorable safety 
profile [37, 60].

Two structurally interesting validated hits from the 
above-mentioned phenotypic screening campaign were 
chosen for target identification studies, namely cladosporin 
and cyclomarin A (see Fig.  4). Cladosporin is a fungal 

isocoumarin and was previously reported with a range of 
biological activities, but not as an antiprotozoal agent. The 
simple structure of the compound together with the potent 
inhibition of Plasmodium falciparum blood and liver stages 
prompted further investigation of the mode of action. Cla-
dosporin showed some, although weak, activity against 
yeast and consequently was profiled using the HIPHOP 
approach. The resulting HIP profile was unique among the 
>2000 compounds tested so far and suggested that clad-
osporin specifically inhibits protein synthesis by directly 
targeting P. falciparum cytosolic lysyl-tRNA synthetase 
(PfKRS). Expression and analysis of human and Plasmo-
dium homologs in yeast demonstrated the specificity of 
cladosporin for the plasmodial enzyme. The natural prod-
uct is >100-fold more potent against parasite lysyl-tRNA 
synthetase relative to the human enzyme [24]. A crystal 
structure of ternary PfKRS–lysine–cladosporin complex 
reveals cladosporin’s remarkable ability to mimic the natu-
ral substrate adenosine [29]. Interestingly, the plant-derived 
natural product febrifugine was recently characterized as 
an inhibitor of prolyl tRNA synthetase in Plasmodium [26, 
28]. Thus, through the target identification activities with 
the two natural products cladosporin and febrifugine com-
pelling evidence was generated that tRNA synthetases are a 
promising target class for anti-malarial drug discovery and 
development activities.

Surprisingly, cyclomarin A, which we identified as a 
potent inhibitor of mycobacterial growth previously, also 
exhibited potent activity against blood stage Plasmodium 
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Fig. 4   Chemical structures of antiparasitic natural products and flowchart of Plasmodium screen



257J Ind Microbiol Biotechnol (2016) 43:249–260	

1 3

falciparum. Unfortunately, the derivative of cyclomarin 
used as a tool compound in the chemical proteomic experi-
ments with Mycobacterium protein lysate did not show 
an activity against Plasmodium. Further chemistry efforts 
yielded an active derivative and through affinity chromatog-
raphy it could be demonstrated that the enzyme PfAp3Aase 
specifically binds to cyclomarin. PfAp3Aase cleaves the 
signaling molecule adenosine-triphosphate into ADP and 
AMP. Cyclomarin is an nM inhibitor of the plasmodial 
enzyme but not of the closest human homolog hFHIT [5]. 
A co-crystal revealed the binding mode of cyclomarin A to 
dimeric PfAp3Aase in an unusual stoichiometry. One mol-
ecule of cyclomarin A binds the dimer at the interface of 
the two monomers and thereby blocks binding of two sub-
strate molecules. Cyclomarin is a highly intriguing exam-
ple of how natural products with interesting biological 
activities can help to elucidate novel targets and novel biol-
ogy. To the best of our knowledge, a natural product which 
hits two distinct targets in two important human pathogens 
is unprecedented.

Cellular processes

After a phenotypic screen, rapid target identification 
allows for informed hit triaging to prioritize compounds, 
which can be followed by focused investigations into the 
modulated biology and the therapeutic potential of the 
compounds. The knowledge of the target, however, does 
not always support an obvious therapeutic avenue. More 
often it raises questions concerning safety or identifies 
weaknesses of the primary screen by enriching for hit 

compounds modulating unwanted processes. For the scien-
tific community such compounds still comprise nuggets as 
they provide high-affinity chemical tweezers to investigate 
biological processes. And they provide an excellent test-
ing ground to benchmark and improve target identification 
technologies and map out blind spots. Euphohelioscopin 
A, a potent hit of a hematopoietic stem cell differentiation 
screen was subsequently identified to act on the protein 
kinase C (PKC) and exert its pro-monocytic effect by PKC 
activation (see Fig. 5) [11]. Due to the tumorigenic poten-
tial of PKC the scope of therapeutic applications for eupho-
helioscopin A remains to be defined. However, the study by 
Lichtervelde et  al., showed that the PKC activation prop-
erty of euphohelioscopin A is distinct compared to previ-
ously known PKC modulators and thus adds to the tool-
box to investigate such a central node in biology. Another 
example is decatransin that was identified in a screen 
investigating B cell biology. HIP followed by mutagenesis 
identified the ER translocon SEC61 as the efficacy target 
[27]. In the secretory B cell context, the modulation of 
the central gate through which secretory proteins have to 
pass through made sense. However, this target is essential 
for many other cellular processes beyond B cell biology 
raising questions about its therapeutic value. But interest-
ingly, in addition to decatransin there is a previously iden-
tified class of natural products, the cotransins, which are 
chemically distinct but inhibit the same target. Conserved 
resistance-conferring residues suggest a similar binding site 
for both compound classes despite no obvious structural 
similarities [38]. Thus, it will be interesting to investigate 
the detailed mechanism how these compounds modulate 
the translocon machinery and add to our understanding of 

Fig. 5   Chemical structures of biologically active compounds
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signal sequence recognition and protein translocation. A 
third example comes from a phenotypic screen with natural 
products on whole zebrafish animals. One observed pheno-
type was developmental arrest without necrosis, a specific 
phenotype that was not detected among a panel of known 
cytotoxic compounds. In-depth profiling of these hits 
including manassantin B, sesquicillin and arctigenin iden-
tified these compounds as mitochondrial electron transport 
chain (ETC) inhibitors [32]. Even though this mechanism 
of action did not provide novel insight into zebrafish biol-
ogy, the study demonstrated the usability of multiplexed 
transcription profiling for target identification. Uncoupling 
activities do not necessarily require interaction with a target 
protein; consequently other methodologies like chemical 
proteomics or screening for resistant mutants did not yield 
results for these compounds. This highlights the importance 
of using a multi-pronged target identification approach to 
unveil the complexity of nature’s treasures.

Conclusions

Following the era of high-throughput screening using 
massive compound libraries in combination with bio-
chemical or standardized cellular reporter gene assays, in 
the last 5  years an increasing popularity of complex phe-
notypic screens using induced pluripotent stem cells and 
primary cells from diverse organs can be observed. Phe-
notypic screening in current drug discovery environment 
is regarded as a new challenge rather than a neoclassical 
approach [12]. The complexity of the assay and the avail-
ability of the investigated biological material often limit the 
number of compounds to be screened. At Novartis the pure 
natural product library consisting of approximately 15,000 
natural products and derivatives is generally screened in 
these setups. Understanding the mode of actions of active 
principles in complex biological systems significantly 
helps the drug discovery process and increases chances for 
success. Thus, as a consequence of the above-mentioned 
trends in drug discovery the need for target identification 
activities is increasing. See Table 1 for an overview of the 
natural product–target pairs mentioned in the article and 
the deployed target identification methods.

In the anti-infective field phenotypic screening 
reemerged already 8–10  years ago, following an era of 
largely unsuccessful target-based drug discovery using bio-
chemical screens [44]. The examples provided in the paper 
highlight the power of phenotypic screening in the anti-
infective field and specifically the fruitful combination of 
phenotypic screens with natural product libraries. In fact, 
many of the compounds targeting anticancer or other cel-
lular mechanisms could also be identified with first biologi-
cal activities in a simple yeast growth inhibition screen. For 

example, this holds true for the HSP70 inhibitor novolac-
tone and the SEC61 inhibitor decatransin.

The examples provided also emphasize the opportunity 
natural products offer for the exploration of novel biolog-
ical space in drug discovery. Here, the case of the cyclic 
peptide cyclomarin is standing out. Following up on activ-
ity in phenotypic screens, we could show that cyclomarin 
surprisingly has two distinct and completely unrelated tar-
gets in Mycobacterium tuberculosis and Plasmodium falci-
parum. Both targets, ClpC for mycobacteria and Ap3pAse 
for protozoal diseases, can now be considered as novel and 
druggable starting points for drug discovery. The studies on 
target and pathway identification of new natural products 
rationalize their valuable role in modern drug discovery by 
exploiting so far less systematically investigated facets of 
their biochemical functions.
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