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Abstract: Natural products are an essential source of medicines, accounting for a large proportion of approved 
drugs nowadays. However, the isolation of active natural products from complex extracts is challenging. To 
address this bottleneck, a drug discovery strategy was developed in our lab, that combines the screening of an 
in-house crude plant extract library of more than 2,500 samples with an HPLC-based activity profiling approach. 
This workflow is used routinely in our group and was successfully applied to numerous natural product drug 
discovery projects.  
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1. Natural Products in Drug Discovery
Natural products (NPs) have been and continue to be an in-

valuable source of drugs. Morphine, used as part of opium from 
Papaver somniferum since the 3rd millennium BC, was the first 
ever NP to be isolated, and remains one of the most prescribed 
drugs to treat severe pain in clinics today.[1] The breakthrough 
discovery of penicillin from the fungus Penicillium notatum at 
the beginning of the 20th century allowed the first effective treat-
ment of bacterial infections.[2] NPs are also an essential source 
of inspiration for medicinal chemistry and chemical biology, as 
illustrated by atorvastatin, a compound inspired by fungal NP that 
has become a blockbuster treatment for hypercholesterolemia,[3] 
and more recently, the highly prized semaglutide used to treat type 
2 diabetes (Ozempic®, Rybelsus®) and obesity (Wegowy®), which 
is derived from the NP exendin-4, a peptide found in the Gila 
monster venom.[4] These examples demonstrate the importance of 
NPs in modern medicine. Thus, it is not surprising that NPs, semi-
synthetic NPs, and small molecules inspired by NPs still account 
for 2/3 of all approved small molecule drugs today.[5] 

NPs are so-called secondary (or specialized) metabolites 
produced by plants, animals, and microorganisms. They are not 
essential for living but provide evolutionary advantages to the 
producer.[6] For example, the bitter-tasting nicotine in the tobacco 
plant’s leaves wards off insects and herbivores,[7] while conotox-
ins from the cone snail venom serve as offensive weapons to hunt 
prey.[8] NPs can also mediate (interspecies) communication like 
essential oils in flowers to attract pollinators.[9] The structures of 

NPs were refined through co-evolution over millions of years, ex-
pressing nature’s exploration of the biologically relevant chemi-
cal space. As a result, NPs are nature’s treasure trove filled with 
unique and diverse structures having interesting features that pro-
vide lead compounds for drug discovery. 

However, the challenge of how to access this chemical trea-
sure remains, as the path from a crude extract to a pure bioactive 
compound is costly, time-consuming and challenging. Therefore, 
a strategy to tackle some of these issues was developed in our lab 
and is illustrated in the following by two ongoing projects focusing 
on identifying NPs that inhibit melanoma cells (section 2.2) and 
improve memory function by impeding forgetting (section 2.3). 

2. Natural Product Drug Discovery Platform 
The drug discovery platform was initially established by Prof. 

em. Matthias Hamburger, former PI of our group, and is built 
around two core elements: a pre-formatted extract library and 
the HPLC-based activity profiling approach.[10] This platform is 
routinely used and was successfully applied for over a decade to 
various drug discovery projects[11,12] while being constantly opti-
mized. 

Our extract library is highly diverse with more than 2,500 plant 
extracts (140 plant families and >700 species) from different parts 
of the world, mainly Panama, China and Europe. All extracts are 
compliant with the Nagoya protocol to ensure the preservation of 
biodiversity and fair sharing of genetic material with the countries 
of origin. The extracts are systematically prepared using standard-
ized extraction methods and stored at a standard concentration (10 
mg/mL in DMSO) in a 96-well plate format in matrix tubes, mak-
ing them suitable for high-throughput screening. Transfer plates 
(used for screening) are generated by using a pipetting robot to 
precisely adjust the amounts of extract needed for individual 
screening assays. After the initial screening of crude extracts, hits 
are further analyzed via HPLC-based activity profiling to link the 
observed activity with specific peaks within the chromatogram. 
Based upon these results, the most promising extracts are then 
prioritized for scale-up isolation and purification of the bioactive 
NPs corresponding to these peaks. The pure compounds are then 
fully characterized by HRMS, as well as 1D and 2D NMR; if 
necessary, absolute stereochemistry is determined by electronic 
circular dichroism spectroscopy (ECD) or X-ray crystallography. 
Finally, the IC

50
 values of the pure compounds are measured. Fur-
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2.2 Screening for MAPK/ERK and PI3K/AKT Pathway 
Inhibitors in Melanoma

Advanced melanoma is the most aggressive form of skin 
cancer, and its incidence is increasing worldwide. High muta-
tion rates are key drivers of melanoma and occur mostly in the 
MAPK/ERK (mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase) and PI3K/AKT (phosphoinositide-3-kinase/
protein kinase B) signaling pathways, leading to uncontrolled 
cell proliferation.[13] Half of the patients harbor a mutation in the 
BRAF kinase from the MAPK/ERK pathway. The approval of 
BRAF inhibitors led to impressive initial patient responses, how-
ever fast occurring resistances of the tumor causes rapid relapse 
and often prevents long-term effectiveness.[14] Combination of 
several inhibitors targeting different kinases in the pathway show 
promising results by delaying the onset of drug resistances.[15] 

Therefore, new lead compounds targeting the MAPK/ERK and 
PI3K/AKT pathways are needed to broaden the spectrum of drugs 
available for advanced combinational therapies. 

An innovative high-content screening assay was thus devel-
oped to identify new natural ERK and/or AKT pathway inhibi-
tors in melanoma cells, which were engineered with genetically 
encoded biosensors using KTR (kinase translocation reporters) 
technology[16] to quantify ERK and AKT activity in single cells. In 
brief, the ERK-KTR and AKT-KTR sensors are phosphorylated 
by ERK and AKT, respectively. Aberrant activation of the ERK 
and AKT pathways accordingly leads to the phosphorylation of 
the sensors that become visible in the cytosol. Upon treatment 
with inhibitors, the KTR sensors then relocalize to the nucleus 
(Fig. 2). 

To this end, our extract library was screened on two differ-
ent melanoma cell lines bearing different mutations (A2058 and 
the patient-derived cells MM121224, both engineered with KTR-
sensors). The screening campaign identified 140 active extracts, 
from which 44 were selected for HPLC-based activity profiling, 
primarily based on taxonomy (i.e. only one species per genus was 
analyzed). The results so far enabled the prioritization of seven 
plants for scale-up isolation and led to the identification of a total 
of 80 compounds, comprising eight NP scaffolds. Among these, 
some of the brevipolides, methoxylated flavonoids, sesquiter-
pene lactones (guaianolides), and thymol derivatives displayed 
the most potent activities with IC

50
 values below 20 mM and were 

thus considered for further investigations.[11,17–19] (Fig. 3)
As this work was based on a phenotypic assay that measured 

the activity of downstream ERK and AKT, direct conclusions on 
specific target proteins in the pathways are not possible. Hence, 
the challenge of target identification remains; current efforts focus 
on identifying the actual target(s) of all active compounds with 
different methodologies, ranging from in silico to wet lab experi-

ther proceedings depend on the project and may include target 
identification in the case of phenotypic screening assays (e.g. for 
the melanoma project), validation of in vivo activity (e.g. for the 
forgetting project), or structure optimization through both syn-
thetic and enzymatic approaches. (Fig. 1.)

2.1 HPLC-based Activity Profiling
For HPLC-based activity profiling, the active extracts are ana-

lyzed by analytical HPLC-CAD-UV-MS. The samples are loaded 
twice on the instrument, once to obtain analytical data (UV and 
MS) and once to collect microfractions. Simultaneous analysis 
and collection of the extracts would require a complete rewiring 
of the eluent splitting including the use of a different splitter. The 
microfractions are then dried, redissolved in DMSO and tested for 
activity. Finally, the HPLC-based activity profiles are generated 
by overlaying the analytical HPLC traces with the activity values 
of each fraction. This allows the identification of peaks eluting 
in the active windows that likely correspond to active NPs. The 
associated MS and UV spectra provide valuable information used 
for annotating these peaks through comparison with in-house and 
online databases. 

Several points need to be addressed while working with 
HPLC-based activity profiling. First, the HPLC method as well 
as the amounts of extracts loaded onto the HPLC system should 
be individually adapted to each bioassay, which ensures the effi-
cient transfer of this approach to almost all types of miniaturized 
assays (functional, cellular, and biochemical). For example, to 
generate microfractions that will be tested in a cellular assay (e.g. 
in the melanoma project), a sub-milligram amount of extract is 
loaded (in portions) on the column, while typically microgram 
amounts suffice for a biochemical assay (e.g. in the forgetting 
project). Moreover, some compound classes such as tannins are 
known to unspecifically bind to proteins, which can result in false 
positive hits. Fluorescent-based assay-readouts (e.g. fluores-
cence polarization) might be susceptible to autofluorescence of 
NPs, necessitating further refinements such as the time-resolved 
fluorescence energy transfer (TR-FRET) to circumvent these ef-
fects (e.g. in the forgetting project). Having these considerations 
in mind, the entire approach is using only microgram amounts of 
extract and is suitable to almost all current screening formats (96- 
and 384-wells) with medium or even large throughput. Lastly, 
the quality of peak annotation, currently based on low-resolution 
MS, should also be addressed. In a recent project, we success-
fully combined our HPLC-based activity profiling with HRMS/
MS analysis resulting in a multilayer molecular network, which 
significantly improved the quality of annotation.[6] This later 
methodology will therefore be implemented as routine in our fu-
ture drug discovery projects.

Fig. 1. Natural product drug discovery workflow – Our in-house plant extract library is screened across various biological assays to identify crude 
extracts as hits. The active extracts are then subjected to HPLC-based activity profiling to prioritize and select the most promising candidates for 
scale-up isolation. Structures of the isolated compounds are elucidated using NMR and HRMS analysis. The biological activity of these pure com-
pounds is further assessed, including IC50 determination. Depending on the project, subsequent steps may include in vivo validation, target identifi-
cation, and structure optimization.
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called Musashi (MSI) was discovered to be crucial for the pro-
cess of forgetting in Caenorhabditis elegans (C. elegans).[20,21] 

MSI proteins are translational regulators (repressors) that bind to 
different mRNAs.[22] Genetic deletion of MSI in C. elegans tre-
mendously improved memory.[20,21] This prompted us to screen 
for new NP-based MSI inhibitors. Therefore, our crude extract 
library was screened with a biochemical fluorescence polariza-
tion assay leading to the identification of 97 hits. After taxonomi-
cal considerations, HPLC-based activity profiling was applied on 
61 extracts. Currently, scale-up isolation of the most promising 
extracts is ongoing, and the first pure compound confirmed its 
activity not only in vitro, but also in vivo in a short- and long-term 
associative memory test in C. elegans. These exciting results will 
be published soon – stay tuned. 

3. Conclusion
Nature offers a treasure trove of unique structures that have 

evolved over millions of years, forming the basis of many drugs 
nowadays. However, this rich chemical space remains underex-
plored, mainly due to the inherent challenges when working with 
complex extracts. Our integrated approach applied to NP drug 
discovery is aiming to find the ‘key’ – or at least part of it – to 
study this bioactive chemical space. As illustrated by two cur-
rent projects, this journey is demanding but certainly worth the 
effort. Who knows, the next NP-based drug might just be around 
the corner. 
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ments (e.g. binding assays). In the future, target-specific structure 
optimization of the identified lead compounds will be pursued. 

2.3 Screening for Musashi Inhibitors Tackling 
Forgetting

Memory maintenance and forgetting are fundamental pro-
cesses in our lives. However, the mechanisms underlaying for-
getting are still not completely understood. Recently, a protein 

Fig. 2. A) Simplified schematic representation of the MAPK/ERK and PI3K/AKT pathways including, in addition to the transcriptional regulators AKT 
and ERK, selected receptors and upstream kinases such as BRAF for signal transduction. The activity of ERK and AKT is quantified in single cells 
by using genetically encoded biosensors (ERK-KTR and AKT-KTR) based on kinase translocation technology (KTR). When the ERK or AKT pathway 
is active (ON), the respective ERK- and AKT-KTR is phosphorylated and thus present in the cytosol. When the pathways are inhibited (OFF), their 
respective biosensors shuffle into the nuclei. ERK and AKT activities are therefore calculated as the ratio of cytosolic over nuclear fluorescence mea-
sured for each biosensor. B) Simplified representation of cells with the fluorescent read-out. 

Fig. 3. Representative examples of the NP scaffolds identified as 
active in the high-content screening assay used in the melanoma pro-
ject. Compounds were considered as active if they were inhibiting the 
MAPK/ERK and/or PI3K/AKT pathway in melanoma cells with an IC50 
value < 20 mM. 
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