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“Their fruit will serve for food and their leaves for healing.” (Ezekiel 47:12)

“What the eyes perceive in herbs or stones or trees is not yet a remedy; the eyes see
only the dross.” (Paracelsus)

1.0 Introduction and background
1.1 Natural product-derived drugs

The search for natural product modulators of disease states goes back millennia; drugs have
been purified from natural sources for many decades. Even today, natural products or their
derivatives continue to comprise a large proportion of drugs including, for example, the
majority of anti-cancer drugs.1 Since the 1990s, development of high-throughput methods
for evaluation of potentially bioactive samples has accelerated in parallel with high
throughput chemistry methods which have supplied large libraries of synthetic compounds.
The history, state of the art, and effectiveness of these methods, particularly high-throughput
screening (HTS), has been the subject of a recent review.2 However, application of HTS for
identification of biologically active natural products remains a relatively uncommon activity
(Figure 1). In contrast to screening libraries of synthetic compounds, high-throughput
assessment of natural products is fraught with a variety of obstacles. This review addresses
the challenges of applying HTS methodology to identification of biologically active crude
natural product mixtures (extracts from organisms) and characterization of active
components from those mixtures.

1.2 Traditional natural product drug discovery
The vast chemical diversity available in nature3 along with the proven record of natural
products as sources for drugs4 has resulted in natural product research continuing to be an
important contributor to drug discovery as well as bioprobe development.5,6 The starting
materials for natural product drug discovery are crude solvent extracts from source
organisms.7 An outstanding example of the richness of the resources available is the Natural
Products Repository of the National Cancer Institute, comprising >180,000 extracts from
>50,000 organisms. Other organizations maintain similar, often focused libraries of natural
product extracts, including the Spanish Fundación Medina, with a large collection of
microbial samples8 the Korean Research Institute of Bioscience and Biotechnology, with a
Korean plant extract bank (http://www.kribb.re.kr/eng/sub02/sub02_07_02.jsp), and the
Eskitis Institute in Australia, with Australian plants and marine invertebrates.9 Identification
of active extracts may occur by a variety of methods. For example, organisms used in folk
medicine to treat particular disease phenomena have been useful sources of biologically
active compounds.10 Similarly, mining of existing data sets such as the anti-cancer cell
growth inhibitory/cytotoxic activities of compounds against the NCI60 panel of cell
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lines11,12 has led to identification of natural product extracts likely to contain compounds
active against specific cancer targets which has proven to be a fruitful approach resulting in
identification and characterization of a number of potentially valuable anti-cancer
compounds.13,14,15 Typically, once bioactive extracts from source organisms are identified,
active components are isolated and their structures characterized by a variety of standard
approaches, nicely summarized in a recent review.16

1.3 High throughput screening (HTS)
The development and effectiveness of high-throughput screening programs have been
extensively reviewed in recent years.17,18,19,20 Tens of thousands to millions of samples are
tested in HTS campaigns for their ability to modulate biochemical targets in cell-free assays
and/or phenotypic or targeted cell-based assays.21,22 Assays are typically performed at a
single concentration followed by additional testing to confirm active “hits” and to estimate
potency and target or phenotype specificity. HTS thus requires extremely reproducible,
relatively inexpensive assays in small volumes (most commonly ≤50 μl in 384-well plates)
and the use of reliable and accurate high-throughput liquid handling systems. Each of these
requirements brings its own set of challenges, including maintenance of sample integrity
(sample precipitation, degradation in assay buffers, etc.), potential for interference of
samples with assay reagents or readouts, and non-specific/off-target effects. Most of these
potential problems can be addressed by careful design and management of all aspects of
assays, liquid handling, and process flow.

The targets and cellular phenomena amenable to HTS include nuclear receptors,23 GPCRs,24

ion channels,25 protein kinases,26 proteases,27 signaling pathways,28 cell death
mechanisms,29 etc. These have been applied to a wide range of disease states such as
cancer,30,31 Fabry disease,32 atherosclerosis,33 parasitic 34 and autoimmune diseases,35

among others. Increasingly, HTS technologies have begun to be applied to traditionally
“non-druggable” targets (i.e., generally thought to be inaccessible to modulation by small
molecules) such as protein-protein interactions.36,37

The effectiveness of HTS campaigns is only as good as the quality of the libraries screened
and most high throughput screening programs have focused on synthetic compounds. As a
result, HTS development has occurred in parallel with high-throughput chemistry methods
for synthesis of large libraries of compounds. Application of these techniques led to large
libraries of synthetic compounds designed to mimic the chemical characteristics of existing
drugs.38,39,40 However, there has been increasing recognition that even the largest, most
carefully designed synthetic compound libraries access only a tiny fraction of possible
chemical diversity.41,42 A number of approaches have been taken to increase the
effectiveness of compound libraries, including development of fragment-based libraries,43,44

and increased inclusion of pure natural products and natural product-like compounds in
screening libraries.45,46 The use of natural product extracts in HTS has been particularly
relevant to ongoing efforts to effectively address “non-druggable” targets.47 Once obtained,
pure natural products (isolated or synthesized) and synthetic natural product-like compounds
are assessed in the same manner as are any other sets of defined compounds.

1.4 Application of HTS to natural product extracts and bioassay-guided purification
For each of the categories of targets commonly subjected to HTS, natural product
modulators have been identified.4 This fact suggests that application of HTS technologies to
natural products will continue to be fruitful. Although pure natural products have
increasingly been used in HTS, this still represents only a very small sampling of the natural
product chemical diversity available. It has been estimated that only about 250,000 natural
products have been isolated and characterized from nature and many of these have been
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obtained in insufficient quantity to allow for commercial distribution and widespread
assessment of possible biological activities. In order to access the wealth of chemical
diversity available, a different approach must be taken, namely application of HTS to large
numbers of natural product extracts followed by characterization of their active components.
Although this approach has been successfully applied, it remains significantly challenging.
Addressing these challenges is the subject of the remainder of this review, which primarily
covers reports published from our laboratory and others over the past decade or so.

2.0 Challenges of natural product samples for HTS
2.1 Common “problem” compounds and phenomena

2.1.1 Fluorescent molecules and quenchers—The use of fluorescent endpoints in
HTS is widespread, either through small fluorescent tags such as fluorescein or chimeric
fluorescent proteins (e.g., green fluorescent protein). Thus, the interference of sample
fluorophores with the fluorescent endpoint is a common problem.48 While following any
primary screen with an orthogonal counter screen (i.e., a non-fluorescent endpoint) is good
screening practice regardless of endpoint, a high hit rate in the primary screen may be an
inefficient use of resources. There are many ways to limit the effect of fluorescent test
samples. The simplest is to avoid use of UV-range tags such as 4-methyl umbelliferone or
Alexafluor 350 and green tags such as fluorescein, and give preference to red-shifted tags
such as rhodamine or Texas Red.49 Endpoints other than direct fluorescence can be useful,
with time-resolved fluorescence (TRF) the most popular. The majority of test samples
exhibit very short fluorescence lifetimes, while TRF tags such as lanthanide chelates or
cryptands have much longer lifetimes, permitting simple gated observation protocols.50

While fluorescence anisotropy endpoints are useful for screening pure compounds if suitable
controls are implemented, screening of complex natural product matrices is fraught with
difficulty. A natural product extract is likely to contain a variety of fluorescent or
fluorescence quenching materials of unknown molecular weight, which may lead to very
high apparent hit rates and poor confirmation in counter screens. In our laboratory's
experience, this was highlighted by development of several cell-free assay formats for
identification of inhibitors of HIV-1 RNase H activity. We chose to use a FRET assay as the
primary screen,51 and also demonstrated that capillary electrophoresis with fluorescence
detection was useful as a secondary assay, since the fluorescent substrate could be separated
from sample fluorophores.52 However, a fluorescence anisotropy assay which we validated
for pure compounds proved unsuitable for natural product samples, since the hit rate was
～40% for plant extracts (Figure 2).

2.1.2 Nuisance compounds—In a screening program, any class of compounds which
occur frequently enough to consume significant resources for dereplication or secondary
screening beyond their value to the program can be considered a nuisance. Well known
examples of common compounds that we have found problematic include phorbol esters in
cellular assays,53 acidic polysaccharides in antiviral assays,54 and polyphenolics in cell free
assays.55 Much effort has been expended to remove nuisance compounds from screening
samples,54,56 or to modify the HTS assay to avoid detecting them.57 Several specific
examples are discussed below.

One recent development is the finding that metal impurities in synthetic samples (e.g.,
residues from catalysts) can cause false positives in screening assays.58 Given that plants
and fungi are capable of concentrating various metals from their environment,59 and that
contamination with metals has been problematic with commercial herbal samples,60 it is
possible that erratic bioassay results from extract testing might be due to varied metal
content.
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2.1.3 Toxicity—In cellular assays in which the endpoint does not involve cell death, the
presence of toxic constituents in an extract can mask the presence of other compounds with
the desired activity. Thus, detergent compounds such as saponins can rapidly lyse assay cells
before the target of interest can be interrogated.61 Other classes of cytotoxins may require a
longer time frame to exert their effects. While many current cell based assays are conducted
on a relatively short time scale (e.g., 6-8 hrs for reporter gene assays) compared to typical
cell viability assays (48-72 hrs), thereby reducing the effects of cytotoxicity, the separation
of cytotoxic materials from other constituents by extract prefractionation is nonetheless
advantageous.

2.2 Difficulty of liquid handling with extracts in HTS mode
Among the primary problems inherent in the use of natural product extracts in HTS are
issues related to sample handling, e.g., sample reconstitution, dilutions, and liquid transfer
steps. These include a number of characteristics inherent in highly complex mixtures such as
sample variability, viscosity, and precipitation.62,63 One of the most effective approaches
increasingly taken to address natural product-specific liquid handling issues is partial
purification (or “prefractionation”) of crude extracts for removal and/or sequestration of
problem constituents as well as increasing consistency of samples.64,63,65

Of course, many of the issues that affect HTS of natural products are inherent in any high
throughput sample handling process and the first step in their resolution is to apply standard
approaches. For example, variations in solvents for sample solubilization,66 dilution
schemes,66,67 order of reagent addition,68 and methods for delivery of samples to assay
plates69 can often resolve sample-related issues, independent of the source of the samples.
Variations in sample preparation procedures, including alternative solvents and use of
carrier macromolecules for stabilization have been successfully applied to problems arising
in the preparation of natural product extracts for HTS.62 Application of standard sample
management techniques70 as well as proper use, maintenance, and calibration of liquid
handling equipment67 can often forestall sample handling problems. Sample storage and
management are further discussed below as focused on natural product extracts.

2.3 Library development: How should we select samples and process them?
2.3.1 Selection—One goal of a screening library is to provide a high level of structural
diversity in order to give the screen its best chance of identifying lead structures. In terms of
natural products, this can be accomplished by sampling a wide variety of taxonomy (i.e.,
higher plants, marine invertebrates, bacteria and fungi), or by collecting in unexploited
ecological niches, or by selecting samples with known ecological or traditional medicinal
information. In addition, the method of extraction and level of purification of the samples
can be an important factor in the effectiveness of screening.

2.3.2 Biodiversity—Chemical diversity of natural products can reflect the biodiversity of
their source organisms. One approach is to utilize genetic and chemical methods to
dereplicate microbial cultures prior to screening. Since soil bacteria have been the subject of
screening for decades, it is important, even in novel habitats, to maximize the isolation of
novel strains while minimizing duplication of strains already available for study in other
libraries. Thus, Goodfellow and Fiedler described a combination of selective isolation with
16S rRNA sequencing to genus, followed by taxon-specific probes, to dereplicate marine
actinomycetes.71 Liu et al. constructed a marine microbe library with low redundancy using
a similar dereplication system.72,73 ITS sequencing was used by the Strobel group to
identify unique cultures of endophytic fungi prior to screening.74 Third, LC-MS chemical
profiling of microbial cultures has been used to identify common metabolites to avoid
chemical redundancy.75 A tantalizing combination of the last two methods would

Henrich and Beutler Page 4

Nat Prod Rep. Author manuscript; available in PMC 2014 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incorporate detection of biosynthetic clusters by sequencing, and prediction of the
potentially produced natural product structure, as envisioned by Gerwick and Moore, though
technology is not yet sufficient to perform this in high throughput.76 Many screening
programs seek chemical diversity by exploiting novel ecological niches, for example,
microbes found at deep-sea hydrothermal vents,77 fungal endophytes74,78 or plants from
poorly sampled areas such as central Asia.79

2.3.3 Traditional Chinese Medicine (TCM) and other ethnomedical information
—The Eisenberg group at Harvard and their Chinese collaborators established a prototype
library of >200 authenticated TCM plant and fungal samples represented in the PRC
Pharmacopeia.60 The origin of all samples was rigorously documented, taxonomy was
verified, and pharmacopeial standard testing was performed. Tannins were removed from
the bulk extract, followed by preparative HPLC, which generated ～45 fractions per
extract.60 A group at Zhejiang University developed a different strategy for production of
fractionated libraries from Chinese herbal formulas, in which decoction of the polyherbal
mixtures was followed by polystyrene resin extraction, medium pressure liquid
chromatography over silica gel, then semipreparative C-18 HPLC.80 A group at the
Shanghai Institute of Materia Medica has reviewed other approaches suitable for screening
TCM materials.81

2.3.4 Organism identification and documentation—Accurate identification of the
biological source of an active sample is obviously required in order to be able to recollect
enough biomass to support further development. In the early days of microbial drug
discovery, a culture was rarely identified until a hit was confirmed, but this is no longer the
case. To avoid examination of duplicate microbial cultures, screening groups use genetic
profiling,74 chemical profiling,75 and classical taxonomic characters.71 For plants, dried
herbarium vouchers still constitute the gold standard for documentation, however, ribosomal
DNA ITS region sequences may be of use when fine taxonomic distinctions are required at
the species level.82 Properly prepared voucher specimens are also critical for marine
invertebrate specimen identification and documentation, due to the relatively poor state of
knowledge of marine invertebrate taxonomy. For example, a recent review of sponge
diversity noted that there are many new species already collected but awaiting formal
description, though genetic methods and systematic databases may address this problem.83

DNA bar coding is also under study for identification of samples.84 With all types of
sources, it is also important to record location of collection (GPS), elevation above sea level/
depth, and date, for future reference.

2.3.5 Extraction solvents and polarity—Many approaches have been used to prepare
extracts of natural materials for screening. Actinomycte broths are most often filtered and
the marc extracted separately, though whole broth extracts with EtOAc or MTBE are also
used. Plant extracts have traditionally been made using ethanol, while the diversity of
marine invertebrates made it difficult to settle on a single extraction method. The NCI
extraction protocol, which addresses all three of these sources, was thoroughly documented
in a recent publication by McCloud.85

Highly polar and highly lipophilic compounds may be problematic drug candidates, and it
may be desirable to exclude them from screening samples. Lipids can be removed from dry
material using hexane extraction, while other polar materials such as tannins and
polysaccharides can be removed from extracts using polyamide cartridges86 and ethanol
precipitation,56 respectively. The Eskitis Institute group in Australia has developed a
protocol based on elution of the extract from Oasis HLB solid phase cartridges with 70%
aqueous methanol, the goal of which is to provide screening samples with intermediate
polarity.87
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2.3.6 Prefractionation—A trend in sample preparation that is gaining acceptance is to
fractionate the extract prior to screening. This has several advantages, including removal or
separation of highly polar and nonpolar materials, concentration of minor metabolites, and
separation of interfering compounds (e.g., cytotoxins, fluorophores) from other compounds.
There is a spectrum of prefractionation methods, ranging from near-complete purification to
rough polarity separation into a small number of fractions. Wagenaar performed a cost-
benefit analysis for microbial sample prefractionation, finding that 10 samples per extract
provided advantages while limiting costs.88 Methanol extracts of microbial cultures were
separated into only four fractions by HPLC by Butler's group,89 with demonstrated
improvement in hit rates and separation of interfering compounds. Marine invertebrate
extracts were efficiently fractionated using HP20SS resin, then characterized by mass
spectroscopy.90,91 Predictably, the cost for more complete purification is high, limiting the
number of primary extracts processed. Automated chromatography systems are
commercially available for this process. An automated high throughput system to generate
prefractionated libraries from plant materials has been reported.65,92 Even with simple
fractionation schemes, automated liquid handling and weighing capabilities are essential if
large numbers of samples are to be processed. An interesting variant extraction method was
reported by Yuliana, et al., in which ground plant material was continuously extracted with
solvents of increasing polarity to generate 20 fractions, which were then tested for adenosine
A1 receptor binding activity and profiled by 1H-NMR. Multivariate analysis allowed
identification of two flavonoids as the active compounds responsible for the receptor
binding activity.93 The method is thus a combination of extraction, prefractionation, and
metabolomics.

2.4 How should samples be stored?
Besides structural diversity, another important consideration for library quality is assessment
of sample integrity as the compound enters the library, when it is selected as a screening hit,
and last, when re-supplied from its original source. Maintaining sample integrity involves
utilization of storage and retrieval conditions which avoid compound precipitation from
DMSO solution due to adsorption of atmospheric moisture, or degradation.

2.4.1 2D bar coded tubes—As the number of samples in a screening library increases, it
becomes desirable to employ automation to store and retrieve samples. Many commercial
automated freezer storage systems are available which can handle a wide variety of sample
containers including plates, vials, and polypropylene tubes. The use of bar code labeling for
these containers is critical throughout the screening process.

2.4.2 Cold! Dry!—A major concern in sample storage is to preserve the integrity of the
sample, whether a pure compound, an extract, or a partially pure fraction. It is most
convenient to store samples in DMSO solution, however, the hygroscopic nature of DMSO
can lead to precipitation of the sample as water is absorbed from the air.94 Samples stored at
−20°C must be warmed before they are unsealed at ambient temperature and humidity, and
tubes or plates should not be left open to the air more than necessary. To achieve these ends,
our laboratory stores samples at −20°C in multiple formats. Bulk samples are stored dry in
vials, while a modest aliquot of each sample (0.5-2.0 mg) is stored in DMSO in a 2D bar
coded tube. From those tubes, source plates (384 well, 50 μL per well) are prepared for
direct transfer to screening assays. When hits are obtained from a screen, confirmation
samples are then obtained from the stored tubes. If the hit is confirmed, dry stores of the
bulk samples are accessed for further biological and chemical testing. Checks of chemical
integrity of purified compounds are made by LC-MS at this point. To assist in
resolubilization of samples, small magnetic disks are routinely added to sample tubes so that
they can be stirred in the tube using a 96-position magnetic stirrer.
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If screening samples are to be stored dry, efficient resolubilization is particularly important.
To that end, Waybright et al.95 explored alternative strategies for pure compounds. They
found that addition of glycerol as nonvolatile cosolvent facilitated resolubilization of
samples. In addition, they proposed that a solvent combination of DMSO/glycerol/water
(45:45:10, v/v) would avoid changes in water content in samples, though it did not allow
high stock concentrations.95

Others have proposed storage of samples under dry inert gas, or at −80°C. However, these
conditions have not been widely adopted due to the high cost and requirements for
specialized equipment.

3.0: Adaptation of HTS Assays for Natural Products
An important general principle illustrated by many of the examples cited in the following
section is the need to understand the effect(s) of samples on assay systems. This is important
for any HTS application, but critical for screening of natural product extracts. The
availability and application of parallel, non-specific or off-target, assays can quickly identify
spurious apparent activities that actually affect detection enzymes or reagents, cell survival,
or other critical assay parameters.

3.1: Biochemical assays
Constituents of natural product extracts can cause significant problems that manifest
themselves in increased false positive or false negative rates in biochemical assays. For
example, polyphenols such as tannins and flavonoids can affect assays by quenching
fluorescence,96 by non-specifically binding and/or reacting with proteins in assay
mixtures,97,98 or by generation of spurious results due to aggregation.99 Similarly, highly
fluorescent or colored compounds common to extracts may interfere with colorometric or
fluorescent endpoints in enzymatic or protein binding assays.96 Fatty acid constituents of
extracts can also interfere with biochemical assays.100

The most obvious approach to alleviating the problems associated with polyphenols is to
remove them from the library samples, typically as part of a prefractionation process
(discussed in section 2.3.6 above). However, some phenolic compounds may be relevant
modulators of enzymatic activities. Thus, removing them prior to screening may result in
loss of potentially important activities. As a result, multiple approaches have been taken to
reduce (or at least identify) non-specific effects while maintaining the ability to detect
specific responses, even in the presence of potentially interfering compounds. Relatively
simple, logical, straightforward modification of assay protocols can often significantly
ameliorate nonspecific assay interference by non-selective compounds in extracts. Among
the strategies successfully applied to biochemical screening assays are: addition of or
increased rigor of wash steps for capture assays, testing at multiple concentrations, choice of
detection reagents based on fluorescence, luminescence, or colorimetric characteristics, and
addition of disaggregating agents or additives to reduce non-specific binding of components.
These approaches are illustrated by a series of examples from the literature and detailed in
the following paragraphs.

Cataloging effects of samples in “mock” assays by measuring intrinsic fluorescence of
samples in the excitation and emission ranges required for detection of fluorescent probes,
or quenching of probe fluorescence by samples can identify problem substances. Zou, et
al.96 used this approach to identify interfering compounds in cytochrome P450 assays using
fluorogenic substrates. They observed a high proportion of problematic plant-derived
samples (4 of 25 tested) and concluded that the assay was unsuitable for use with natural
products. This example used pure natural products and was not an HTS assay, but it
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illustrates the point. Application of this approach can conceivably be used to eliminate
categories of compounds or extracts and/or to identify particularly problematic detection
systems. In general, ensuring that the detection system chosen is robust with reference to the
range of samples to be screened is a requirement for successful HTS, particularly when
applied to natural products. Testing samples at multiple concentrations can provide useful
dose response data for identification of true active samples as well as for prioritization of
active extracts for follow-up studies. Cruz, et al. applied this philosophy to identify
luciferase inhibitors in a natural product extract library.101 This proof of principal study
suggested that assaying at multiple concentrations can increase the probability of identifying
active samples as well as providing baseline data for the effects of a library of natural
product extracts on commonly used bioluminescence enzymes such as luciferase.

Interference with assays dependent on fluorescence detection can often be reduced or
eliminated by changing to a colorimetric or luminescence detection system. Fluorescence-
based assays of proteolytic enzymes often depend on detection of peptide substrates
conjugated to coumarin derivatives. Grant, et al.102 noted that use of alternative, red-shifted
fluorescent tags such as rhodamine can often reduce interference by natural products.
However, they additionally reported that using a mixture of substrate peptides labeled with
either rhodamine or a coumarin derivative with non-overlapping excitation and emission
wavelengths allowed for distinguishing true actives from interfering samples. They
recognized that some level of interference remained possible and recommended that samples
be tested against each fluorophore in order to identify potential problematic compounds and
extracts. Similarly, use of red-shifted dyes (Cy3B and Cy5) in fluorescence polarization-
based kinase assays significantly reduced assay interference as compared to use of a
fluorescein tag in an AKT kinase HTS assay.103 A variety of compounds, including many
polyphenols, interfere with a commonly used assay for detection of amyloid fibrils, based on
thioflavin T fluorescence which increases upon binding.104 An alternative, colorimetric dye
binding assay using Congo red was suggested by the authors of the cited study. Although
some polyphenols still had some effect on the results, they could be directly corrected by
measuring absorbance in the presence and absence of the dye. As applied to natural product
extracts colorimetric detection might also be problematic when screening extracts containing
highly colored compounds. This can limit the high test concentration that is feasible without
leading to high background absorbance. A fairly simple approach to dealing with
fluorescence interference is illustrated by fluorescent assays for inhibitors of influenza
neuraminidase which are also affected by polyphenols.105,106 In an analysis of the
quenching effects of flavonoids, the authors concluded that assessing samples for quenching
effects and subtracting these effects from the assay signal might be a fruitful approach.105

Alternatively, parallel application of a neuraminidase assay using a chemiluminescence
detection system might be of value in identifying false positives and false negatives due to
interference.107

Alterations in assay configurations are often required for successful HTS with natural
product extracts (as compared to HTS of pure compound libraries), whether they are
prefractionated or crude extracts. An enzymatic assay for the E3 ubiquitin ligase, MDM2,
was developed based on antibody binding to immobilized polyubiquitinated MDM257 and
illustrates two common approaches to dealing with extract-related issues. First, to avoid
problems related to fluorescent or fluorescence quenching components in extracts, an
electrochemiluminescence detection system was employed. Second, assay re-optimization
was required to reduce non-specific interference by extracts as compared to pure
compounds. In this case, relatively straightforward modifications were sufficient. Additional
BSA in the reaction mixture, increased wash steps, and alterations in incubation times and
order of addition of components reduced the apparent hit rate in a pilot experiment from
～40% to < 2%. The mechanism(s) of non-specific interference was not further investigated.
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In addition to non-specific binding to proteins, aggregation of compounds leading to non-
specific inhibition is a common phenomenon.99,108 Disaggregation can be accomplished by
addition of detergents or inert proteins or by simply increasing the concentration of the
target enzyme in an enzymatic assay.99,108 Reassessing apparent hits at multiple enzyme
concentrations (incubation times adjusted to remain in the linear range for the assay), can
identify potential non-stoichiometric inhibitors, typically due to aggregation.108 In an
enzymatic assay of the proprotein convertase furin, based on a fluorogenic peptide substrate,
polyphenols were found to appear as false positives, i.e. apparent inhibitors without effects
on enzymatic activity in follow-up assays.98 Interference was not due to aggregation, but a
result of autoxidation of compounds and reaction of the resulting product with protein
components of the assay mixture. Although this study, like many of those focused on
aggregation, employed a model system with pure compounds, the authors' conclusions and
suggestions to include disaggregating agents along with the reducing agent glutathione to
reduce background due to compound reactivity, are appropriate to HTS applications with
polyphenol-containing natural product extracts.

Application of orthogonal assays to active samples, particularly using cell-based assays for
compounds found to be active in biochemical screens, can often reduce false positives. It has
been shown that naturally occurring fatty acids can provide false positive results in cell-free
aromatase assays and that these can be identified and eliminated from further consideration
by reassaying hits in a cell-based assay utilizing a cell line overexpressing aromatase.100

Other alternative detection systems such as surface plasmon resonance (SPR) have been
used, for example, to distinguish specific from nonspecific binding of polyphenols to
topoisomerase.97 This technique is not high throughput and requires pure components,
including putative ligands, but can be applied to assessment of binding of compounds to
protein targets.

In order to understand mechanisms of interference by classes of problematic natural
products, many of the experiments designed to assess and control assay interference use
purified compounds rather than extracts. However, the principles derived from these studies
and from more empirical assessment of extracts have been applied via careful reagent,
detection, configuration, and process development to successful HTS assays employing
natural product extracts. As a result, in the last 10-12 years, HTS of natural product extracts
has identified modulators of a number of enzymatic targets including: E3 ubiquitin ligase
MDM2,57 luciferase,101 proteases,102 AKT kinase,103 asparaginyl-tRNA synthetase,109

PPARgamma,110 aromatase,100 influenza neuraminidases,111,112,113 tyrosinase,114

acetylcholinesterase,115 phosphodiesterase,116,117 HDAC and SIRT enzymes,118 MRSA
pyruvate kinase119 and lipases.116 Protein-protein interaction screens have included HIV
gp41 binding120 and Hes1 dimerization.121

3.2 Cell-based assays
One of the most significant confounding factors in cell-based HTS is the need to identify
and eliminate non-specifically cytotoxic compounds. For targeted screens (e.g. reporter gene
assays, cellular enzymatic activities) or phenotypic assays (e.g. growth inhibition or
differentiation), the presence of cytotoxic compounds in a sample may contribute to false
positive or false negative rates. Cell-based assays generally fall into one of two general
categories, either targeted (e.g. reporter gene assays, cellular enzymatic activities) or
phenotypic (e.g. growth inhibition or differentiation). In the case of targeted assays, the HTS
readout typically reflects an enzymatic activity such as luciferase for reporter gene assays or
enzymatic conversion, accumulation, or depletion of target-specific substrates. Examples of
reporter gene assays reflecting modulation of signaling pathways and applied to natural
product screening include AP1,122 HIF1,123 HIF2α,124 interferon regulatory factor 1,125

PPARγ,126 and heat shock response.127 Reporter constructs have also been used to monitor
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stability of target proteins. An example of this approach applied to screening of natural
product extracts is a luciferase-Pdcd4 fusion protein that retained the regulatory regions of
the Pdcd4 molecule, a tumor suppressor protein.128 In this assay, the goal was to identify
stabilizers of Pdcd4 by measuring luciferase activity as a surrogate for cellular Pdcd4 protein
levels. A luciferase reporter was also developed for identification of modulators of adaptive
and apoptotic unfolded protein responses (UPR). In this case, activation of the pathways
leads to accumulation of the luciferase reporters.129 Another luciferase reporter was
constructed to assess effects of compounds and natural product extracts on the ubiquitin-
proteasome pathway using a ubiquitin-luciferase construct.130 Other targeted screens used to
identify active natural products include receptor-dependent calcium influx using a
fluorescent Ca2+ sensitive dye,131 multidrug resistance transporter ABCG2132 (inhibition of
transporter in over expressing cells leads to accumulation of a fluorescent substrate) and
modulation of processing of amyloid precursor protein (APP) in cultured cells by ELISA-
based detection of amyloid-beta peptides,133 and estrogen receptor (ER) by fluorescence
detection of nuclear localization of an ER-GFP fusion protein.134

Phenotypic screens applied to natural products include primarily growth inhibition/
cytotoxicity assays. An outstanding example as applied to natural products is the
aforementioned NCI60 cell line panel which has been used to screen approximately 50,000
natural product extracts.135 In this case, patterns of growth inhibition and/or cytotoxicity
against specific tumor-derived cell lines can guide discovery of active agents as well as
identification of possible new targets.136 Although most commonly applied in cancer
research, there are examples of the use of growth inhibition/cytotoxicity/cell death assays in
a variety of other fields as well,29 including to identify antiparasitic137,138 and
antibacterial139,140 activities of natural product extracts. Clearly, generally cytotoxic
compounds in samples can be problematic. In the latter cases, cytotoxicity against
mammalian cell lines is relevant in that it may affect the assay itself (if host cells are present
in the assay), and/or as a potential complicating factor for further development (i.e.
searching for agents that will not affect host cells).

In addition to these two main categories, a “hybrid” approach has been applied in which the
HTS readout is phenotypic (often cytotoxicity or growth inhibition), but where the
phenotype is dependent on expression of a specific target or targets. In this situation, the
target is often expressed in one cell line and not in another (ideally similar cell background).
Alternatively, the target may be activated by a specific known modulator and the effects of
samples on cells in the presence or absence of the activating agent are assessed. HTS of
natural product extracts using this approach has not been extremely common, but several
examples appear in the literature. Targeting pathways is illustrated by a screen developed for
identification of substances able to synergize with the death ligand TRAIL in killing of
TRAIL-resistant cells. In this assay, effects of samples on cell growth and viability were
assessed in the presence or absence of TRAIL.141 Other efforts to find natural products
affecting TRAIL signaling have been reviewed by Ishibashi.142 Effects of natural product
extracts on ligand-independent growth of cells expressing constitutively active c-KIT was
assessed as compared to cells expressing wild-type c-KIT by a differential cytotoxicity
assay.143 An assay to identify glycolysis inhibitors employed a differential growth
inhibition/cytotoxicity assay in the presence or absence of rotenone which results in
exclusive dependence of the cells on glycolysis to survive.144

In each of these types of assays, reduction in a readout can occur due to targeted effects (e.g.
inhibition of a signaling cascade or differential cytotoxicity against multiple cell lines) or
non-specifically due to reduction in cell numbers as they begin to die. This becomes
particularly problematic in working with complex mixtures of multiple compounds such as
natural product extracts in which the activity of a constituent may be masked by a non-
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specific effect. For the examples cited above, the potential problems are obvious. For
targeted assays, cell death will lead to a decreased signal for the readout. For example,
cytotoxicity will lead to reduction in reporter gene activity, not because the signaling
pathway is affected, but because the cells are dying. An apparently active extract must then
be further assessed to determine if the effect is due to targeted activity or non-specific cell
death. Similarly, for differential toxicity assays, generally toxic compounds in an extract
may mask the presence of specifically active compounds by overshadowing the differential
activity.

Although dead cells tell no tales, several approaches have been successfully used to identify
and/or to mitigate the effects of non-specific toxicity. Some of the commonly found
generally cytotoxic compounds in natural product extracts are known and can be removed or
sequestered by prefractionation. For example, saponins have long been recognized as
potentially interfering agents due to toxicity, but as is the case with polyphenols in
biochemical assays, removal of saponins from test samples may result in the loss of
interesting and important activities.145,146 Other approaches to identification of generally
cytotoxic samples are similar to those employed for biochemical assays. For reporter assays,
cytotoxicity assays are often applied in order to identify samples that are apparently active
as a result of signal reduction due to cell killing. This can be assessed by running a
cytotoxicity assay in parallel with the reporter assay.122,124 Alternatively, cell toxicity in
reporter assays can be assessed by inclusion of a second reporter as exemplified by a dual
luciferase assay to simultaneously assess cytostatic and cytotoxic effects of samples
(subsequently applied to natural product extracts) on NF1-null astrocytoma cells.147

Cataloging libraries for cytotoxic activity has also been applied to identify generally toxic
extracts or fractions.148 Similarly, retaining data for multiple cell lines as they are amassed
in a laboratory provides a baseline of toxicity against which new toxicity data can be
compared. These approaches allow identification of potentially problematic extracts (or
other samples) which can then be excluded from analysis or further fractionated for
subsequent screening. Understanding mechanisms of cell death via high content imaging has
also been successfully applied to understand and identify cytotoxic natural product extract
samples in screening assays.134,148 Assessment of samples at multiple concentrations
allowed for identification of several active extracts in a c-KIT screen.143 The apparent
differential effects of some extracts were diminished or disappeared when tested over a
broader concentration range. Given that potentially specific target modulators and non-
specific cytotoxic compounds are both present at unknown concentrations, secondary assays
at multiple concentrations are always desirable where possible.

Other nonspecific effects of natural product extracts, unrelated to cytotoxicity are often
similar to those discussed for biochemical assays. Most prominent among these are intrinsic
fluorescence or fluorescence quenching, nonspecific effects on reporter enzymes, and effects
on general cellular machinery (e.g. non-specific transcription or translation inhibitors in the
case of reporter assays). These can be addressed by prescreening for interference as
discussed for luciferase.101 Careful choice of detection systems can also alleviate non-
specific effects. For example, the AP1 assay referenced above122 employed a β lactamase
reporter rather than the usual luciferase. The choice of a fluorescent ABCG2 substrate,
pheophorbide a, with a wide Stokes shift reduced the probability of interference, but since
pheophorbide a is a plant-derived chlorophyll derivative, there was significant interference
from similar compounds in plant extracts. In this case, entire classes of plant extracts could
not be accurately assessed, thus reducing the pool of extracts that could be screened.132 As
with cytotoxicity, the proliferation of reporter assays allows for the development of
databases identifying non-specific effects on transcription or translation (i.e. modulatory
toward multiple gene expression systems). This approach was applied on a small scale in
that the assays for inhibitors of the transcription factors AP1 and HIF2α were performed in
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our laboratory at approximately the same time.122,124 As a result, one of the criteria for hit
identification with one transcription factor was lack of inhibition in the other reporter assay.
For reporter assays, “off target” false positive effects can also be assessed by using
unregulated and/or constitutively active reporters. Examples include constructs driven by the
CMV promoter to help identify general transcription/translation/cell health effects and, in
the assay for stabilizers of Pdcd4,128 inclusion of a control construct without the Pdcd4
regulatory regions as a parallel assay to confirm specificity.

Finally, orthogonal assays focused on activities related to the putative target(s) can help
identify true active samples. Often this is not possible until pure compounds are obtained,
but ideally it should be applied during or immediately after screening. Examples from the
above referenced assays include biochemical assays for kinases involved in c-KIT
signaling143 and cell death-specific assays in the case of the assay for TRAIL synergizers (in
this example, caspase assays and assessment of mitochondrial potential in treated cells).141

An important general requirement illustrated by many of the examples above is the need to
understand the effect(s) of samples on assay systems. This is important for any HTS
application, but critical for screening of natural product extracts. The availability and
application of parallel, non-specific assays can quickly identify spurious apparent activities
that actually affect detection enzymes or reagents, cell survival, or other critical assay
parameters.

3.3 Novel potential high throughput screening modes
The following sections summarize work that may have the potential for becoming a high
throughput method with further development. In most cases, proof of the assay principle has
been obtained for using natural product samples.

3.3.1 Capillary electrophoresis(CE)—Capillary electrophoretic endpoints offer the
benefit of separating enzymatic substrates from products, as well as potentially avoiding
sample interference. We demonstrated the utility of CE with crude extracts in an assay for
HIV-1 RNase H inhibition.52 As noted above, this was used as a secondary assay due to
limitations of speed using a single CE column. Current efforts using this format in our
laboratory for other enzymatic assays utilize “lab-on-a-chip” multiplexed CE equipment
capable of increased throughput. Electrophoretic endpoints have also been explored for HTS
of tyrosine kinases and other enzymes, though in those cases, natural product samples were
not tested.149,150

3.3.2 Mass spectral HTS endpoints—A useful counterpoint to the conventional use of
fluorescent tags as HTS assay endpoints is to utilize the power and sensitivity of mass
spectrometry. This has been done in a variety of different modes, including direct
measurement of bound complexes, indirect measurement of separated bound ligand (e.g.
quinone reductase-2 inhibitors by ultrafiltration LC-MS151), or by detection of enzymatic
substrates, as outlined in a recent review.152

3.3.3 Immobilized receptors—Protein receptors which are naturally embedded in lipid
bilayer membranes have historically proven difficult to utilize in cell-free assays. However,
new approaches involving immobilization of intact proteins on fused silica columns have
been applied to acetylcholinesterase153 and both cannabinoid receptors.154 These methods
were applied in proof of principle to natural product extracts, with the former method using
capillary electrophoretic separation of substrate and product, and the latter using
displacement of a tritium labeled ligand. Neither method has been perfected for high
throughput analysis at this time, but there is clear potential to do so. Another group used
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vascular smooth muscle cell membranes to affinity purify active molecules from TCM
extracts that were then characterized in a second LC-MS step.155 The Arai and Ishibashi
groups developed an affinity method where the vitamin D receptor (VDR) was covalently
attached to magnetic beads. Immobilization on beads permitted convenient washing to
remove unbound extract components, followed by elution of bound ligands with ethanol,
and LC-MS analysis.156 Screening of several plant extracts with this method yielded a pair
of novel labdane glycosides which were characterized as weak antagonists of the VDR.
Bead based methods were also used by the Arai group to discover hedgehog inhibitors.157

Similarly, an assay for detecting triplex DNA binding compounds from plant extracts used
agarose bead-immobilized DNA to capture compounds from the extract, followed by HPLC-
ESMS.158 These have not yet been developed into high-throughput methods, but with
advances in miniaturization and sample processing, there is potential for higher throughput.

3.3.4 Novel antibacterial HTS screens—Classical antibiotic discovery relied on
simple whole cell assays of bacterial growth. With the genomic revolution, it appeared that
sequencing bacterial strains would provide abundant drug targets for HTS. While many
antibacterial targets were identified, cell free assay screening was notably unsuccessful in
finding drug candidates.159 The Merck group developed a novel strategy for antibacterial
discovery based on antisense methods. This was applied to the discovery of fatty acid
synthesis inhibitors. Xylose-inducible antisense constructs were designed to suppress fatty
acid synthesis enzymes; inhibition of essential enzymes made the organism hypersensitive to
growth inhibition by compounds which target that enzyme. Implemented in Staphylococcus
aureus, this fitness test approach led to the discovery of FabH/FabF inhibitors from
microbial broth samples.160 A separate screen for bacterial topoisomerase inhibitors using
the same approach led to the kibdelomycins, a potent and novel antibacterial class.161

Another novel approach to antibacterial screens was developed by the Clardy and Watnick
groups, who carried out a whole cell screen of fungal endophyte extracts against Vibrio
cholera, in which sugar metabolism was used to report on bacterial growth. A novel
compound, mirandamycin, was identified with broad spectrum activity inclusive of MRSA
and Mycobacterium tuberculosis.162

3.3.5 Yeast methods—Yeast assays are an attractive screening platform due to the
relative ease of genetic manipulation, however, early efforts were limited by poor compound
penetration into yeast cells, and by active drug export systems integral to the yeast.163

Strains in which exporters are deleted have been developed to address active efflux, and
addition of low concentrations of detergents has also been found to improve results.164

Using these methods, Fernández-Acero et al. engineered a human phosphatidylinositol 3-
kinase (PI3K) system in yeast and used it to screen a microbial natural product extract
library. The assay relied on the toxicity of PI3K to yeast, with rescue of growth the desired
endpoint for PI3K inhibition.164 A phenotypic screening approach with budding yeast
classified cell cycle effects by observing changes in cell morphology caused by different
natural product extracts.165

3.3.6 High content methods—Many HTS groups have wished to increase the
information content of screening assays by using high throughput microscopy, also known
as high content screening (HCS). While widely applied as a secondary technique, our group
has utilized HCS in a primary screen for inhibitors of nuclear receptor translocation from the
cytoplasm to the nucleus, with a chimeric glucocorticoid-estrogen receptor construct driven
by the ER ligand binding domain. The assay was validated for both pure compounds and
natural product extracts.134 The Linington group has reported the development of an image-
based screening protocol using nuclear (histone H3) and cytoskeletal protein (tubulin, actin)
histochemistry to distinguish compound and extract mechanisms of action.148 At this point it

Henrich and Beutler Page 13

Nat Prod Rep. Author manuscript; available in PMC 2014 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is not clear that high content methods will be sufficiently rapid for primary screening,
however major improvements in speed and convenience have already been achieved in a
few years.

3.3.7 Zebrafish—Using whole vertebrate animals for screening purposes has largely been
abandoned due to the high cost of maintaining and breeding animals, as well as for ethical
concerns. The zebrafish Danio rerio, however, is a model organism for which the complete
genome has been sequenced. In addition, the small size of the larvae is compatible with 384
well plate assays, and drug metabolism is relatively similar to that of humans.166 Diverse
patterns of locomotor behavior can be monitored to identify neuroactive compounds, while
vascular development can be captured by high content microscopy. A Belgian group
screened East African medicinal plant extracts for angiogenesis inhibitors using zebrafish,
and found several lead compounds.167 A review of zebrafish screening of natural products
has recently appeared.166

4.0 Trends and prospects
4.1 Rapid dereplication

As the number of isolated natural product structures passes 250,000 (cf. CRC Press
Dictionary of Natural Products), it becomes ever more important to efficiently identify
known compounds active in HTS screening of extracts. This demands a tight integration of
internal chemistry and biology information with external databases and effective use of the
available information. To build a user friendly interface and curate the huge amount of data
is a daunting task, but one which is well worth the effort. It is also a challenge to directly
link internal data systems with external systems such as SciFinder and the CRC Dictionary
of Natural Products, though we have found the public PubChem system to be amenable to
linkage. The combination of informatics with microgram scale separation, bioassay, and
dereplication is changing the landscape of compound identification.168 New mass spectral
databases and techniques promise to provide substantial leverage to rapidly recognize
analogues of known structural types.169 A recent review by Potterat and Hamburger has
summarized techniques for rapid deconvolution of active samples using hyphenated
methods.170

4.2 Increased regulation by source countries and limited access
Effective application of HTS to natural products and the development of hits from screening
campaigns into leads for drug development clearly requires continued access to source
organisms. One of the drawbacks cited by pharma for natural products discovery has been
the necessity for coping with source country regulations and permits, particularly for plant
specimens. It should be noted that these regulations are in response to widespread
exploitation of source country biological resources dating back to the colonial period. The
trend of increased regulation continues, however, as countries establish defined protocols for
access to biodiversity, it may be hoped that some of the previous uncertainty can be
mitigated.

4.2.1 NCI letter of collection—Many years ago, the U.S. National Cancer Institute
implemented a “letter of collection” (LOC) with several natural product source countries,
notably Gabon, Ghana, Madagascar, Tanzania, New Zealand and Malaysia.171,172 The LOC
states NCI's willingness to collaborate with local scientists and/or authorities in the
discovery and development of novel drugs from organisms collected in their countries and/
or territorial waters. If requested, the NCI will enter into formal agreements based on the
LOC with relevant source country government agencies or organizations. The intent is to
share benefits of discovery work with the source country at all stages of the process initially
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by supporting training and local development, and later by sharing licensing royalties. For
countries in which this agreement was not signed, the NCI nonetheless observed and
continues to observe the same principles.

4.2.2 Nagoya protocols—The 1992 Convention on Biodiversity (CBD) is a treaty
intended to promote conservation of biological diversity, sustainable use of its components,
and fair and equitable sharing of benefits arising from genetic resources. Its original
provisions are known as the Rio protocol. More recently, the Nagoya Protocol, adopted in
2010, was drafted to create greater legal certainty and transparency for providers and users
of genetic resources by designating points of access to genetic resources in each country,
and by assuring benefit sharing when genetic resources leave the country which provided the
genetic resources. By helping to ensure benefit sharing, the Nagoya Protocol creates
incentives for conservation and sustainable use of genetic resources, and therefore enhances
the contribution of biodiversity to development and human needs. The full impact of the
Nagoya Protocol has yet to be seen. More details on the CBD are contained in a recent
review.172

4.3 Which groups are currently doing HTS of Natural Products?
With the de-emphasis of active natural product discovery programs in many pharmaceutical
companies,5 academic, government and biotech groups have become more prominent. In the
following section, we mention a few of them.

Our own group, the Molecular Targets Laboratory, part of the Center for Cancer Research of
the U.S. National Cancer Institute, has been conducting HTS of natural products for more
than 15 years.173 We have relied on the many intramural labs of the NCI Center for Cancer
Research for validated cancer and HIV screening targets,120,132,124,143,122,57,141,128,134 and
have benefitted by the proximity of the Natural Products Repository, which holds one of the
largest plant and marine invertebrate extract collections in the world,1 and the Natural
Products Support Group, which prepares the extracts.174

The Eskitis Institute of Griffith University conducts drug discovery research, including HTS
of natural products derived primarily from Australian plants and marine invertebrates.87,9

Natural products with a wide range of biological targets, including antiparasitic175 and
hormonal176,177 activity have been reported. A focus on producing extract fractions with
drug like log P characteristics has been implemented by the group.87

The Ishibashi group at Chiba University, Japan has developed novel techniques for natural
product isolation in the context of HTS.156 Their work has focused on plant and
myxomycete products, and has included a variety of assays for apoptotic
targets.142,178,179,180

Many large pharmaceutical companies have made legacy natural product sample collections
available. Among those taking advantage of this opportunity are a number of start-up
biotechnology companies. One such is Warp Drive Bio, a venture backed by Sanofi and two
venture capital partners.181,182 Its business plan is based on fully sequencing >100,000
microbial strains, primarily from Sanofi's microbial collection, to identify biosynthetic gene
clusters, a strategy reminiscent of that used by Ecopia Biosciences,183 or Kosan
Biosciences,184 but massively scaled up. Once clusters are identified, means must be found
to express them and their products productively in either the natural source organism (if
known) or in a heterologous host, and only then can screening commence.

A second example is the Fundación Medina, which has possession of the vast Merck
microbial culture collection. Based in Granada, Spain, the group has strain development,
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screening, and natural product isolation capabilities.8,181 A second group at the Natural
Products Discovery Institute in Doylestown, PA also has Merck and Schering-Plough
microbial and plant collections and screening capabilities (http://www.npdi-us.org/).

5.0 Opportunity
Natural products continue to have great potential in screening for new drug leads. New
approaches to screening libraries, greater facility in screen design, and more rapid
prosecution of hit samples to pure compounds all will increase success in modern drug
discovery from natural products. The future of natural products discovery is unlikely to look
very much like the past, and as long as natural product scientists continue to creatively adapt
new technology to their needs, that future will be bright.
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Figure 1. High throughput screening publications indexed in MedLine
The number of publications combining “high throughput screening” and “natural products”
(black bars) is a small fraction of the total references indexed under “high throughput
screening” (open bars).
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Figure 2.
Comparison of RNase H extract screening of extracts using fluorescence polarization and
FRET assay designs.
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