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The National Cancer Institute of the United States (NCI) has initiated a Cancer Moonshot program entitled

the NCI Program for Natural Product Discovery. As part of this effort, the NCI is producing a library of

1 000 000 partially purified natural product fractions which are being plated into 384-well plates and

provided to the research community free of charge. As the first 326 000 of these fractions have now

been made available, this review seeks to describe the general methods used to collect organisms,

extract those organisms, and create a prefractionated library. Importantly, this review also details both

cell-based and cell-free bioassay methods and the adaptations necessary to those methods to

productively screen natural product libraries. Finally, this review briefly describes post-screen

dereplication and compound purification and scale up procedures which can efficiently identify active

compounds and produce sufficient quantities of natural products for further pre-clinical development.
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1 Introduction

The earliest forms of medicine utilized by Homo sapiens were
natural products. Humans have continued to look to nature for
more chemicals that can be made into drugs with continually
improving technologies and methods. Due to these advances,
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natural products and their derivatives still make up a signicant
percentage of approved drugs worldwide.1 Despite this track
record of success however, natural products make up only
a small number of the samples utilized for high throughput
screening as shown by the percentage of published manuscripts
on the results of drug screens which include natural products,
Brice Wilson is a Staff Scientist in
the Molecular Targets Program
(MTP) of the National Cancer
Institute in Frederick, MD, USA.
Aer receiving his Ph.D. in Phar-
macology and Molecular Sciences
from the Johns Hopkins Univer-
sity School of Medicine, he joined
the MTP as a Post-Doctoral
Fellow where he earned promo-
tion to a Staff Scientist position.
In the MTP, Brice develops high-
throughput biochemical assays

for novel cancer chemotherapeutic discovery from both natural
product and synthetic libraries. He is also responsible for carrying
out biochemical mechanism of action studies for lead molecules
discovered through screening.

Christopher Thornburg obtained
his Ph.D. in Pharmaceutical
Sciences from Oregon State
University, where he studied the
isolation and structure elucida-
tion of biologically active marine
natural products under the guid-
ance of Dr Kerry McPhail. He
joined the Natural Products
Support Group at the U.S.
National Cancer Institute in
Frederick, MD in 2013, where he
is currently focused on the inte-

gration of natural products with high-throughput platforms and the
discovery of natural product drug leads from microbial, marine and
plant sources.

Curtis Henrich received his Ph.D.
in biochemistry from the Univer-
sity of Michigan. Aer post-
doctoral research in biochemistry
and cell biology and several years
in the biotechnology industry, he
moved to SAIC-Frederick (now
Leidos Biomedical Research –
research contractor for the
National Cancer Institute (NCI)
in Frederick, Maryland). He has
worked for more than 15 years at
NCI in development and appli-

cation of assays for high-throughput screening (HTS), developing
particular expertise in the design and adaptation of HTS assays for
applications with natural products.

894 | Nat. Prod. Rep., 2020, 37, 893–918
Fig. 1. If researchers are to include natural product samples in
their screens, they must become knowledgeable in several areas
of science. To aid in that effort, this review details many of the
necessary components for a modern high throughput screening
program utilizing natural products as sources of chemical
diversity.

To ethically and effectively assess biodiversity for new drug
development there are many necessary considerations. First and
foremost is the observance of national and international regu-
lations on access to and benet sharing from natural product
source organisms.2 Without the appropriate permissions to
collect organisms and agreements for planned benet sharing
with host countries where collections are to take place (and,
where applicable, with local indigenous populations), no
researcher should engage in the collection of source organisms.
Once these necessary agreements are in place, it will be
Tanja Grkovic obtained her PhD
degree from the University of
Auckland under the supervision
of Professor Brent Copp. She then
carried out postdoctoral research
at the Molecular Targets Labo-
ratory at the National Cancer
Institute in Maryland, USA and
the Eskitis Institute for Drug
Discovery in Brisbane, Australia.
She is currently a Senior Scientist
in the Natural Products Support
Group at the Frederick National

Laboratory for Cancer Research where her research is focused on
the generation of prefractionated natural product libraries as well
as the isolation and structure elucidation of natural products
sourced from marine, plant, and microbial biota.

Barry O'Keefe received a B.S in
Botany from Michigan State
University and a Ph.D. in Phar-
macognosy from the University of
Illinois at Chicago. Dr O'Keefe
joined the National Cancer
Institute's Laboratory of Drug
Discovery Research and Develop-
ment in 1994 to study novel
proteins from natural products
extracts. Dr O'Keefe currently
leads the Protein Chemistry and
Molecular Biology Section and is

Acting Chief of the Molecular Targets Program at the Center for
Cancer Research, NCI, NIH which specializes in the isolation and
identication of novel bioactive proteins and the development of
novel assay systems for the evaluation and screening of natural
products against biochemical targets. Dr O'Keefe is also Chief of the
Natural Products Branch, Developmental Therapeutics Program,
Division of Cancer Treatment and Diagnosis at the NCI which is
responsible for the collection, extraction, pre-fractionation and
discovery of bioactive natural products.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Natural products may be under-utilized in high throughput
screening. A count of publications available on pubmed (https://
www.ncbi.nlm.nih.gov/pubmed/) using either “natural products and
high throughput screening” (green boxes) or “high throughput
screening alone” (red boxes) reveals a profound disparity in publication
counts. Green dashed line is at the 50 publication point.
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important to properly annotate all collections, ideally including
voucher specimens, so that the maximum scientic benet can
be achieved from the collections. Extraction and, if applicable,
prefractionation procedures will also need to be tested and
optimized for individual classes of source organism (i.e. plant,
marine and microbial). The resultant library will then need to be
tested against targets of interest in assays (both molecularly-
targeted and phenotypic) that have been optimized to provide
reliable results in the presence of natural product samples.
Finally, compound isolation, identication/structure elucidation,
and resupply will be necessary to be able to move individual
bioactive compounds towards potential drug development.

The goal of this review is to highlight recent strategies used
to efficiently create natural product-based libraries for drug
discovery as well as both biochemical and cell-based screening
strategies for these natural product samples. Finally, we
conclude with an examination of technologies used “post-
screening” to rapidly dereplicate identied activities and
resupply isolated active compounds in quantities sufficient for
the initial stages of development. This review is meant to lead
the reader through some of the processes necessary to develop
a modern natural product-based drug discovery program by
summarizing the methods and strategies used to create and
screen natural product libraries.
2 Creating natural product libraries
2.1 Collection and conservation of biological diversity

Natural product libraries generally comprise extracts of plants,
marine invertebrates, and/or microorganisms, which may be
diversied through collections made on both temporal and
geographical scales, oen in biologically diverse regions.3,4

Importantly, with collecting biota internationally, access to, and
the use of biological resources should be on mutually agreed
This journal is © The Royal Society of Chemistry 2020
upon terms with each participating source country and follow
the objectives outlined in the United Nations Convention on the
Law of the Sea (UNCLOS) and the United Nations Convention
on Biological Diversity (CBD), which advocates the conservation
and sustainable use of biological diversity.2,5 Furthermore,
a supplementary agreement to the CBD: the Nagoya Protocol on
Access to Genetic Resources and the Fair and Equitable Sharing of
Benets Arising from their Utilization (ABS), provides a legal
framework to share equitably the benets arising from the use
of genetic resources (i.e. plants, animals and microorganisms
that are used for research and development).6 At present (2020),
the CBD and Nagoya Protocol on ABS have been either ratied,
accorded to, approved or accepted by 196 and 123 countries,
respectively. Regardless of the acceptance of these protocols,
programs involved in the biodiscovery process are still encour-
aged to adhere to the CBD principles. Notably, samples
collected through the NCI Natural Products Collection program
have been acquired through collection agreements based on the
NCI Letter of Collection (LOC), which predates the CBD and
stipulates equitable benet sharing from commercial products
derived from discoveries, irrespective of whether or not a formal
agreement has been signed by each participating source country
or their representatives.7

For academic and industry researchers, newer regulations
on accessing and developing international sources of biota,
including the time required to obtain all the necessary
permits, such as visas, collecting, shipping and export
permits, may restrict broad access to collections from
biodiversity-rich source countries. Alternatively, research on
local biota is simpler and, considering the enormous biodi-
versity of prokaryotes (archaea and bacteria) and fungi (�1012

species),8 as well as their continued impact on the develop-
ment of antimicrobial and antitumor compounds,9,10 rela-
tively small collections of soil or water could be potentially
useful for drug discovery efforts. To this end, several
academic groups have recently employed crowdsourcing as
a mechanism to obtain soil samples from the personal
property of citizen scientists who, in turn, agree to the release
of all intellectual property (IP) rights generated from their
respective sample with the understanding that their contri-
bution may have a meaningful impact on the project or
cause.11,12 Although citizen science programs are granted
permission from property owners, permits for institutions to
receive materials still need to be acquired by the recipient
institution from all necessary local state and federal depart-
ments. In the United States, federal legislation and agencies
such as the Centers for Disease Control and Prevention
(CDC), US Department of Agriculture (USDA) and US
Department of Transportation regulate the possession, use
and transfer of substances having the potential to pose
a threat to public health and safety and/or agricultural
consequences. As a nal note on generating source organism
libraries, it is essential to collect voucher specimens, accu-
rately tag (e.g. barcoded labels) and document each collection
with the collecting institution, collector(s), taxonomy and
taxonomist(s), location coordinates, date and time, and any
relevant eld notes. Ideally, these vouchers would be
Nat. Prod. Rep., 2020, 37, 893–918 | 895
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available to researchers to encourage efforts to keep the
categorization and naming of samples current with changes
in taxonomy. Collection of metadata such as this is central to
the establishment of a database for sample tracking, possible
recollection of sourced material, as well as the conservation
and understanding of biological diversity.

2.2 Natural product libraries for high-throughput screening

Natural product samples have been used for decades in a variety
of screening programs throughout both industry and academia.
As assay systems became more advanced, more target-oriented
and higher throughput, the utility of crude natural product
extracts was diminished. This led to the increased use of
partially-puried or “prefractionated” natural product libraries in
screening programs. As detailed below, a variety of techniques
and sampling algorithms have been reported for prefractiona-
tion. In general, these libraries have performed better in modern
molecularly-targeted assay systems. It should be noted, however,
that experimental methods that result in the reproducible
production of well-dened, weighed samples with the total
number of fractions optimized to provide the separation and
Table 1 Commercially and publicly available large natural product librar

Company/institute aSample type (number)

Albany Molecular Research, Inc. (AMRI) B/F and P (>190 000)
AnalytiCon Discovery B/F (na); P (na); SS (>25 000)

bBioinformatics Institute Singapore
(BII)—A*STAR Natural Product Library

B/F (>120 000); P (>37 000)

cDevelopmental Therapeutics Program—
The National Cancer Institute

MI (>20 000); B/F
(>25 000); P (>80 000)

fFondazione Ricerca per la Vita (FIIRV) B/F (>15 000)
Fundación MEDINA B/F (190 000)
Griffith Institute for Drug Discovery
(GRIDD)—Nature Bank

MI and P (30 000)

InterBioScreen (IBS) MI (na); B/F (na) and P (na)
Magellan BioScience Group, Inc. MB (10 000); F (55 000)
Mycosynthetix F (>55 000)
eNatural Products Discovery Institute
(NPDI)

B/F (>30 000); P (>20 000)

fPharmaMar MI (>118 000);
MB (>100 000)

PhytoPharmacon P (4000)
RIKEN Natural Products Repository
(NPDepo)

B/F (na) and P (na)

The Institut de Chimie des Substances
Naturelles (ICSN)

MI, B/F, and P (>7000)

The Natural Products Library Initiative at
the Scripps Research Institute (Florida)

B (>5500)

The University of Mississippi—National
Center for Natural Products Research

MI and F (>2000);
P (>18 000)

Unigen (PhytoLogix Library) P (8000)

a B¼ bacteria; F¼ fungi; MB¼marine bacteria; MI¼marine invertebrates
na ¼ data not available. b Acquired from MerLion Pharmaceuticals (Sing
d The current Natural Products Set IV was selected from the DTP Op
e Former Merck and Schering-Plough Natural Product Libraries. f Accesse

896 | Nat. Prod. Rep., 2020, 37, 893–918
concentration of active compounds, the sequestration of
common nuisance compounds, and the restraint of downstream
assay costs should be prioritized during method development.

2.2.1 NP crude extract libraries. The application of auto-
mated, high-throughput screening (HTS) of large sample sets or
libraries has become central to lead discovery in industry,
government and research institutions, with a single screening
campaign capable of reading up to hundreds of thousands of
wells per week.13 A major advantage of screening a crude
natural product extract library is the lower initial cost of
production relative to generating fraction-based or pure
compound libraries. To develop a library of natural product
extracts capable of supporting HTS efforts, extraction proto-
cols should be developed such that the resulting extract
captures the metabolic diversity of the source organism, yet
balances sample throughput, cost, and time spent processing
individual samples. Extraction techniques developed to
increase extraction efficiency and streamline sample workow
by reducing solvent usage and evaporation time include
pressurized or accelerated solvent extraction,14,15 ultrasound
and microwave-assisted extractions,16,17 and supercritical uid
ies

Number of screening samples

Ref.
Extracts
(sample source #)

Fractions
(extract source #)

Compounds
(type)

102 000 (23 375) 209 000 (12 349) — 205
— — >25 000 (SS);

>5000 (NP)
206

�270 000 (>157 000) �70 000 (na) 2600 (NP) 207

>230 000 (>108 000) 326 000 (46 570) 419 (NP set IV)d 26

166 000 (15 000) — — 208
>130 000 (na) — — 209
10 000 (10 000) 50 000 (10 000) 210

— — >67 000 (NP) 211
>15 000 (na) — — 212
55 000 (na) — — 213
80 000 (na) — — 214

100 000 (na) — — 215

4000 (4000) 25 000 (4000) 500 (NP) 216
— — 8000 (NP) 217

14 000 (7000) — — 218

8500 (na) 3400 (na) 450 (NP) 219

>20 000 (>20 000) >43 000 (>3400) �700 (NP) 220

9000 (na) 200 000 (na) — 221

; P¼ plant; NP¼ pure natural products; SS¼ semi-synthetic (NP-based);
apore). c No cost for materials, recipients only cover shipping charges.
en Repository Collection of >4500 pure natural product compounds.
d through InterLink Biotechnologies.222

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9np00068b


Review Natural Product Reports

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/2

8/
20

26
 3

:4
5:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
extraction.18 Regardless of extraction technique employed,
several recent reviews cover some of the additional details and
logistics for generating natural product extract libraries.19–22

Importantly, the time required to generate massive numbers
of extracts can signicantly impede access to natural products
as a screening resource. For example, the US National Cancer
Institute's Natural Product Repository is one of the world's
largest, most diverse collections of natural products contain-
ing over 230 000 unique extracts derived from plant, marine
and microbial organisms that have been collected from bio-
diverse regions throughout the world. Notably, during peak
periods of production, starting from approximately 1 kg of
organism, between 15 000 and 20 000 extracts were generated
per year using high-throughput extraction processing methods
described by McCloud.20 Alternatively, throughput can be
signicantly increased by decreasing the initial scale of
collected material (e.g. <1 g) used to generate each extract.
However, additional extractions may be required to provide
enough material for screening in multiple campaigns and
downstream processes such as the isolation, identication
and verication of active compounds.

2.2.2 Natural product fraction libraries. Natural product
extracts are complex mixtures of compounds of unknown
molecular weight with variable polarity, solubility and stability,
which also may contain colored compounds, uorophores or
toxins that can cause assay interference and liquid handling
problems in many modern HTS platforms.23 Consequently,
various academic, government and industry groups have
incorporated chromatographic separation techniques such as
solid phase extraction (SPE),24–29 counter-current chromatog-
raphy (CCR),30,31 high performance liquid chromatography
Fig. 2 Overview of automated and high-throughput processes develope
to facilitate the production of a natural product-based screening library. (
collection agreements based on the NCI letter of collection with each
equitable benefit sharing from commercial products derived from disco
prepared in a high-throughput manner using both an aqueous and orga
collected specimen/sample.27 At present, the US National Cancer Instit
extracts derived from plant, marine and microbial organisms. (3) Extract
Phase Extraction workstation (PPSPE) with two robotic arms working in p
(4) Fractions are dried using high-capacity centrifugal evaporation system
an automated weighing station (5). (6) An automated sample manageme
ml) is integrated with robotic systems designed to generate 384-well m
fractionation of active primary fractions.

This journal is © The Royal Society of Chemistry 2020
(HPLC),32–37 or supercritical uid chromatography (SFC)38,39 to
partially purify components of an extract prior to assay (i.e.
prefractionation). To date, several large natural product fraction
libraries have been established, ranging in numbers from a few
thousand to >300 000 fractions (Table 1). Importantly, pre-
fractionated natural product samples typically show improved
screening performance (oen observed as a higher condence
in observed hit rates), enhanced biological activity due to the
concentration of active components present as only minor
metabolites, sequestration of common nuisance compound
classes, as well as streamlined downstream processes for der-
eplication and the isolation of bioactive components.21,27,29,40

Similar to the development of large natural product extract
libraries, techniques to generate subsequent fraction libraries
should balance the retention of maximal chemical diversity
with throughput and cost relative to the amount of extract used,
number of fractions produced, solvent scheme, drying, weigh-
ing, long-term storage, and formatting for HTS (Fig. 2). The
mass of extract required ultimately depends on the number of
expected assays to support, the test concentration planned, and
the number of fractions generated. Each fraction should ideally
contain enough mass to support a larger number of HTS
campaigns, as well as subsequent dereplication, compound
isolation and structure elucidation efforts. In this regard,
a smaller set of fractions (5 to 10) generated per extract requires
less starting material and, as shown in Table 1, optimizes the
coverage of chemical and biological space of the screening
library. Automated weighing stations and liquid handling
systems that can not only solubilize samples, but also integrate
with SPE columns and generate assay plates can signicantly
increase sample throughput and reproducibility (Fig. 1).26
d at the NCI National Program for Natural Products Discovery (NPNPD)
1) Since 1986, more than 80 000 samples have been acquired through
participating source country or their representatives, which stipulates
veries made through these collections. (2) Extracts in the NCI NPR are
nic solvent extraction process, resulting in two sequential extracts per
ute's (NCI) natural product repository contains over 230 000 unique
s (n ¼ 88) are prefractionated on a customized Positive Pressure Solid
arallel to produce seven fractions per extract (3.5 h; n ¼ 616 fractions).
s (18 h; n ¼ 2304), and the final mass of each fraction is determined on
nt system with the capacity to store 1.1 million 2D-barcoded tubes (10
icrotiter plates for HTS and 96-well plates for secondary HPLC-based

Nat. Prod. Rep., 2020, 37, 893–918 | 897
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Finally, method validation and proof-of-principle studies
should be performed and can include challenge sets containing
known compounds,28 comparison of bioassay readouts in
several assay systems, mass recovery and distribution from
parallel or repeated processes, and analytical (LCMS or NMR)
quality control measures.

2.2.3 Natural product-inspired pure compound libraries.
Although combinatorial chemistry efforts facilitated the
production of large libraries of synthetic compounds capable of
supporting HTS, some early libraries generally contained
limited chemical diversity and, as a consequence, have
produced few approved drugs in the last 25 years.9,41 While
a library of pure natural products with known structures and
physiochemical properties could signicantly improve struc-
tural diversity in chemical libraries; the costs associated with
assembling pure natural product libraries can be prohibitive
(Table 1). This is largely due to the generation of pure
compounds through intramural isolations or collaborations,
which can be limited by resource-intensive steps associated
with the purication and characterization of individual
compounds of sufficient quantity. Thus, to build more
chemically-diverse screening libraries, several approaches such
as fragment-based drug discovery (FBDD) and diversity-oriented
synthesis (DOS) were developed using natural-product like
scaffolds as starting points.42–44 Nevertheless, fewer than 20% of
the core ring scaffolds discovered from natural product sources
are represented in most commercially available synthetic
collections or compound libraries45 and, of more than 250 000
natural products reported, only a small portion are commer-
cially available.46 Ultimately, the compilation of a complemen-
tary collection of diverse source organisms resulting in well-
annotated natural product extracts and fractions, should yield
more structurally-diverse pure compounds fromHTS for further
evaluation as potential drug leads.
3 Cell-based HTS for natural product
discovery

The category of cell-based HTS includes a wide variety of targets
and detection technologies which have been the subjects of
a number of recent reviews,47–56 including those detailing use
for natural product discovery.47,52,57 While there are many
examples of non-mammalian cell-based assays that have been
utilized for identication and characterization of anti-infective
agents in natural product extracts, including anti-fungal,54,58

anti-parasitic,59–62 anti-bacterial63–65 as well as in model
organism-based cellular assay platforms including yeast,66,67

Xenopus oocytes,68 zebra sh69 and C. elegans,70 this section will
focus on screens involving human cells. Mammalian and/or
human cell-based natural products HTS has been employed in
a wide range of disease areas and cellular phenomena. A few
examples include immunomodulation,71,72 nuclear export,73 and
metabolomics,74 and disease areas including diabetes75 and
cystic brosis76 among many active target areas.77 Cell-based
assays for natural product discovery have been particularly
plentiful in cancer research.49,77 Due to the lengthy history of
898 | Nat. Prod. Rep., 2020, 37, 893–918
cell-based anticancer screening of natural product extracts at
the National Cancer Institute, and the current focus of the
Molecular Targets Program within the NCI's Center for Cancer
Research, the examples in the following section will be drawn
largely from cancer-focused cell-based HTS efforts used in the
discovery of active natural products.
3.1 Phenotypic screening in human cells

The success in any HTS campaign (natural products or otherwise)
is dependent on the quality and relevance of the cells, assays,
readouts, and screening libraries utilized. Target validation and
the selection and substantiation of specic cellular models for
HTS have been extensively reviewed elsewhere (e.g., ref. 48 and 50)
and all of the cellular characteristics important to general HTS
campaigns apply to natural product-focused HTS as well. Cell-
based techniques are oen depicted as phenotypic or molecu-
larly targeted. The phenotypic approach allows for the identi-
cation of active compounds that effect cells by unidentied
interactions, potentially leading to the discovery of novel mech-
anisms of action. This approach requires more extensive down-
stream mechanistic studies than a targeted approach such as
a specic reporter-based assay. Targeted assays have the advan-
tage of focusing activities on a dened cellular target (generally
a protein or pathway) which enables more selective screening and
more rapid post-assay functional studies. Alternatively, a “hybrid”
approach can be taken by measuring a phenotypic endpoint that
is dependent on the expression or activity of a specic molecular
target. All of these have distinct advantages and disadvantages
and each assay type has been applied to screens of natural
products libraries. Examples of these assay systems and aspects
important to the development of robust assays suitable for
natural product screening are discussed below.

3.1.1 Classes of different cell-based phenotypic screens
and their use with natural products. Phenotypic assays come in
a variety of formats48,53 but are generally considered to be assays
in which a positive result is visualized as the endpoint of
a multi-faceted cellular process. The approach with the longest
history, particularly in cancer research, is screening for cyto-
toxicity and/or growth inhibition.49,78–80 Cancer-focused pheno-
typic screening assays have also led to the discovery of natural
product modulators of other specic cell endpoints such as
apoptosis,81–83 migration/invasion,84,85 senescence,86,87 metabo-
lism,88–90 angiogenesis,84 cell stress and reactive oxygen species
(ROS),79,82,91 and changes in gene expression (i.e., the “hallmarks
of cancer” – reviewed by Ediriweera, et al.49 in the context of cell-
based HTS for drug discovery). A major advantage of phenotypic
assays is that they do not assume prior knowledge of molecular
targets. Since most cellular phenomena can be modulated by
multiple mechanisms via interaction with a variety of targets,
a target agnostic approach may have greater success in identi-
fying active compounds. Natural products identied from
phenotypic screening can not only provide modulation of
phenotypes, but also provide insight into cellular mechanisms
underlying those phenotypes.

A second level of phenotypic screening has been called
“mechanism-informed”48 phenotypic screening, the most
This journal is © The Royal Society of Chemistry 2020
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common of which are reporter gene assays. In this case, cells are
engineered to contain a construct that can be easily measured
(usually a uorescent protein or luciferase) as a readout of
specic transcription factor activity. This approach does not
target an individual macromolecule, but instead is focused on
a specic signaling pathway (or pathways). As with broader
cellular phenotypes, reporter gene assays can be affected by
directly or indirectly modulating any of a number of potential
molecular targets in the pathway and can sometimes identify
novel mechanisms of pathway regulation. For example, a recent
cell-based HTS of natural products utilized a reporter gene
construct to identify inhibitors of the EWS-FLI1 transcription
factor, a fusion protein that drives development of the rare
Ewing's sarcoma (EWS) tumor. The assay utilized a construct
containing the NROB1 promoter (a target of EWS-FLI1) driving
luciferase allowing for measurement of transcriptional activity
engendered by this fusion protein.92 In this screen, an active
natural product extract (from the plant Phyllanthus engleri)
yielded the compound englerin A which affected the binding of
the EWS-FLI1 transcription factor to DNA via modulation of
intracellular calcium and PKC activity.93 The discovery of an
indirect modulation of this transcription factor as a novel
mechanism of action highlights the diversity of possible
outcomes from mechanistically informed phenotypic
screening. Other reporter assays for modulation of gene
expression by natural products have identied a signicant
number of natural compounds in eye cancers94 providing new
insights into molecular targets, pathways, and mechanisms.
Fluorescent reporter proteins can also be used to assess other
cellular mechanisms. For example, screening of natural product
extracts for inhibition of nuclear export via imaging of a uo-
rescent biosensor protein95 resulting in a natural product that
covalently bound to a nuclear export protein.

In another example of a targeted phenotypic assay, the effect
of test samples on the phenotype requires the expression or
activity of a specic molecular target. For example, many renal
carcinoma cells (RCCs) are resistant to the tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), so a cell-
based HTS assay was congured to identify natural products
able to sensitize RCCs to TRAIL by assessing sample-induced
cell death in the presence and absence of TRAIL.96 Treatment
with active samples resulted in cell death only in the presence of
TRAIL. An active extract (from the plant Physalis peruviana) was
identied and yielded a series of withanolides which were able
to sensitize cells to TRAIL-induced apoptosis by stimulating
increased degradation of cFLIP, a regulator of TRAIL
signaling.97 Mechanism-informed phenotypic screening thus
led to novel activities and new insights into the cellular
phenotypes and their regulation, as well as identication of
potential new molecular targets.

Although molecularly-targeted HTS is sometimes thought of
as comprising only biochemical assays, it is oen possible to
congure a targeted cell-based assay to address a specic
molecular target in the cellular milieu. One such example is the
discovery of natural products able to inhibit drug efflux,
a signicant contributor to drug resistance in a variety of cancer
cells.98 In order to assess the ability of compounds to block drug
This journal is © The Royal Society of Chemistry 2020
efflux via the ABCG2 multidrug resistance protein, a cell line
expressing only that transporter was selected and accumulation
of a uorescent ABCG2 substrate was monitored. The substrate
only accumulated in the cells when the transporter was
inhibited and was easily measured on a uorescence plate
reader. The selected substrate, pheophorbide a (PhA), was
chosen based on its relative specicity for ABCG2 as well as its
uorescence properties. In particular, PhA has a large Stokes
shi (excitation and emission at 395 and 670 nm respectively)
thus minimizing the probability of interference by uorescent
compounds common in natural product extracts. Among the
active natural product extracts was an organic extract of the
sponge Botryllus tyreus which yielded a series of botryllamides,
some with very specic activity at inhibiting only the ABCG2
transporter while others had broader activity proles against
efflux transporters (i.e. p-glycoprotein).99 One of the botrylla-
mides has shown efficacy in an animal model and is now in pre-
clinical development for enhancing drug uptake.
3.2 Assay optimization for screening natural products in
cell-based screens

An important factor in the success of cell-based HTS is the
quality and diversity of the libraries screened (see, e.g. ref. 100).
Synthetic compound libraries have been developed based on
a variety of criteria and are widely available. In recent years,
increasing numbers of pure natural products, either synthetic
or isolated, have become available providing unique and valu-
able resources for drug discovery. Puried known natural
products can be obtained from a number of commercial,
academic, and government entities (including for example the
NCI Developmental Therapeutics Program). As such, pure
natural products are included in many HTS screening libraries,
although they tend to be under-represented.100 As pure
compounds, they are handled in the same way and with the
same general advantages and disadvantages as synthetic
compounds with regard to cell-based HTS techniques.51,52,55,77,101

By contrast, the discovery of new bioactive natural products
requires the use of extract libraries which offer unique chal-
lenges for cell-based screening. Natural product extracts are
typically complex mixtures of known and unknown compounds
in unknown concentrations. In addition, they tend to be rich in
pan-assay interference compounds (“PAINS”102), including
uorescent molecules and uorescence quenchers, colored
compounds, redox-active compounds, aggregators, and surfac-
tants (like saponins and fatty acids, etc.) which can affect both
cell viability and assay readouts.47 Cell-based HTS readouts
include ow cytometry, imaging, uorescence (intensity, FRET,
or TRF), luminescence, InCell westerns, and the use of colori-
metric substrates all of which can be affected by natural product
PAINS.

Although it is sometimes the case that screens congured for
use with pure compound libraries can be deployed without
signicant modication for screening natural product extract
libraries; assays typically must be re-optimized, and sometimes
completely re-developed, for compatibility with natural product
samples. These modications do not oen nd their way into
Nat. Prod. Rep., 2020, 37, 893–918 | 899
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publications describing the assays or the active molecules
discovered from their activity in these modied assays. In
general, the rst step in transitioning from pure compounds to
extracts is a re-assessment of assay acceptability criteria in
a pilot study using representative natural product extract
samples. In particular, optimal assay conditions may be altered
by extracts as compared to pure compounds. Therefore, all assay
variables must be re-assessed at the apparent optimal level and at
both higher and lower levels in the presence of extracts as well as
assessing any effects of extracts on the assay visualization endpoint.
These variables include cell number, incubation time, order of
addition, cell substrate, cell growth conditions, and general assay
interference (e.g. loss of signal due to inhibition of detection
reagents, or increased signal due to the presence of colored or
uorescentmolecules, etc.). It is not uncommon for a plate washing
step to be required to reduce quenching and/or increase signal in
uorescent assays due to quenchers or intrinsically uorescent
compounds found inmany natural product extracts and sometimes
exclusion of categories of particularly problematic extracts is
necessary. Both of these approaches were used in modifying the
ABCG2 inhibition assay for application to natural product extracts
in order to reduce false positives (i.e., increases in cell-associated
uorescence due to extracts containing uorescent
compounds).98,99 Eliminating extract samples from screens is obvi-
ously not ideal since those extracts could well also contain ABCG2
inhibitors. Oen there is no good option except to completely
recongure the assay, in some cases including re-engineering cells
or choosing different cells or assay readouts. Parallel and/or
secondary assays can oen be used to identify and eliminate false
positives (in this case by assessing the inherent uorescence of
apparent hits). Interestingly, the prevalence of uorescent mole-
cules in natural product extracts has also provided an opportunity
for development of new chemical probes with novel uorophores.103

Another potential challenge posed in cell-based HTS is the
presence of non-specic cytotoxic compounds. Although it is
difficult to nd solid corroboration, anecdotally there tends to be
an expectation that cytotoxic extracts may be chemically and bio-
logically more diverse than innocuous extracts. As an example of
the extent of the problem as applied to cell-based HTS and some
approaches to address it, an assay for substances able to speci-
cally induce growth inhibition/cytotoxicity in mast cells expressing
constitutively active mutant c-KIT receptor tyrosine kinase was
used to assess crude natural product extracts.104 In preliminary
assays with a selection of extracts representative of the total library,
22% of samples tested at a single test concentration reduced target
cell survival. A hit rate this high can impede HTS implementation,
particularly in moderately resourced research environments, and
therefore further optimization was necessary. Two commonly used
adaptations were made to allow this growth inhibition/cytotoxicity
assay to be fruitful. First, a second cell line (same lineage,
expressing wild type cKIT) was assessed in parallel to identify
samples that differentially affected the two cell lines (i.e., cytotox-
icity dependent on the mutant protein). The vast majority of the
active extracts also affected wild type cell survival and were there-
fore deprioritized for further study. In cancer research, this
approach, selection based on differential cytotoxicity, goes back to
the origins of the NCI-60 cell assay80 and has been applied
900 | Nat. Prod. Rep., 2020, 37, 893–918
extensively ever since. The second adaptation was to perform the
assay at multiple extract concentrations. Together with standard
hit conrmation and secondary assays, the screen resulted in
identication of �30 differentially active extracts (from >135 000
screened) and subsequently led to the characterization of several
interesting molecules.104

Cell toxicity and other non-specic effects can interfere
with other cell-based assays as well. As noted, reporter gene
assays for transcriptional activation of target expression
programs are very commonly used in cell-based HTS.
Although not always the case, reporter gene assays are oen
congured to nd substances that inhibit specic gene
expression. As a result, toxic compounds and non-specic
inhibitors of transcription or translation could “look like”
inhibitors by reducing the signal and result in false positives.
In this case as well, parallel assays using control cells (e.g.,
expressing reporters under the control of constitutively active
transcription factors) can help identify false positive test
samples. For example, it became immediately apparent that
constituents of natural product extracts would provide
signicant non-specic interference in an assay for inhibitors
of HIF2a-induced gene expression.105 Identication of
specically active extracts required parallel or sequential
analysis of expression by a constitutively active reporter as
well as a growth inhibition/cytotoxicity assay, thus controlling
for both toxicity and non-specic effects on transcription,
translation, or assay readout (such as luciferase enzyme
stabilization or luminescence interference). An assay that
measures the increase in signal (like the ABCG2 example
above) can circumvent some of the challenges related to
natural product extract screening in cell-based systems. For
example, a reporter assay was developed to measure stabili-
zation of the tumor suppressor protein Pdcd4.106 A luciferase-
Pdcd4 fusion protein was responsive to conditions that would
induce Pdcd4 degradation so active test samples (stabilizers)
would increase the luciferase signal under these conditions
(TPA treatment in the assay). In this case, a toxic sample or
one that inhibits the reporter (luciferase) would not be
identied as a hit. However, the presence of cytotoxic extract
components could easily mask possible active compounds by
eliminating the signal entirely. Parallel or sequential assay of
controls is, of course, important in HTS of pure compound
libraries, but is even more signicant when assessing natural
product extracts.

Unfortunately, these approaches are insufficient for nding
underlying biological activities that may be masked by cytotoxic
and/or other generally interfering components in extracts. Re-
optimization of an assay for application to extracts (e.g., cells
less susceptible to cytotoxicity, re-cloned reporters, cell
washing, detection reagents, etc.) can reduce interference by
extracts,98,106 but the problem cannot always be eliminated in
this way. Similarly, assaying at multiple sample concentrations
can be useful for addressing this issue or for prioritization of hit
extracts with unknown individual compound concentrations.
However, crude natural product extracts themselves remain
a challenge. As discussed in Section 2 of this review, partial
purication, or prefractionation, of crude natural product
This journal is © The Royal Society of Chemistry 2020
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extracts can be highly useful in removing or sequestering
problematic compounds while providing increased test
concentrations of potentially active compounds (ideally in
different fractions) as well as providing less complex mixtures
which can result in higher conrmation rates.107 The transition
from crude to prefractionated extracts for cell-based HTS has
been validated in HTS campaigns at the NCI.106,107 Fig. 3 shows
an example of the power of partial purication of natural
product extracts to signicantly improve identication of active
extracts in a cell-based assay. A dual luciferase reporter HTS
assay for modulators of NF1-mutant astrocytoma cells provided
simultaneous measurement of cell proliferative activity and
toxicity.29 Based on statistical analysis of results, a hit was
dened as a sample that reduced proliferative activity to <20%
of untreated controls withminimal toxic effect (cell health index
> 50% of control). This assay was then applied to crude and
prefractionated natural product extracts (5 fractions and crude
tested for each extract – labeled A–E and crude for four examples
in the gure). For active extracts, in the vast majority of cases
(86%), the crude extract was inactive or toxic while one or more
of the fractions showed activity and minimal toxicity (examples
in panels A and D respectively). In only 3.5% of hits were crudes
active but fractions inactive (panel C). <10% of the extracts
showed activity in both the crude and one or more fraction
(panel B). Thus for this assay, most of the hits would not have
been identied in crude extracts and those that were active in
the crude were also active in fractions. This clearly illustrates
the power of partial purication to increase effective
Fig. 3 Representative examples of types of active extract samples. NF1-m
and cell viability were treated for 48 hwith crude or partially purified (“pref
green signal (i.e., proliferative index), black bars represent red signal (i.e
fraction and crude extract are active; (C) only crude extract is active;
reduction in cell proliferative index, <50% reduction in cell health index). R
R. W. Fuller, A. E. Rizzo, K. M. Reilly, J. B. Mcmahon and K. R. Gustafson, J
Society.

This journal is © The Royal Society of Chemistry 2020
concentrations of active components and/or sequester toxic
compounds.
3.3 Active sample prioritization

3.3.1 Orthogonal assays/hit prioritization. In general,
orthogonal assays are extremely valuable for conrming speci-
city of hits, whether from pure compound libraries or from
natural product extracts. However, due to the time and effort
involved in the isolation and structure elucidation of active
natural products, this process takes on additional importance
in the context of a natural products discovery screen. If possible,
it is good to pair a cell-based assay with biochemical (e.g. activity
against puried target enzymes, or binding assays) or molecular
biological (e.g. measuring enzymatic activity in cell extracts or
assessing changes in gene expression proles) assays to conrm
and prioritize active samples from primary cell-based HTS. In
the TRAIL example above, effects on TRAIL receptor-dependent
apoptotic signaling were conrmed by measurement of
sequential activation of caspases 8 and 3 in extracts from
treated cells.96,97 Assessment of gene expression patterns by
microarray and RT-PCR analysis allowed for characterization of
hits from the assay of natural product libraries for activity
against EWS-FLI1-driven transcription.92 In the case of the
screen for inhibition of the efflux protein ABCG2, active samples
were assessed for both direct binding to ABCG2 protein and for
stimulation of ABCG2 ATPase activity.99 Although oen only
applied to pure compounds, these types of conrmatory assays
are also very useful for prioritization of active natural product
utant astrocytoma cells expressing luciferase reporters for proliferation
ractionated”) natural product extracts (10 mgml�1). Open bars represent
., cell health index). (A) Active fraction and inactive crude extract; (B)
(D) toxic crude extract and active fraction *active sample (i.e., >80%
eprinted with permission from C. J. Henrich, L. K. Cartner, J. A. Wilson,
. Nat. Prod., 2015, 78, 2776–2781. Copyright 2015, American Chemical
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samples for further natural products chemistry efforts to iden-
tify and characterize component(s) responsible for the activity.
Given that HTS with natural product extracts can result in
a large number of hits – frequently higher than observed with
pure compounds libraries51 – a hit prioritization strategy is
generally desirable. In each of the examples discussed,
orthogonal assays were employed to help prioritize the most
promising active extracts for further isolation and structure
elucidation. Partial purication by prefractionation and
increased automation of subsequent purication efforts can
also streamline this process.26,108

Conversely, cell-based assays also complement biochemical
HTS. For example, a cell-free protein–protein interaction assay
was developed to screen for substances able to disrupt the
binding interaction between HIF1a and the transcriptional co-
activator P300.109 Among the major challenges of cell-free
assays, particularly with regard to natural product extracts, is
the inability to measure or predict either the ability of active
compounds to access the intracellular environment or whether
a given hit sample might be toxic to target cells. As a result,
moderate throughput cell-based assays were included to
conrm disruption of HIF1a/P300-driven transcription and to
identify cytotoxic/growth inhibitory extracts.

3.3.2 Hit-to-lead progression/lead optimization. To
encourage the development of active natural substances iden-
tied in phenotypic screens, mechanisms of action and
molecular targets must be assessed.55 In addition, analog
development and studies toward understanding of structure–
activity relationships (SAR) are typical paths forward.53 Utiliza-
tion of phenotypic HTS assays typically leaves the mechanism of
action of active substances unaddressed. Of particular relevance
where cytotoxicity/growth inhibition are the desired endpoints
is development of an understanding of mechanisms of cell
death, including apoptosis, autophagy, and “non-canonical cell
death”mechanisms110 induced by active substances. As with the
orthogonal conrmatory assays, analysis of cell death mecha-
nisms can be conrmatory (e.g., conrmation that TRAIL
sensitizers in fact induced extrinsic apoptotic cell death in the
presence of TRAIL96,97) as well as useful for hit prioritization. A
yeast chemical genetics approach to understanding the mech-
anism(s) of action of englerin A in the EWS-FLI1 assay led to
discovery of an unexpected mechanisms resulting in apoptosis
and necrosis.93 Such mechanistic studies, when applied to
mixtures of natural products can provide important data to
differentiate the activity of the hits and enable the selection of
natural product chemistry projects with varying mechanisms of
action. This, in turn, can result in the elucidation of a greater
number of different pharmacophores from a primary screen.

The development of lead molecules from screening hits
derived from natural products is aided by the analysis of
structural analogs and establishment of SAR for active
compounds oen produced in the same source
organism.99,103,109 Analog development for isolated natural
products can also oen be addressed by the development of
synthetic methods.52,100,101 Rocaglamide, from Aglaia extracts,
was found to be able to sensitize TRAIL-resistant cells to TRAIL-
induced apoptosis. Advances in natural product synthetic
902 | Nat. Prod. Rep., 2020, 37, 893–918
chemistry approaches as well as purication of additional
rocaglates from extracts allowed for development and analysis
of rocaglamide and 55 analogs for establishment of SAR as
TRAIL sensitizers and as protein synthesis inhibitors in renal
carcinoma cells.110 Similarly, another group of TRAIL sensi-
tizers, the withanolides, were initially isolated from active
extracts97 and subsequently further development of much larger
numbers of synthetic and semi-synthetic analogs.111 Identica-
tion of mithramycin from the EWS-FLI1 screen92 led to
synthesis and evaluation of a large number of analogs, one of
which is in pre-clinical development.112 Similarly, initial isola-
tion of botryllamides from natural product extracts as inhibitors
of ABCG2 (ref. 99) led to development of a synthetic method for
generating increased quantities of analogs for SAR analysis and
further pre-clinical development.113,114 Thus, while hit-to-lead
progression is always a challenge, active molecules identied
by cell-based HTS, advances in natural product chemistry and
in synthetic methodology have made it much more feasible for
natural products, a trend likely to continue.
3.4 Future considerations for the cell-based screening of
natural products

Many of the natural products identied as modulators of the
hallmarks of cancer were identied via cell-based assessment of
extracts from small numbers of organisms; as were many of the
molecular targets successfully exploited for cancer chemo-
therapy. A cursory look at the recent literature identies dozens if
not hundreds of phenotypic or cell-based assays applied to a only
few extracts, oen derived from traditional medicine(s).51

However, in order to access the broader chemical diversity in
nature, it would be extremely valuable to adapt many of these
assays to HTS and to apply them to larger libraries of natural
product extracts. Within individual natural products discovery
programs, screening of extracts against multiple targets and
phenotypes can result in signicantly increased understanding of
extract characteristics. For example, identication of promiscu-
ously active growth inhibitory and/or cytotoxic samples or
modulators of gene expression across a variety of cells and assay
platforms can allow for annotation of promiscuously active
extracts and fractions. As large libraries of prefractionated
extracts become available to a larger number of screening labo-
ratories,26,108 over time it should become possible to annotate
both extracts and fractions with reported activities in cell-based
HTS, allowing for identication of problematic samples (i.e.
extracts containing “PAINS”) and for data mining to increase the
efficiency of isolation and structure elucidation efforts.

A repeated criticism of cell-based assays in general is that they
are oen based on established cell lines in 2D culture which have
far from in vivo characteristics aer long term adaptation to cell
culture.48,50,53,56 Many of the emerging technologies increasingly
employed in cell-based screening are designed to make screening
more physiologically relevant and include 3D spheroid culture,
multi-cell models (e.g., tumor cells and tumor-associated bro-
blasts in 2D or 3D culture as models of growth, migration, inva-
sion), induced pluripotent stem cells, cancer stem cells, patient-
derived cells (especially tumor cells), and “tissue on a chip” and
This journal is © The Royal Society of Chemistry 2020
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“organ on a chip” technology to name a few.47–53,55,56Unfortunately,
there tends to be a trade-off between physiological relevance and
throughput, so although some of these models are amenable to
HTS, many are more suitable to secondary screening. These
technologies can also be particularly problematic for application to
crude natural product extracts due to some of the challenges dis-
cussed in this section. So, at this point, higher-order cell culture
models do not appear to be widely used in natural products drug
discovery. However, as illustrated above, prefractionation can
substantially alleviate many of the problems due to toxicity, off-
target effects on cell attachment, morphology, and migration,
etc., and assay interference oen realized when screening crude
natural product extracts. Such efforts shouldmake natural product
extracts more amenable to cell-based screening in general, but
particularly useful in assays utilizing novel approaches.
4 Natural product screening using
cell-free assay technologies

In contrast to cell-based screening approaches, cell-free screening
technologies enable the a priori restriction of potential molecular
targets to a limited number of macromolecules (i.e. proteins, RNA
or DNA) included in the assay. This allows for immediate
orthogonal studies that can describe the kinetic, thermodynamic
or structural basis for macromolecule–ligand interactions.
Though these assays make for a more targeted approach to drug
discovery, in the case of natural product samples, especially
mixtures, they are prone to assay interference from many
common “nuisance” compounds found in natural product
extracts. The result is that natural product discovery in the context
of a biochemical screen can be both a rewarding and a formidable
endeavor. The former is evident in the preponderance of natural
products that have gained approval from regulatory agencies
across the globe, and the latter is acknowledged in the number of
natural product scaffolds that have apparent non-specic activity
across a wide array of biochemical assays.1,47,115 This duality
highlights that although amenable to the same biochemical
targets, assays, automation, and miniaturization as screens of
synthetic libraries, biochemical screening campaigns of crude
extracts for natural product discovery (NPD) are a distinct
undertaking from pure compound screening campaigns.

In contrast to a pure compound screen, in a NPD campaign
substances screened range from a crude extract of a whole
organism to an extract fraction separated by some chemical
property (most commonly polarity).29 Given this complexity,
single chemical agents arising from the primary NPD screen are
most oen isolated through an iterative process commonly
referred to as assay guided fractionation (AGF). During AGF
natural products chemists work toward isolating the single
chemical entity responsible for assay activity by identifying the
most potent fractions. AGF is oriented toward purity-based
activity relationship (PAR) experiments whereby the observed
potency of the tested substance increases as purity goes up. AGF
creates a collaborative screening environment at the interface of
chemistry and biology and highlights both a strength and
weakness in NPD screens: the need for both highly trained
This journal is © The Royal Society of Chemistry 2020
biochemists for assay development and execution, as well as
expert natural products chemists for compound isolation and
structure elucidation. Despite the unique attributes of
biochemical NPD screening campaigns, any assay established for
a pure compound screen can generally be adapted for use in
a NPD campaign. The balance of this section is oriented towards
concepts, considerations and best practices for establishing or
adapting biochemical screens for natural products discovery.
4.1 Target selection

The foundation of any biochemical screen is the target itself, and
signicant consideration about what positive and negative target
modulation would look like in the context of the screening assay
format should be taken prior to assay development.116 The
particular validity of any one biochemical target to a given bio-
logical outcome (carcinogenesis, viability, senescence, etc.) is
entirely dependent on the quality of the basic science research
through which the target was identied, and is beyond the scope
of this review. However, there is an increasing understanding that
while a small molecule modulatormay be found for any biological
target, not all targets are equally accessible to small molecule
binding.117,118 To this end, when considering a new target for
biochemical assay development some consideration of “ligand-
ability” (or druggability) is warranted. Ligandability is the concept
that that theremay be ways to assess whether a target will be easily
accessible to common chemotypes and thus is likely to result in
the productive discovery of a small molecule modulator.119,120 This
concept has been recently described by the work of Edfeldt and
colleagues at AstraZeneca who have retrospectively examined
more than 30 biochemical high throughput screening campaigns
and attempted to develop tools to better predict a priori which
campaigns were likely to yield productive drug candidates.120,121

Originally this was done using NMR based fragment screening of
small libraries (<2000 substances) of simple chemical scaffolds
(<200 Da) and scoring which targets bound the most number of
substances at a screening concentration of 1 mM.119,120 Under
these constraints, targets were assigned low, medium and high
ligandability based on the percent of compounds which bound
the target. Retrospectively examining the AstraZeneca HTS
outcomes, all targets assigned low ligandability failed to yield an
actionable HTS lead while greater than 70% of targets identied
with medium or high ligandability progressed from HTS into the
AstraZeneca drug development pipeline. Subsequently, Edfelt and
colleagues extended this observation to show a similar outcome
when carrying out fragment based ligandability experiments
using a thermal shi assay (discussed in detail below) rather than
an NMR based approach.121 Adoption of this kind of biochemical
target assessment in the eld of natural products can be seen in
the recent extension of ligandability methodology to “native mass
spectroscopy” experiments from the research group of R. J.
Quinn.122

An additional body of literature assessing which classes of
both biochemical targets and chemical scaffolds have been
most and least successful for HTS development has also
recently emerged.121,123–125 These “target-class” assessments
highlight potential limitations of a target or scaffold; but may
Nat. Prod. Rep., 2020, 37, 893–918 | 903
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not predict the behavior of either a novel target or a well-
annotated target in a novel assay system. The emergent nature
of both ligandability and target-class assessments suggests that
due diligence prior to undertaking assay development for
a biochemical screen is critical.

4.2 Assay selection and development

Depending on the nature of the target, a decision must be made
as to whether the screening assay will have an enzymatic (for
enzyme targets) or a biophysical readout, useful for both
enzymes and many other biomolecules. This choice is most
oen dictated by the resources and experience of the research
group; however, the strengths, limitations, and a few of the
options available for each assay type are discussed below.

4.3 Enzymatic assays

As our understanding of molecular biology has advanced,
enzymes and enzymatic assays have become a signicant driver
of drug discovery campaigns.41 Indeed, with advances in tech-
nology, the paradigm of drug discovery has evolved from one of
“a drug for every disease” to a drug for every gene variant or
mutation.126 Translational biotechnology has for the most part
kept pace with advances in basic science through the rise of
recombinant protein expression systems in a variety of different
host organisms.127 This has greatly expanded the biological
space of tractable enzymatic targets for assay development.

Enzymatic assays are pervasive, productive, and proven to
generate clinically useful drugs.41,128 However, clinical approval
of natural products (or their derivatives) whose activity origi-
nated in a biochemical high throughput screen has recently
lagged that of leads derived from screening synthetic
libraries.129–131 One possible explanation for this decrease is an
understanding that biochemical NPD screens must be deliber-
ately designed to counter nonspecic interactions with
substances from the source organism. These substances have
come to be known informally in the literature as Pan Assay
INterference compoundS (PAINS).47,102,115 False negatives rarely
fall into the PAINS class, and arise primarily from the absence of
a reagent from the assay (misdelivery of the substance via
a clogged tip/air bubble for example), which is largely a matter
of chance and is therefore difficult to account for in assay
design and execution. False positives, compounds for which
SAR cannot be developed, on the other hand generally operate
through several well annotated mechanisms of action whose
presence should be accounted for during assay design. Several
of these mechanisms and recommendations to specically
account for them are described in detail below.

4.3.1 Aggregation. In the last decade, a body of literature
has emerged supporting the conclusion that compound aggre-
gation is the leading cause of false positive generation in
biochemical screening.132,133 This observation extends to
screens across synthetic and pure natural products and should
be accounted for during the development of biochemical NPD
screens.47,115 This phenomenon is mediated by a biophysical
interaction between the chemical aggregate and the target of
interest leading to localized target denaturing, and it has been
904 | Nat. Prod. Rep., 2020, 37, 893–918
shown to be preventable by disruption of the aggregates
through the inclusion of a small amount of non-ionic detergent
in the assay system.134,135

4.3.2 Redox cycling and thiol reactivity. A second common
cause of artefactual false positives is the presence of
compounds with low reduction potentials and/or the capacity to
covalently react with thiols.136 This form of assay interference
may be overrepresented in NPD screens due to the large number
of non-aromatic conjugated compounds found in living
organisms.47,115,137 Fortunately, several interventions have been
recommended to potentially prevent or identify the appearance
of this class of false positives. Since this interaction is chemi-
cally mediated, the most immediate site for an intervention is
pretreatment of the library components themselves. The labo-
ratory of G. M. Rishton has recommended global hydride
reduction of extracts to covert electrophilic amides to poten-
tially less reactive alkaloid amines prior to either fractionation
or library preparation.138 An alternative to library scale chemical
modication is the inclusion of high concentrations of inert
excipient which will specically interact with promiscuously
reactive substances to prevent an interaction with much lower
concentration analyte components (products, reactants,
enzymes).136 Glutathione is an example of a relatively cheap
tripeptide that can be used as a “molecular sponge” to react
with highly electrophilic compounds.136 In our own work, we
have found the addition of 5 mM glutathione to biochemical
reactions to be extremely benecial in prioritizing likely leads
from potential electrophilic false positives.

An alternative excipient to consider alone or in combination
with glutathione is an assay-independent protein that can be
added in vast excess to analytes while minimally affecting the
robustness of the assay.135 The addition of albumin, casein,
gelatin, or another protein at a saturating concentration
without affecting enzymatic catalytic parameters can be bene-
cial in providing “biological decoys” for the interaction with
either aggregators or electrophilic substances. The effect of
optimizing screening buffers by the addition of small amounts
of detergents and excipient proteins has been well documented
for use in pure compound screens.139 Consistent with observa-
tions for pure compound screening, we have found that incor-
porating both excipient proteins and non-ionic detergents has
dramatically reduced our primary screening hit rate while
allowing for the discovery of legitimate enzymatic activity
modulators.107

4.3.3 Signal interference. The signal generated from the
majority of multi-well plate (MWP) based biochemical assays is
generally absorbance, uorescence, or luminescence. It is
important to realize that photon dependent detection systems
are susceptible to photometric interference from screening
library components.140 One assay independent way to prepare
for this possibility is to pre-read the screening library itself for
absorption maxima at an assay relevant concentration, in
a common background buffer, and across the likely readout
spectrum (ultraviolet to visible). This data can then be cross-
referenced against any assay actives at the specic assay wave-
lengths. While this recommendation may be time intensive,
depending on the size of the library, it is not labor intensive
This journal is © The Royal Society of Chemistry 2020
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with modern monochromator-based plate readers and liquid
handlers. In a similar way, uorescence maxima for a library of
compounds could also be recorded; however, this is probably of
lower importance as absorptive interference can be a problem
for both absorbance and uorescence dependent assays (where
absorption at either excitation or can be interpreted as a false
positive signal).

An alternative to prereading a library prior to assay execution is
to specically interrogate primary screening leads against the
uorophore/chromophore used in the assay of interest. If the
library component diminishes the observed signal from the
uorophore/chromophore alone, it is very likely due to signal
interference rather than modulation of actual assay activity.141 As
shown in Fig. 4, we have recently used this method to ensure that
a recently reported natural product protease inhibitor discovered
in a uorescence-based assay did not substantial interfere with the
assay readout over the relevant IC50 range. Fig. 4 clearly shows that
while the enzymatic activity is signicantly reduced at the IC50 (32
mM), the uorescence of the uorophore itself (red line) at the
assay concentration is unaffected by the presence of the inhibitor.
In the context of biochemical NPD screens, it is worth giving
thought to the absorbance prole of the chromophore/uorophore
of interest. There are very likely to be strongly absorptive
substances in a natural products extract, indeed many
uorophores/chromophores were initially identied from natural
products. However, there are now several recently developed red-
shied chromophore/uorophores whose bathochromic shi is
better suited to natural products discovery than many of those
used historically.142

A nal option, particularly well-suited to AGF during natural
products discovery, is to monitor the assay specic wavelengths
during isolation and purication steps of the potential active
component. Many modern HPLC instruments come equipped
with a UV-vis diode array that makes monitoring multiple
Fig. 4 Fluorescence interference assay. Compound 1 was isolated
from a fluorescence based protease inhibitor assay and was then
rescreened in dose response against the fluorophore alone (7-ami-
nomethylcoumarin) and found not to interfere with fluorescence
detection throughout the IC50 range of compound 1. Reprinted with
permission from: T. D. Tran, B. A. P. Wilson, C. J. Henrich, L. M.
Staudt, L. R. H. Krumpe, E. A. Smith, J. King, K. L. Wendt, A. M. Stchigel,
A. N. Miller, R. H. Cichewicz, B. R. O'keefe and K. R. Gustafson, J. Nat.
Prod., 2019, 82, 154–162. Copyright 2019 American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
wavelengths during purication a tractable option for gaining
insight in the spectroscopic prole of potential lead molecules.

4.4 Orthogonal screening

The use of a specic orthogonal assay, particularly a cell-
based one in the context of a biochemical primary screen,
can provide clarity about the viability of further development
of a potential lead.142 For example, aggregators and thiol
reactive compounds could be anticipated to be competed
away by the presence of high concentrations of soluble
protein found in many tissue culture media formulations;
while the different assay readout would most likely identify
any compounds whose initial activity was largely due to signal
interference. More importantly, a well-designed cell-based
assay should be able to discriminate between non-specic
activities associated with PAINS compounds and specic
activities necessary for progression through a drug develop-
ment pipeline.

An orthogonal target-specic secondary assay is essential for
increasing condence in a potential lead molecule. However
there can be tremendous value in establishing secondary assays
against unrelated enzyme classes.134 For many natural products
discovery programs there may already be a database of anno-
tated activities from prior screening campaigns that can act as
an early indicator of potential target specicity. When this is not
the case, a second unrelated assay to counter-screen leads
identied in the primary assay can be helpful. It has been our
experience that an excellent counter-screening assay is that of
the b-lactamase AmpC.134,143 We have found that we can isolate
large quantities of stable active enzyme from the spent Lysogeny
Broth (LB) media used to grow ampicillin resistant bacteria for
recombinant protein expression. Using spent media as an
enzyme source and a straightforward chromatography puri-
cation protocol, we can isolate active enzyme which can then be
assayed against a variety of commercially available chromo-
genic b-lactamase substrates.144 Beyond insight into target
specicity, this assay has the added benet of being able to
provide information about potential aggregators. The AmpC b-
lactamase can tolerate levels of non-ionic detergent that can
readily disperse compound aggregates.134 Therefore, if
a compound is active against AmpC only in the absence of
detergent it is likely an aggregator and can be deprioritized for
further development.

4.5 Mass-based screening approaches

A signicant limitation for enzymatic screens is the detection
reagents themselves. This can be a product-specic label
(uorophore/chromophore/radioisotope), primary antibody
(for ELISA based detection), or a coupled enzymatic assay
system. Emerging technologies have sought to address this by
establishing label free methods of enzymatic turnover detec-
tion. Directly measuring the enzymatic conversion of
substrate to product is the ideal assay readout.145 This would
improve assays by reducing artifact generation due to indirect
measurements, reducing the false positive rate due to non-
enzymatic signal interference (quenching), and reducing
Nat. Prod. Rep., 2020, 37, 893–918 | 905
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costs of assay specic detection reagents. With the exception
of isomerases, all other classes of enzymes catalyze reactions
resulting in a change in mass in order to generate the product;
therefore, a generalizable label-free enzymatic assay would
involve monitoring mass with time, an observation ideally
suited to mass spectrometry (MS). The potential impact of
mass spectrometry applied to enzymatic high throughput
screening has been realized in the eld for years and yet
progress towards its implementation has been slow. Inherent
in the idea of high-throughput screening is that assays are
optimized to read the most number of samples in the smallest
amount of time. However, most mass spectrometers require
a liquid chromatography (LC) step prior to sample ionization
which can become an insurmountable time-sink during large
screening campaigns. An initial MS solution to this problem
acknowledged that in the context of high throughput
screening the central role of chromatography was not analyte
separation but rather buffer exchange to eliminate assay
buffer components that are incompatible with electrospray
ionization (ESI). Therefore, traditional gradient based LC
programs were eliminated in favor of rapid solid phase
extraction (SPE) buffer exchange programs. This lead Agilent
to develop the RapidFire MS system, which when using an
autosampler can reduce sample read times to ten seconds per
sample from a previous average of one minute per
sample.146,147 However, with many screening campaigns on
the order of >500 000 samples, the RapidFire MS is most
useful for selective library screening, SAR development, and
orthogonal assay conrmation applications.148 More recently,
HTS by MS has been undertaken through the use of acoustic
dispensing directly into the ionizer itself, further reducing the
per sample screening time to 3 samples per second.149

However, it should be noted that in addition to a direct
injector acoustic dispenser, care must be taken to both opti-
mize the assay buffers to an ESI compatible system as well as
to empirically determine the ionization efficiency of both the
product and the reactant ions in order to appropriately
account and correct for the effect of differential ionization on
interpretations of enzymatic turnover.149–151 At present
acoustic dispensing ESI-MS for HTS has not been commer-
cialized but will likely see further progress for new label free
HTS assay development.

An alternative to ESI-MS driven HTS is to switch the ioni-
zation format to matrix assisted laser desorption ionization
mass spectroscopy (MALDI). Progress in automation has
facilitated the use of MALDI for HTS in 384, 1536, and most
recently 6144 formats.150–152 As with any assay, HTS by MALDI
does require signicant optimization to ensure that catalyti-
cally relevant turnover is being detected as well as a quantita-
tive understanding of the degree of ionization of both the
substrate and product, oen accomplished through the
inclusion, titration, and calibration of isotopically labeled
substrates and products as standards (both during assay
development and oen as an internal control during the HTS
screening campaign).150–152 Despite the need for optimization,
the reduction in reagent costs make MALDI an attractive
potential screening format.152
906 | Nat. Prod. Rep., 2020, 37, 893–918
4.6 Non-enzymatic biochemical screens

In addition to enzymatic biochemical screens, new cell-free
technologies have recently emerged that allow for the direct
interrogation of the interaction between biomolecules and
small molecules in the context of a high throughput NPD
screen.153–155 For many disease-associated molecular targets that
are not enzymes but do have structural features that can be
probed for small molecule binding biophysical screening
techniques are useful. Since these newly developed HTS tech-
nologies do not rely on biochemically catalyzed reactions but
rather on a physical interaction between the small molecule and
the target protein/nucleic acid, they are considered biophysical
high throughput assays.

A few technologies, like uorescence polarization (FP), can
be utilized for both enzymatic biochemical assays and interac-
tion dependent biophysical assays.156 Based on the observation
that uorescence emission originating from a polarized light
source is depolarized during the course of emission and that
this depolarization is related to the geometric volume of the
uorescent species, FP can be used to measure alterations in
this volume due to ligand binding or enzymatically catalyzed
reactions which result in a mass change of the uorescent
species.156 FP calculations are accomplished by measuring
uorescent emission at two angles, one perpendicular and one
parallel to the excitation plane. These two measurements are
then used to calculate the difference in uorescence intensity
between the two angles. Measurements made in the presence of
ligand (small molecule, biomolecule, enzymatic substrate, etc.)
for the uorescent species can be compared to a reference
reading without the ligand to infer a change in the molecular
volume of the target due to ligand binding. As with many
uorescent homogenous phase assays, this technique was
rapidly adopted into MWP format, and has be employed for
a wide range of drug discovery campaigns.157 Since the FP
measurement itself can be affected by the chemical character-
istics of the uorophore, the nature and location of the uo-
rophore itself on the target molecule is crucial.156,157 For
example, FP measurements are dependent on the excited state
lifetime of the uorophore (s), and in general large target
molecules will require uorophores with large (s); however, for
most FP dependent screening campaigns it will be necessary to
empirically determine which uorophores (and linker lengths)
are best suited to the assay. Interestingly because FP depends
on a relational ratio between uorescence at the same wave-
length, it suffers less from uorescence interference (since
quenching affects both angles of measurement equally).
However, uorescence amplication due to the uorescence of
screening substances can make comparisons to controls diffi-
cult. Despite these limitations, well-developed FP assays can
yield clinically relevant drug candidates.156,157

Another biophysical assay that has been adopted for HTS
assays is the thermal shi assay (TSA).153,155 This assay measures
the thermal stability of a target biomolecule (proteins initially
but more recently nucleic acids) across a temperature gradient
by monitoring the unfolding dependent binding of a uoro-
genic dye.153,155 As the biomolecule slowly unfolds with
This journal is © The Royal Society of Chemistry 2020
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increasing temperature, more of the dye is incorporated into the
structure so that a characteristic melting curve is generated and
a specic melting temperature is calculated (TM). Comparing
the deviations of the TM in the presence of a test substance has
been shown to indicate specic interactions (stabilizing or
destabilizing) between the substance and the target. The avail-
ability of MWP compatible optical thermocyclers has facilitated
the adoption of this biophysical screening technique. Although
implementation of this screening modality is both convenient
and relatively cheap, it does have a few potential limita-
tions.153,158 As it depends on uorescence detection, a TSA can
suffer from uorescent interference from test compounds. In
addition, deections of the TM are not necessarily indicative of
binding affinities (greater changes in TM do not equate to higher
or lower affinity). To accurately model the thermal stability of
the target uorescence data must be collected over the entire
temperature range of the experiment which can generate large
amounts of raw data requiring signicant data processing
capabilities. Finally, the suitability of the target to the TSA must
rst be assessed to ensure the measured control TM is in a range
compatible with dye binding. Despite these variables, the TSA
has seen increasing utility for diverse targets across a number of
commercial and academic drug discovery centers.153,155,159

Among the earliest high throughput biophysical drug
discovery assays was the scintillation proximity assay (SPA).142,154

An early iteration of this microbead based assay used target
protein coated scintillant microbeads and radiolabeled ligands
to detect substances that interfered with the target–ligand
interaction, detectible as a decrease in bead (target) dependent
scintillation. As the eld moved away from radiolabeled ligands
the SPA was replaced with Förster Resonance Energy Transfer
(FRET) based bead dependent assays, such as the LANCE
format, whereby a lanthanide containing microbead coated
with one member of an interacting pair was incubated with
a complimentary FRET acceptor labeled interactor and then
probed with a chemical library to nd substances that
competed with this interaction. The AlphaScreen is a related
modication on this format.160 One partner has a microbead
whose excitation causes the emission of a singlet oxygen species
whose excited state electron can be accepted by the acceptor
bead ligated to the bound partner.160 Again, any reduction in
energy transfer in the presence of screening substance could be
attributable to disruption of the pairwise binding interaction.
While the above bead-based assays were designed specically to
be compatible with MWP based formats, the Luminex bead-
based system offers a ow cytometric multiplex bead array-
based readout. A bead itself is uorogenically encoded to indi-
cate which target molecule it carries and the bead is then pro-
bed with a potential binding partner that is itself uorescently
labeled or can be secondarily labeled with a uorescent anti-
body.161 The target beads, in solution, can then be siphoned into
a uorescence activated sorter and both target and binding
partner uorescence can be measured, indicating which target
and which ligand are interacting. Perturbations to the interac-
tion between the binding pair in presence of a substancemay be
indicative of the substance specically binding to one member
of the pair. An advantage of the Luminex bead based format is
This journal is © The Royal Society of Chemistry 2020
the ability to probe multiple targets in a single well (related
kinases for example) due to the uorescence encoding of the
target bead.162 For each of these assays there have been modi-
cations to broaden their applicability and ease of use but, as
they all are uorescent assays, the chance for false positive
identication due to uorescence interference is present. In the
realm of natural products discovery this has proven to be true
even in the context of the AlphaScreen, where the ability of
natural products to scavenge singlet oxygen has been observed
as a source of false positive discovery.115,142 A recent iteration on
bead based biophysical assays is the use of quantum dots in
place of microbeads, these dots can function in the same
manner as microbeads, but are smaller, allowing for further
assay miniaturization, and have been found to be more
“tunable” to wavelengths that are red shied and less likely to
suffer from interference from natural products.163,164 Their
small size necessitates the use of laser induced uorescence
(LIF) which, while an exciting technological innovation, has yet
to reach peak commercialization.

In addition to the screening formats identied above, which
have published papers indicating the ability to process >8000
samples per day, there are emerging technologies for establishing
biophysical screens that may become accessible for HTS in the
coming years. Among these techniques are biolayer interferometry
(BLI) andmicroscale thermophoresis (MST). BLI is a technology for
quantitating the interaction between a target and a ligand by
measuring the degree of photometric interference as light trans-
verses an optically clear probe that has a target of interest attached
to the end.154,165,166 In a MWP format, the degree of interaction
between the target coated probe and anything in the well (like
a natural product) can be assessed by the effect on light reected to
the detector (relative to control wells). While there are currently
both 96 and 384 well compatible systems, the visualization optics is
limited to 8 and 16 wells, respectively; requiring column by column
progression across a plate and increasing the read time per plate. At
the moment BLI based screening is largely limited to selective
library subsets, primary hit triage, and secondary screening.165,166

MST is an emerging technology that measures the transit of
a uorescent analyte across a temperature gradient.153,154,167 The
interaction of a ligand with the analyte will slow the migration
time across this gradient, generating a signal indicative of
a binding event. Currently a 96 well MST instrument is
commercially available which uses capillaries to sample all
wells across the plate. A laser is used to generate a thermal
gradient within an individual capillary and the migration of the
analyte is measured. Unfortunately, measuring a well-
controlled gradient requires approximately 20 seconds per
sample, limiting its utility.167

An interesting hybrid assay format is micro/nanocapillary
electrophoresis (CE), which continues to be an HTS format that
is frequently employed for drug discovery.168 Improvements in the
optics of both excitation and emission using LIF has allowed
increasingly small reaction volumes to be deployed in the context
of anHTS screening campaign. This has spurred the exploration of
microuidics, or even nanouidics, in the context of high
throughput drug discovery.169,170 To this end the use of both
microuidic capillary electrophoresis (CE) and nanouidic droplet
Nat. Prod. Rep., 2020, 37, 893–918 | 907
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based assays have both been recently used as the assays of choice
for novel drug screens.171 Currently, the single greatest impedi-
ment to implementation for these assays is the pervasive adoption
of MWP formats for chemical library generation, storage, and
utilization. Microuidic based assays are dependent on the
movement of an analyte through a sample window and were not
initially developed with MWP formats in mind, which means that
the assay itself oen has to be reformatted from a MWP format
prior to introduction into the detection system. This reformatting
can both lower throughput and necessitate additional capital
outlays which has been a hinderance to both commercialization
and adoption in the drug discovery community.
4.7 Multiplexed biochemical assays

Reducing the cost of biochemical NPD screening is oen the
rst priority in assay development. Advances in target expres-
sion systems and reagent delivery (robotic liquid handling and
now acoustic ejection) have begun to bring these costs down.172

Acoustic ejection for reagent delivery is particularly useful in the
context of NPD screens because nanoliter delivery volumes are
more efficient when screening libraries of natural products for
which resupply can be challenging.1,142

A creative approach to reducing the cost of a single assay is to
make the screening campaign more data rich through multi-
plexing. In the context of biochemical NPD screens, multiplexing
can encompass several approaches during assay execution: (1)
including two or more discrete biochemical targets in a single
well; (2) using multiple distinct substrates so that MWP can be
pooled and read simultaneously (reducing read time but main-
taining the same number of screened wells); (3) pooling
substance plates to reduce the total number of wells screened
while maintaining the total number of substances screened. The
ability to maximize a single extract/fraction for multiple assay
endpoints is an ideal though infrequently utilized technique to
assess both the potency and specicity of a given library compo-
nent. An example of this approach was published in 2011 where
the authors measured deubiquitinase, deSUMOylation, and
ISG15 removal (another small ubiquitin like protein, deISGylase)
simultaneously in the presence of three non-overlapping uo-
rescent activity probes to discover potent and specic small
molecule modulators of these enzymes.173 While that publication
utilized enzymes from similar enzymatic classes, proteases, this
need not always be the case. It may be possible to establish
multiplex assays for non-redundant collections of enzymes as
long as the ultimate readout of each class gives a discrete indi-
cator of enzymatic activity. One common approach to multi-
plexing is to assay multi-enzyme complexes (the entire E1/E2/E3
ubiquitin ligase cascade for example) in a manner that allows for
interpretation of where in the given cascade there is a productive
interaction between the library substance and the target
cascade.174 This approach can have the added benet of the ability
to substitute related family members (different E3's ubiquitin
ligases for example) in order to elucidate and quantify specicity
among related targets. Additionally, multiplex immunoassays
(several distinct antibodies specic for different targets spotted at
the bottom of a MWP) are commercially available (Meso Scale
908 | Nat. Prod. Rep., 2020, 37, 893–918
Discovery for example) which allow for the interrogation for
multiple assay products in a single well; however, these formats
are limited by both the specicity of the antibodies used and oen
the bespokemanufacture by a single commercial vendor, limiting
their accessibility.

An alternative multiplexing approach has been applied to
decrease the assay read time for HTS-MS.175 In this case four
distinct (by mass) substrates for a lysine demethylase were
created and optimized. Each probe was used to screen one-fourth
of the total library and then four discrete assay plates could be
combined and screened simultaneously by RapidFire M.S. (Agi-
lent Technologies). The extent of enzymatic inhibition for each
substance could then be read by correlating it's well location to
the probe type used for that plate.175 While this example does
require more data processing, it is an automatable process and
did increase overall throughput by 4-fold. A nal iteration on
multiplexing HTS is library pooling.176,177 In this strategy, the
screening library itself is pooled and screened as normal and
then any potential leads are then rescreened as individual
components during secondary follow-up. This approach is most
amenable to compound screening with assays that have very low
hit rates and thus attempts to address the “dark-matter” problem
(the majority of screened wells are inactive) encountered in large
screening campaigns.178,179 Some implementations of this
approach will pool samples more than once throughout the
screening process in order to speed hit identication (a legiti-
mate lead should reproduce regardless of its pooled constituents,
and a false positive should not be reproducible upon rescreening)
at a cost of expanding the total number of wells screened.While it
is not clear that this multiplexing approach is well suited to
natural products discovery, where library components are infre-
quently single compounds, one could envision pooling parts of
libraries that are infrequently found to contain leads in order to
reduce overall screening costs.
4.8 Recommendations for biochemical assay development
for natural products discovery

Our experience with various biochemical NPD screening
campaigns has compelled us to establish what we call PAINS
Aware Assay Development (PAAD), summarized in Fig. 5. These
are rudimentary suggestions for how one might design and
develop a biochemical assay in anticipation of and incorporate
countermeasures against the appearance of PAINS compounds
during library screening, this section is intended to be
a detailed description of the PAAD workow depicted in Fig. 5.

All assay development of course begins with pre-development
consideration of the assay target, both in terms of concepts
introduced above (Section 4.1) as well as practical considerations
like the observed signal-to-noise ratio prior to PAAD imple-
mentation. This can be important because many of the PAAD
recommendations can reduce the overall signal, and so begin-
ning with a usable signal-to-noise ratio (generally at least 5 : 1) is
important. In the context of photometric assays, potentially
absorptive natural products as screening components must be
taken into consideration and we recommend using red-shied
assay readouts. All assay actives will eventually need to be
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Pains aware assay development workflow. A schematic of
a generalized assay development workflow in anticipation of and
incorporating countermeasures against pan assay interference
compounds (pains).
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validated in an orthogonal assay, preferably in a format distinct
from the screening assay (cell based for biochemical primary
screening assays and vice versa for cell-based screening assays);
therefore, it is critical that this assay be fully considered (and
ideally already validated) prior to beginning primary screening.
Although it may not possible for many biochemical targets,
having a positive control (even with low potency) to help delin-
eate the likely dynamic range of an assay under screening
conditions can be extremely benecial at both validating the
assay readout and orienting the data analysis to the detection of
assay actives. The hit rate of a novel assay is unknowable a priori;
however, some consideration of how either end of the hit rate
spectrum will be handled during the course of screening is an
important factor to consider. For example, if during screening it
becomes apparent that fractions derived from certain source
types tend to behave discretely fromothers, are theremethods for
rapidly assessing this behavior or triaging their follow-up? Is
This journal is © The Royal Society of Chemistry 2020
there a hit rate that is likely to overload the follow-up capacity of
the orthogonal assays, and if so by whatmetrics will you prioritize
some leads over others? The greater consideration given to
screening outcomes before screening begins, the better executed
the screening campaign is likely to be.

Once the assay has been shown to be functional, it can oen be
useful to screen a small but representative portion of the natural
products library, if resources permit. This will provide insight into
the upper end of the hit rate range, a baseline for the effect of
further PAAD implementation, and a reference for how PAAD has
impacted assay performance. Depending on the assay target,
some consideration for the actual pH buffering components
(phosphate vs. tris base for example) will be necessary, but that
will largely be dictated by the idiosyncrasies of the target itself and
is beyond the scope of this review. However, there are a number of
additional buffer additives, described more fully above and
summarized below, that we recommend for consideration. We
recommend determining maximum assay tolerance (indicated by
the effect on the signal) for non-ionic detergents and excipient
proteins (“decoy” or molecular “sponge” proteins). Inclusion of
these as buffer components can dramatically reduce false positive
detection due to library component aggregation.180 While it is
necessary for many biochemical assay targets to remain in a fully
reduced state for physiologically relevant screening (thus neces-
sitating the inclusion of reducing agents in the buffer), the
reductive capacity of the reducing agents may also facilitate the
non-specic attack of the target by nucleophilic library compo-
nents.136 Therefore, it is worth empirically determining the
performance of the assay with diminishing concentrations of
reducing agents. Following assay optimization along these
vectors, a rescreening of the initial pilot library will hopefully
reveal increased assay robustness in the form of a reduced hit rate
whilemaintaining an acceptable signal-to-noise ratio and z-factor.

At this point in the PAAD process, primary screening should
be initiated. Following primary screening, we recommend rst
establishing reproducibility leads at the screening concentra-
tion at least in quadruplicate with a maximum potency dri of
10 to 15%. Following reproducibility conrmation, an assess-
ment of dose response is warranted. We recommend examining
all dose response curves for both unusual plateaus in potency
and for steepness of the Hill slope either of which has been
shown to represent a likely indicator of assay interference or
non-specicity.181 Having now established that leads are both
reproducible and have an acceptable dose response prole, we
now recommend re-examining the potential for photometric
assay interference in dose response. The execution of this
counter-screen will vary based on the assay type, but within our
research group it is typically carried out by incubating the
potential lead agent with the signal generator itself
(uorophore/chromophore) at a concentration that generates
a signal commensurate with the raw values of the assay itself,
Fig. 4.141 Since the potential lead is not likely to be spectro-
photometrically identical to the signal generator, it is important
that the concentration of the generator be titrated to match the
raw readout of the screening assay and not used at the same
concentration as in the screening assay itself. For example, if an
assay is run at probe concentration of 10 mM with a 10%
Nat. Prod. Rep., 2020, 37, 893–918 | 909
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turnover into the signal, then we would run the spectrophoto-
metric interference assay at a concentration of 0.1 mMof the free
signal generator. While there is no accepted standard for what
level of photometric interference is allowable, we typically
deprioritized leads if a photometric signal reduction of more
than 10% at the estimated EC50 of the potential lead molecule is
observed. Finally, should a potential screening lead continue to
hold up throughout the battery of countermeasures described so
far, we would nally recommend that the lead be screened against
the target in dose response in the presence of a thiol scavenger
like glutathione.182 This of course assumes that the assay itself is
tolerant of the presence of millimolar quantities of glutathione
(we frequently use 5 mM) during assay execution. Shis in
potency solely attributable to the presence of a thiol scavenger
suggest that the behavior of the lead is dependent on the assay
conditions themselves and not on a tractable interaction between
the lead and the target. At this point in the lead assessment
process we would consider remaining leads of interest to be
validated as assay actives and would then assess their target
specicity in our previously established orthogonal assay. The
point of the PAAD process is to subject early screening leads to an
exhaustive battery of potential counter-screens in order to elimi-
nate non-specic or nuisance compounds as well as to generate as
much data as possible to validate on-target potency. One bene-
cial outcome of this rigorous screening is that leads which at this
point fail to remain active in the subsequent orthogonal assay
(generally for reasons of cell permeability or other pharmacoki-
netic parameters) have been thoroughly vetted as biochemical
bioprobes whose chemistry can be further optimized for
bioavailability and whose target binding sites can likely be char-
acterized through further biophysical means (crystallography,
molecular docking, etc.). All of which is to say we have found that
by employing PAAD during our screening process we have been
able to prioritize our research efforts on lead discovery of mole-
cules which are likely to be of use to both the clinical and the
research communities.
4.9 Emerging trends in biochemical assays for natural
products discovery

Very few of the numerous published biochemical screens include
natural products discovery as part of the campaign.142 However,
a review of the literature in the last 5 years indicates that NPD
campaigns have been successfully executed using all of the
biochemical and biophysical screening technologies identied
above.183–190 Of the published NPD screens, biophysical screening
technologies, like TSA and FP aremore frequently employed than
other technologies. Thismay be due to the fact that these formats
generally require only a single input (the target, rather than
substrates and cofactors) and are largely agnostic to the state of
the target (active as well as inactive enzymes are suitable if they
are appropriately folded). However, the observation that all
screening technologies appear to be amenable to NPD screening
suggests that the dearth of published NPD campaigns in the last
ve years is not due to a technological limitation, but rather
a more fundamental structural decit. One explanation is that
the skillsets necessary to establish a relevant biochemical assay
910 | Nat. Prod. Rep., 2020, 37, 893–918
and to fully elucidate any natural products that emerge from that
assay are too widely divergent for a single research group to
effectively master both. This limitation most likely underlies the
observation that the majority of NPD campaigns involve collab-
orations between independent biochemical and natural products
discovery groups. This collaborative imperative in NPD
campaigns suggests that for natural products to continue to be
a rich source of both chemical and pharmacologic diversity,
specic collaborative programs and initiatives should be
encouraged and funded across institutional, governmental, and
industrial research organizations.

A second explanation for the underrepresentation of
biochemical NPD campaigns in the literature is that the utili-
zation of natural products is proportional to their distribution
within the research community itself. The conscious uncou-
pling of natural products research from industrial pharmaceu-
tical research and development has been comprehensively
covered elsewhere; however, the number of academic centers
with natural products discovery capabilities has remained
relatively constant, see Fig. 6. While it is heartening to see that
the total number of discrete natural product screening grants
has not decreased signicantly in the last 10 years, a period
marked by global scal austerity, it is worth noting that though
a signicant percent of approved pharmaceuticals are derived
from natural product scaffolds, the number of grants awarded
for the NPD campaigns is consistently 5-fold lower than non-
natural product discovery efforts, Fig. 6.1 Collaboration here
too may be a way to increase the number of biochemical NPD
screening campaigns as there is a recently announced initiative
from the National Cancer Institute to widely distribute a large
novel library of prefractionated natural product extracts to any
organization for use in NPD programs.26 Optimistically this can
serve as template for other large natural products discovery
groups to more widely distribute their natural products collec-
tions in order to facilitate both comprehensive coverage of
global organismal diversity as well as to inspire biochemical
screening groups to implement novel and productive NPD
campaigns.
5 Post-assay natural products
discovery

Post screening, the task of isolating and identifying active
compounds is guided by the fact that natural product extracts
represent a mixture of secondary metabolites and can number
up to hundreds of individual small molecules. Traditionally
natural product-based AGF processes include several iterations
of fractionation and secondary screening which signicantly
increases hit identication timelines. Moreover, knowledge of
structure and thus novelty, drug- and lead-likeness comes at the
very end, a disadvantage for NPD efforts compared to those with
pure compound libraries. To overcome this isolation bottleneck
and improve on the speed of hit identication, several
approaches are now commonly employed by natural product
chemists including prefractionation of crude extracts, small-
scale dereplication for the identication of known
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Funding for High Throughput Screening (HTS) for Natural
Products Discovery (NPD) has remained stable but 5-fold lower than
other HTS campaigns. Compilation of NIH reporter data (https://
projectreporter.nih.gov/reporter.cfm) for specific search terms within
awarded NIH grant abstracts (green: “high throughput” and “natural
products”; red: “high throughput” and “drug discovery”) reveals
dramatically fewer grants awarded specifically for NPD.
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compounds, and use of automated chromatography instru-
mentation in the isolation workow.

5.1 Benets of prefractionation post-HTS

The benets of prefractionation for screening efforts have been
discussed previously in this review. Following HTS, the use of
prefractionated libraries signicantly reduces the number of
compounds present in active samples and simplies the isola-
tion and structure elucidation efforts. For example, the NPNPD
prefractionated library, comprised of seven fractions per crude
extract, was shown to contain anywhere between 2 to 28
compounds per fraction when analyzed by LC-MS-ELSD detec-
tors.26 This compared to estimates of 100+ natural products per
crude extract results in a substantial reduction of follow-up
isolation procedures. Part of the NPNPD methods develop-
ment involved demonstrating that structurally diverse natural
products, isolated from plant, marine invertebrate, and
Fig. 7 Structures and NCI-60 human tumor cell lines screen activity of

This journal is © The Royal Society of Chemistry 2020
microbial sources can be isolated in a rapid two-step procedure.
Fig. 7 shows four biologically active natural products that were
isolated in only two chromatographic steps, which included
initial SPE-based prefractionation and a single HPLC separation
as the second step. The two-step procedure yielded sufficient
material for complete structural conrmation (including 13C
NMR spectral acquisition) as well as NCI-60 analysis.
5.2 Dereplication

Dereplication is herein dened as the identication known
natural products from extracts identied as active in a bioassay
by means of spectral ngerprint data combined with library
searching. Incorporating a dereplication step early-on in the
isolation workow decreases the chances of re-isolating known or
nuisance compounds and improves efficiency post HTS. Der-
eplication usually requires an analytical step where extracts or
fractions are subjected to LC separation which can be coupled to
multiple detectors such as UV-vis, mass spectrometry, light scat-
tering, as well as capillary-ow NMR. The analytical data collected
can then be used for in-house library matching as well as
comparison against databases of known natural products such as
the Dictionary of Natural Products,191 AntiBase192 or MarinLit.193

Dereplicationmethods based on LC-MS provide sensitivity as well
as limited structural information in the form of molecular weight
and formula. Tandem MS/MS spectra add an additional frag-
mentation ngerprint which, when combined with multivariate
statistical analyses such as molecular networking, can improve
the dereplication of known compounds and identication of close
structural analogues.194 Tandem MS-based analyses have found
particular value with web-based platforms such as the Global
Natural Products Social Molecular Networking (GNPS), a publicly-
accessible database of MS/MS spectra that allows users to deposit
and analyze data, as well as search existing data to annotate
compounds and identify putative analogues.195Complementary to
MS-based methods is the NMR analysis as this analytical tech-
nique has the potential to detect all natural products with para-
magnetic nuclei and therefore analyze a much larger range of
structural classes, signicantly increasing condence in der-
eplication results. NMR spectral acquisition can either be coupled
to LC workow using a capillary ow NMR instrument or
natural products isolated in two steps from a prefractionated library.

Nat. Prod. Rep., 2020, 37, 893–918 | 911
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performed offline. On-ow LC-NMR analyses have found limited
use in post-HTS efforts on natural products as they require
deuterated solvents for chromatography, water suppression pulse
sequences, and short experimental acquisition times; all of which
have a detrimental effect on the sensitivity of the signal. An
alternative is to use stop-ow LC-NMR where the pumps are
paused to allow for a longer acquisition time including two
dimensional NMR experiments.196 The most common practice
however is to generate replicate LC samples and conduct the NMR
analysis offline. Then structural information from the NMR
experiment is incorporated into a database search,197 or used to
generate a library of NMR ngerprints that can be analyzed to
dene structural uniqueness and novelty.198 One of the disad-
vantages of NMR compared to MS-based dereplication is
a signicant loss of sensitivity, however advances of micro-
cryoprobe and capillary probe NMR technology as well as the
development of 1.7 and 1.3mm cryo-probes have now enabled not
only nano-gram dereplication but also full structural elucidation
of either small-scale isolations or low yielding natural prod-
ucts.199,200 Ultimately, post-HTS dereplication efforts have the
potential to rapidly detect known compounds and identify crude
extract or fraction hits with identical and similar chemotypes,
which can aid in the identication of projects that might be of
further interest for follow-up isolation work and secondary
screening.
5.3 Natural product isolation and resupply

The eld of small-scale dereplication and structural elucidation
of natural products is rapidly advancing to require smaller
amounts of the initial extract and of the puried compound.
This translates to less time pursuing known structures with well
identied targets and mechanisms of action and more time in
isolating new and novel biologically active natural products.
Although these advances have signicantly increased the effi-
ciency of efforts to identify new compounds of interest and
decreased natural product-based isolation timelines, they have
not addressed the need to supply adequate material for follow-
up conrmation and mechanistic studies. While sub-milligram
quantities of a natural product may be adequate for structure
elucidation and initial biological activity assessment; re-
conrmation, target identication, mechanism of action
studies, and animal testing require signicantly more material.

Post-HTS natural product isolation and compound resupply
can therefore greatly benet from standardized, scalable, and
automated isolation procedures. Most HPLC column vendors
currently offer column technologies in a range of column
dimensions and particle sizes with the ability to scale up from
UHPLC to preparative HPLC. Other traditionally preparative-
scale techniques such as ash chromatography, supercritical
uid chromatography, and counter-current chromatography
have become more accessible, the equipment automated and
sold as benchtop instruments with a relatively small footprint. In
addition to automating chromatography, use of large capacity
liquid handlers and fraction collectors is showing potential to
signicantly speed up the natural product isolation bottleneck.
Some of the largest prefractionated natural product libraries,
912 | Nat. Prod. Rep., 2020, 37, 893–918
such as Nature Bank (202 983 fractions),201 Bioinformatics Insti-
tute Singapore prefractionated library (120 000 fractions),202 and
the NPNPD prefractionated library (326 000 fractions as of
January 2020)26 have been generated with automated, liquid
handler-equipped LC- or SPE-based instrumentation.

Ultimately, for a natural product to progress to preclinical
and clinical trials, multi-gram scale isolations are warranted.
For such efforts, standard natural product laboratory equip-
ment simply cannot do the task in a short timeframe where
customized processes are required. To supply sufficient mate-
rial for early preclinical development of bryostatin 1, a 13 000 kg
(wet weight) collection of the bryozoan Bugula neritina was
collected off the coast of Southern California and a large-scale
isolation under GMP (Good Manufacturing Practices) per-
formed in NCI facilities yielded 18 g of pure bryostatin 1 in only
seven isolation steps.203

Where possible, microbes represent a more sustainable and
economical source of biologically active natural products.
Modications in growth media as well as manipulation of the
biosynthetic gene clusters have the potential to enhance the
yield as well as simplify the isolation procedures. Recently
media optimization studies combined with biosynthetic engi-
neering and gene deletion enhanced the production of a spli-
ceostatin analogue thailanstatin A 40-fold compared to the wild-
type producing organism, to a yield of 2.5 g L�1.204 In addition,
the crude extract was shown to be 55% thailanstatin A which
simplied purication to a single chromatographic step and
provided adequate material for preclinical development.

The rapid development and automation of dereplication and
isolation procedures following the identication of active
natural product samples in high-throughput screens is facili-
tating an increased usage of natural product libraries in
screening. As detailed above, the ability to subsequently acquire
sufficient quantities of active compounds for pre-clinical
studies is improving for amounts less than 1 g. Large-scale
purication of active compounds from natural sources, such
as that of bryostatin 1, is still a challenge which usually requires
individual optimization and processes. The use of scalable
technologies in both library creation and post-screen purica-
tion methods should bring benets for later large-scale re-
isolation efforts.

6 Conclusions

The eld of pharmacognosy, or natural products chemistry, is
dependent upon a series of allied efforts resulting in advances in
library generation, cell-free and cell-based screening technolo-
gies, rapid dereplication methods and that ability to quickly
isolate, identify and re-supply active compounds to researchers
investigating the utility of compounds from nature. This review
has detailed some of the recent advances in those technologies
and shown how, taken together, they can facilitate an efficient
process for the discovery of novel bioactive natural products.
Though not detailed in this section, the underpinnings for all
these processes is the rigorous annotation of organisms, their
derived samples and the database, bioinformatics and quality
control infrastructure to record and access taxonomic,
This journal is © The Royal Society of Chemistry 2020
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geographic, genomic, biological and chemical details derived
from those samples. Standards for this annotation have changed
over the years. This has sometimes made “legacy” collections
from the last century difficult to adapt to the modern realities of
the equitable and reproducible creation and screening of natural
product libraries. We hope that this review will encourage
researchers to consider all of these aspects when creating the
screening libraries of the future and that some of the technolo-
gies herein described will prove useful in their efforts.
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N. de Pedro, V. Gómez-Pérez, M. Valente, F. Reyes,
O. Genilloud, F. Vicente, S. Castanys, L. M. Ruiz-Pérez,
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71 J. Pérez del Palacio, C. D́ıaz, M. de la Cruz, F. Annang,
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