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Abstract
Natural products continue to provide a diverse and unique source of bioactive lead compounds for
drug discovery, but maintaining their continued eminence as source compounds is challenging in
the face of the changing face of the pharmaceutical industry and the changing nature of
biodiversity prospecting brought about by the Convention of Biodiversity. This review provides an
overview of some of these challenges, and suggests ways in which they can be addressed so that
natural products research can remain a viable and productive route to drug discovery. Results from
International Cooperative Biodiversity Groups (ICBGs) working in Madagascar, Panama, and
Suriname are used as examples of what can be achieved when biodiversity conservation is linked
to drug discovery.

Introduction
Natural products have served as the source and inspiration for a large fraction of the current
pharmacopoeia. Although estimates vary depending on the definition of what is considered a
natural product-derived drug, it is safe to say that between 25 and 50% of currently
marketed drugs owe their origins to natural products. Thus, a review by Newman and Cragg
analyzing the sources of new drugs from 1981 – 2006, and using a fairly broad definition of
what constitutes a “natural product derived drug”, indicates that almost 50% of new drugs
introduced during this period had a natural product origin.1 In the case of anticancer and
anti-infective agents the proportion is even higher, and one estimate is that almost two-thirds
of such agents are derived from natural products.2 Several recent reviews highlight the
significance of natural products to the drug discovery process. 3–8 Many of the clinically
used drugs derived from natural products originated from microbial species, particularly in
the anti-infective area, but plant-derived drugs have also made significant contributions, and
it is certain that mankind would be immeasurably the poorer without such natural plant-
derived drugs as morphine, vinblastine, vincristine, quinine, artemisinin, etoposide,
teniposide, paclitaxel, and the camptothecin derivatives topotecan and irinotecan (Figure 1).
Marine-based drugs are also making an increasing contribution, with Yondelis® (trabectidin)
an example of a marine-derived anticancer drug.9

None of this discussion is meant to imply that natural products are the only viable source of
new drugs, and a recent analysis has suggested that natural products preferentially target
proteins which are essential to an organism, presumably because these are effective defense
substances. The conclusion is then drawn that “natural products may not display enough
versatility to be suitable for treatment of all heritable human diseases.”10 This conclusion is
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undoubtedly correct, and the contributions of non-natural product-derived drugs to human
health are enormous. The fact, however, remains that natural product-derived drugs have
made and can continue to make equally enormous contributions to human health, including
drugs for the treatment of non-heritable diseases such as infectious diseases, where their
ability to target proteins coded by essential genes is a powerful factor in their success.

In spite of the successes of plant and marine-based natural products drug discovery over the
last 50 or so years, the search for new drug substances from “Mother Nature’s
Combinatorial Libraries”3 has fallen out of favor in the pharmaceutical industry in recent
years. Ironically, just as the pharmaceutical industry was losing interest in natural products
as a source of new drugs, interest in natural products based drug discovery in the developing
world was increased dramatically by the adoption of the Convention on Biological Diversity
(CBD), which came into force on December 29, 1993. The basic objectives of the CBD are
to promote sustainable use of biodiversity as well as conservation and benefit sharing; three
objectives which are interrelated. Article 15.7 of the Convention reads “Each Contracting
Party shall take legislative, administrative or policy measures, as appropriate….with the aim
of sharing in a fair and equitable way the results of research and development and the
benefits arising from the commercial and other utilization of genetic resources with the
Contracting Party providing such resources. Such sharing shall be upon mutually agreed
terms.”11 These access and benefit-sharing (ABS) provisions represent an attempt to
enhance equity across countries and to provide the means and incentives to use and conserve
biodiversity, and they made a way forward for biodiversity-rich countries to reap potential
financial benefits from the use of their biodiversity. Coming as it did soon after the
commercialization of the highly successful plant-derived drug paclitaxel (Taxol®),12 and the
INBio agreement with Merck covering access to 10,000 samples of plants, animals, and soil,
13 the CBD seemed to indicate that prospects for enormous financial payoffs for drug
discovery from natural sources were just around the corner. This has not yet turned out to be
the case, and it is the purpose of this review to discuss modern plant and marine-based drug
discovery work in the light of the CBD, and to offer some thoughts on the best way to
maximize the chances of successful drug discovery from these sources. Space limitations
prevent a detailed discussion of the many complex issues raised by the CBD, but more
detailed treatments of the impact of the CBD on drug discovery from Nature can be found in
several other sources.14–16

As noted above, the focus of this review is on drug discovery from plant and marine sources,
since these sources can be closely linked to biodiversity conservation, while microbial
sources are less likely to be so linked. This is for several reasons. In the first place, advances
in genomics have revealed that at least some and probably all bacteria have genes for many
more secondary metabolites than have been isolated from them; this is true, for example, for
the bacteria that make avermectin17,18 and erythromycin.19,20 This means that existing
microbial collections can potentially serve as sources of new metabolites, and even
environmental DNA can yield gene clusters that can be expressed to yield new metabolites.
An example of the latter approach is provided by the isolation of the two new azaquinones,
utahmycins A and B, from Streptomyces albus J1704 transformed with the environmental
DNA-derived Erd gene cluster.21 These advances reduce the need to search for new strains
in exotic locations. Secondly, although it is very probable that unusual ecological niches in
developing countries will yield novel microorganisms and novel natural products, as has
been shown for extremophiles,22 there are also many novel organisms that are accessible
without venturing so far afield. These include organisms from the deep sea,23 which can be
collected simply and have been successfully exploited by Fenical,24,25 and fungal
endophytes such as those found to produce taxol,26 camptothecin,27 and other bioactive
natural products.28,29 These considerations make novel microorganisms from domestic
locations or the sea attractive sources for drug discovery. Finally, many developing
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countries are understandably reluctant to allow the export of microorganisms for fear of
losing control of their value. This is true, for example, in Madagascar, and while it preserves
these microorganisms for potential future development it also limits the ability of scientists
in the developed world to access and make immediate use of them in drug development.

In addition to the above considerations, the topic of microbial-based drug discovery has
been well covered by others. Thus recent approaches and challenges to microbial-based drug
discovery have been discussed by Singh and Pelaez,30 and a genomic approach has been
urged for natural products discovery by Zerikly and Challis31 and by Miller and Clardy.32

The versatility of microbial natural product assembly lines has been described by Walsh,33

and the use of metagenomics as a natural product drug discovery tool has been reviewed.34–
36 Finally, Davies has argued that a new model is needed for the discovery and development
of antimicrobial agents, and he proposes that early stage drug discovery be carried out in
academia.37 A recent review by Li and Vederas discusses some of the new tools available
for the study of microbial species, and concludes “Although the current industry model for
drug discovery does not favor natural products, the resource is so vast as to seem unlimited,
and these emerging tools will provide exhilarating discoveries leading to new medicines.”38

This prediction is perhaps overly optimistic, given the expertise and effort required for these
new approaches, but automation and other high throughput methods will reduce this effort
as time goes on, and so microbial species are expected to remain viable sources for drug
discovery for decades to come.

The Continued Relevance of Plant and Marine Natural Products-Based
Drug Discovery

The natural products route to drug discovery based on plants and marine organisms
continues to be a proven route to the development of clinical drugs. Several recent reviews
have highlighted the contributions of such natural products to drug discovery, and it is clear
that they continue to provide important lead compounds. Thus, Butler lists 34 natural
product-based drugs launched over the period 1998–2007,4,39 with six of them based on
lead compounds from plants or marine macroorganisms. He also lists 36 plant-derived
compounds and ten marine-derived compounds in oncology clinical trials; these are
derivatives of 31 different lead natural products. A different set of numbers is provided by
Harvey, who includes data on drugs based on natural products from preclinical development
through pre-registration; he lists 108 plant-derived compounds, 24 animal (primarily marine)
compounds, and 61 semisynthetic compounds out of a total of 225 natural products in
development.40 A 2005 review on plants as a source of anticancer agents41 listed eleven
compounds in clinical use, three in clinical development, and nine in preclinical
development, while a recent review by Appendino and Pollastro concludes “surely we have
never been in a better position to leverage on plant biodiversity to discover new drugs. What
is missing is mainly the appreciation that capitalising on natural products takes time”42 The
total worldwide sales of pharmaceuticals derived from plants in 2002 has been estimated at
over US $30 billion, demonstrating the continued economic impact of this source of drugs.43

Natural products have also been evaluated by several cheminformatic methods in recent
years. Feher and Schmidt showed that natural products have better drug-like properties than
a random sample of compounds prepared by combinatorial chemistry,44 and a similar
conclusion was reached by Waldmann and his colleagues.45 A “natural product likeness
score” has been developed at Novartis to guide the selection of compounds for development,
46 and a structural classification of natural products has been developed to aid in the design
of synthetic libraries of compounds with natural product-like properties.47 An analysis of the
over 120,000 unique compounds in the Dictionary of Natural Products has shown that 65%
of them had no violations of Lipinski’s “rule of five”, and this finding led to the preparation
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of a drug-like natural product library of over 500 compounds.48 These and similar studies
attest to the continuing value of natural products as templates for drug design.

Although many of the marine-derived compounds and possibly some of the plant-derived
compounds may owe their origin to microbial symbionts, as Newman and Cragg have
argued,1 it nevertheless remains true that the macroorganism was the initial source of the
discovery, and so from a biodiversity conservation point of view these macroorganisms need
to be preserved and valued as the source of novel lead compounds.

In addition to their use as drugs or lead compounds for drug development, natural products
have also played a key role in drug discovery by serving as chemical probes. The diversity
and complexity of natural products makes them able to target biological macromolecules,
often in a highly selective fashion. A recent review gives many examples of this use of
natural products.49

Challenges to Natural Products-Based Drug Discovery
In spite of the success of the traditional approach to drug discovery by the bioactivity-
directed fractionation of plant and marine extracts, this approach has not fared well in recent
years, particularly in terms of funding from the major granting agencies in the U.S. and
Europe, and in the support of this research within major pharmaceutical companies. The
major reasons for this can be summarized as follows:

Incompatibility of Crude Natural Product Extracts with High-throughput Screening
Drug discovery within the pharmaceutical industry, with few exceptions, is based on the
high throughput screening (HTS) of tens of thousands of compounds a week, using enzyme
or receptor-based assays designed to uncover compounds with specific mechanisms of
action.50 This poses a dual problem for natural products screening. In the first place, crude
natural product extracts are complex mixtures, containing hundreds of compounds, often
including polyphenolic compounds such as plant tannins. Tannins act as promiscuous
protein binders, and thus give false positive readouts in HTS, so that crude plant extracts
cannot be used in HTS. Although this problem is solvable in principle by detanninization
procedures,51 a second problem then rears its head. Once a lead extract has been identified
in natural products drug discovery, in the classical approach the active compound must be
isolated by a process of bioactivity-directed fractionation, which can take weeks or months.
HTS is not a good mechanism to use for this approach, because a typical HTS assay may be
online for only a few weeks, and so the fractionation would need to be supported by another
assay, adding cost to the process.

Diversion of Resources to Combinatorial Chemistry
The increasing availability and sophistication of HTS from the early 1990’s created the
opportunity to screen libraries of hundreds of thousands or even millions of compounds, far
larger than the existing compound libraries at most major pharmaceutical companies. This
naturally created a demand for compounds to satiate the maw of the screening monster, and
combinatorial chemistry provided the perfect fit, with its ability to generate libraries of tens
of thousands of compounds. It was seemingly a marriage made in heaven. Sadly, this
approach has not been the panacea that it was hoped to be, and few drugs have been
discovered by the combination of HTS and combinatorial chemistry. This lack of
productivity is in part responsible for the decline in new drugs, with only 20 new drugs
approved in the USA in 2007, down from an average of about 40 a year from 1981–2005.38

Although the productivity of combinatorial chemistry as a drug discovery tool will no doubt
eventually improve, as more importance is being placed on making “natural product like”
compounds by diversity-oriented synthesis,52,53 the present situation has not changed
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significantly since 2004, when Ortholand and Ganesan could write: “The early years of
combinatorial chemistry suffered from an excess of hype, and a major victim was natural-
product screening. Many organizations went through an irreversible shift in policy, and
prematurely discontinued their efforts in this area. We are now seeing the backlash from this
knee-jerk reaction. The early combinatorial strategies were flawed and unproven, and have
yet to deliver any blockbuster drugs. Meanwhile, we have lost the uniqueness of screening
natural-product space as a complement to synthetic compounds. If past indicators are any
guide, there are undoubtedly many more unique and potent biologically active natural
products waiting to be discovered.”54 A recent review by Ganesan concludes “one can only
hope that natural products that have served as an important source of drugs in the past will
not be overlooked in 21st century drug discovery”.55

Technical Difficulties
In addition to the problems with HTS noted above, the isolation of bioactive compounds
from plants and marine organisms faces a number of technical challenges. These include the
variability of the source material (since an activity found in one collection may be absent in
another), the difficulty of isolating the active constituents, the possibility that the active
compound is a known compound (thus not protectable by composition-of-matter patents),
and the costs of collection. However, as will be discussed below, new methods and
techniques offer exciting opportunities to avoid or at least ameliorate many of these
difficulties.

Resupply Problems
A further level of difficulty is encountered once a particular natural product has been
isolated and identified as a lead compound, since this raises the large issue of compound
supply. Depending on the potency of the compound and its target, several grams to hundreds
of grams are needed for preclinical development, and multi-kilogram quantities would be
needed for clinical use.

Probably the classic case of the problem of compound supply was with the anticancer drug
paclitaxel, then known as taxol (Figure 1). The clinical activity of this compound against
ovarian cancer was reported in 1989,56 and this touched off an intensive search for supplies
for clinical use in what has been called the “taxol supply crisis”.57 The problem was
especially acute in the case of taxol because it treated a life-threatening disease but was
obtainable at that time only from the bark of the western yew, Taxus brevifolia, which grew
predominantly in the old-growth forests of the Pacific Northwest, home to the endangered
spotted owl. The solution to this problem initially involved synthetic chemistry, as described
below.

A different kind of resupply problem arises when the plant itself is used as the medicinal
agent, as is still the case for a large percentage of the world’s population. In this case there is
a real danger that non-sustainable harvesting will result in depletion of these critical
resources, and initiatives are needed to commercialize the cultivation of the major species
involved. This aspect of the supply problem is discussed in more detail by Cordell.58

Policy Issues
The ABS provisions of the CBD could be construed as an impediment to making natural
product collections outside the researcher’s home country, and it cannot be denied that the
legal requirements involved in meeting its terms can be time-consuming. There is also
concern that these provisions will limit academic researchers interested in non-commercial
studies such as taxonomy, ecology, and evolutionary biology.59 However, these provisions
should be viewed as an opportunity to carry out natural products research in an ethical way,
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within an agreed legal framework. In this sense it protects the institution or company
involved from charges of biopiracy, and in addition provides the possibility of doing some
real good for a developing country. These issues will be discussed in more detail below.

Financial Pressures
On top of all the problems noted above, the pharmaceutical industry in general, and
particularly in the USA, is undergoing a massive retrenchment, with major cuts in
pharmaceutical research and development. As one analysis put it, “Big pharma’s path
through the recession is littered with job and program cuts and plant closures,”60 and lists
numerous examples to back up this statement. These financial pressures make it very
difficult for “Big Pharma” to invest the resources that would be needed to regain the
effectiveness of their former natural product discovery programs. This in turn implies that
developing nations cannot rely on “Big Pharma” to discover and develop their medicinal
natural product resources; this task must be undertaken by smaller and more nimble
companies and by academic researchers.

Case Studies
Compound Supply: Paclitaxel, Eribulin, and Trabectedin

As noted above, paclitaxel (Figure 1) was the subject of a major supply issue. The problem
was initially solved by a combination of intensive bark collection and a semisynthetic
approach. The bark collection was carried out primarily by Hauser Chemical Research,
operating under contract from Bristol-Myers Squibb (BMS). Following an inventory of T.
brevifolia on government lands, they were able to collect over 730 tonnes of bark in 1991,
yielding 130 kg of paclitaxel in 1992.57 This work was then superseded by the development
of a practical semisynthetic route to paclitaxel from a protected baccatin III, available from
the needles of T. baccata and other yew species,61 and a β-lactam (Figure 2).62 In a final
development, Bristol-Myers Squibb is now producing paclitaxel by plant tissue culture,63,64

although other companies are still producing it by semisynthesis or by direct isolation from
natural sources.

The halichondrins, exemplified by halichondrin B (Figure 3), are complex natural products
that were originally isolated from the western Pacific sponge Halichondria okadai.65

Halichondrin B showed excellent activity in the NCI 60-cell line panel,66 acted as an
inhibitor of tubulin polymerization,67 and was active in various animal models,65 so it was
clearly a candidate for clinical development. The major stumbling block was compound
supply, since it was only available in miniscule amounts from its marine sources. The
problem was solved by the discovery by scientists at Eisai Research Institute (ERI), based
on synthetic work done by the Kishi group,68 and showed that truncated halichondrin B
analogues retained much of the activity of the parent compound. This led eventually to the
design and synthesis of eribulin mesylate (Figure 3) as a clinical candidate for advanced
breast cancer, and this is now in Phase III clinical trials. The synthesis of eribulin was
achieved in a convergent manner, but still required over 70 steps,69,70 although recent
improvements have been made.71

The successful synthesis of eribulin as a clinical candidate demonstrates the power of
organic synthesis to generate even highly complex compounds in adequate quantities for
clinical use.

The third complex natural product that was made available for clinical use by synthesis is
the anticancer compound trabectedin (Yondelis®) (Figure 4). Originally isolated from the
Caribbean tunicate Ecteinascidia turbinata as ecteinascidin-743,72 trabectedin was found to
be a DNA-binding agent that binds to the minor groove of DNA and forms covalent adducts
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with the N2 of guanine.73,74 It showed strong anticancer activity, and has been approved in
Europe for treatment of soft tissue sarcoma; it is also being developed for treatment of
ovarian and other cancers.9

The supply of trabectidin for preclinical development was initially met by aquaculture of
Ecteinascidia turbinata,9 but this resource proved to be inadequate for clinical supplies, and
a viable semisynthetic route was developed from the microbial metabolite cyanosafracin B
(Figure 4).9

These examples, taken together, demonstrate that even complex natural products like
paclitaxel that have 11 stereocenters can be obtained in the amounts needed for clinical use.
Synthetic organic chemistry played a major role in each case, assisted for paclitaxel and
trabectedin by the availability of suitable naturally occurring precursors, and it will continue
to make key contributions to drug development from natural products. Biological
approaches will also play an important role, as exemplified by the fact that plant tissue
culture now provides access to paclitaxel, and that aquaculture has the potential to provide
access to some marine metabolites.

Natural Products as Lead Compounds for Medicinal Chemistry
In addition to their direct use as drugs, many natural products have served as lead
compounds for medicinal chemistry. There is not enough space in this review to cover this
enormous area in detail, but a few selected examples will give an idea of the potential of this
approach. In the anticancer area the lead compound podophyllotoxin led to the clinical drugs
etoposide and teniposide,75 and the lead compound camptothecin spawned the drugs
topotecan and irinotecan76 (Figure 1). The unique paclitaxel skeleton (Figure 1) has led to
hundreds of new derivatives and several compounds in various stages of clinical trials.77 In
the antimalarial area artemisinin (Figure 1) has been modified to give the water-soluble
analogue artesunate, which is suitable for injection.78 Many other analogs have been
developed, including a fluoroanilide which cured malaria-infected mice in a single
combination dose with mefloquine hydrochloride (Figure 6).79 Even rather common natural
products have been successfully modified to make lead compounds; thus the betulinic acid
derivative bevirimat (Figure 5) and related compounds have been shown to be specific
inhibitors of HIV-1 entry.80 Many additional examples are provided in the previously cited
reviews,3–8 and the importance of “diverted total synthesis” as a way of optimizing the
value of natural products has been emphasized in a viewpoint article by Danishefsky, who
posits “Accordingly, natural products, a proven long-term source of pharma discovery, re-
emerge as potentially valuable elements for synthesis-driven pharma exploitation.”81

New Approaches to Natural Products Drug Discovery
The future viability of the natural products approach to drug discovery from plants and
marine macroorganisms depends not only on continued access to biodiversity through the
CBD and agreements derived therefrom, but also on using these bioresources as strategically
and efficiently as possible. This section thus discusses some of the newer approaches to
effective discovery from plants and marine macroorganisms. The area has recently been
reviewed from a pharmaceutical industry perspective, and interested readers are referred to
this review for more details on several of the topics discussed below.82 A shorter review that
summarizes various approaches has also been published recently.83

New Extract Selection and Preparation Strategies
As noted earlier, the difficulty of screening crude plant and marine extracts by HTS is one of
the reasons for the current decline in interest in natural products among the major
pharmaceutical companies. This problem is conceptually rather simple to solve, however,
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since a detanninization step can remove the offending interfering tannins.51 A more
sophisticated approach to the problem, however, is the creation of “peak libraries” in which
a crude extract is prefractionated into a series of pure or almost pure compounds which can
be rapidly screened by HTS. Once a fraction is identified as bioactive in the selected assay,
it can easily be purified if it is not already pure, and its structure determined.84 This
approach has been systematized by Sequoia Sciences in the U.S., with an extensive library
of plant-derived compounds and partially purified extracts,85 and by Analyticon in
Germany, with a library of plant and microbial natural products available for screening.86,87

The high upfront costs involved prevent most academic laboratories from making extensive
peak libraries, but some laboratories have moved in this direction, as exemplified by the
preparation of a marine natural product library characterized online by mass spectrometry,
88,89 and a simple method for high-throughput extract prefractionation has been described.90

The major danger in preparing extract libraries of pure compounds is that minor compounds
may be missed, and a combination of crude extracts, prefractionated extracts, and pure
compounds is recommended for a well-balanced natural product discovery program.91

An alternate approach to preparing extracts or extract libraries with high potential is by the
preselection of extracts using ethnopharmacological92 or ethnobotanical93 data. It has been
suggested that the rate of anticancer drug discovery can be enhanced by the screening of
natural products from ancient species, since these species may harbor compounds that have
contributed to their lower rate of evolution.94 A survey correlating cytotoxicity with plant
taxonomy indicated that the genera Aglaia, Casearia, Exostema, Mallotus, and
Trichosanthes yielded higher hit rates, suggesting that plants of these genera could be
fruitful starting points for future collections.95 The use of ecological clues for natural
products discovery has also been demonstrated by the isolation of novel sesquiterpene
quinones from a Fijian macroalga.96

The use of data mining strategies has also been developed. Databases of known natural
products can be screened against a set of pharmacophore models to identify promising lead
compounds,97 or a set of compounds isolated from a plant without reference to bioactivity
can be screened in silico for potential bioactive compounds, and the most promising hits can
then be evaluated in relevant bioassays. In one example, sixteen secondary metabolites from
Ruta graveolens were screened in silico and compounds with activity against three targets
were identified.98

Broader Bioassays
The preparation of natural product extracts or peak libraries can be a costly and time-
consuming operation. As an example of the costs involved, a report from a long-time
collector for the NCI states that the cost of collecting plant samples rose from $5.00 per
sample in 1978 to $30 per sample in 1978 to nearly $200 per sample in 2008.99 With costs
such as these it is important to extract the maximum value from each collection, and thus to
screen it in as many assay systems as possible. In this respect the decision of the NCI to
open up its Natural Product Extract Repository to scientists interested in diseases other than
cancer is highly laudable, since it ensures that this unique and very valuable resource can be
screened against a large range of assays and possible disease targets.100 In the case of the
International Cooperative Biodiversity Group (ICBG) programs discussed below, all of them
involve partnerships between academic and industrial groups, ensuring that extracts are
screened against several targets. In the case of the Madagascar ICBG, for example, extracts
are screened for anticancer, immunological, CNS, insecticidal, antimalarial, and fungicidal
activities by one or other of the collaborating group members.

New screening approaches are also beginning to make an impact in natural products
isolation. One helpful approach is the use of cell-based assays targeted towards specific
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mechanisms of action. Such assays combine the advantages of cell-based assays, such as
robustness, selectivity for cell-permeable compounds, and non-interference by tannins, with
the selectivity of enzyme and receptor-based assays. Examples include a cell-based screen
for antimitotic agents,101 an engineered cell line for screening for modulators of the multi-
drug transporter protein component ABCG-2,102 a G2 checkpoint inhibition assay,103 and an
automated cell-based assay for inhibitors of mTORC1 signaling.104 The use of genetically
manipulated yeast cells to uncover cellular targets has been reviewed,105 and yeast-based
assays were used in work on the isolation of potential mechanism-based anticancer agents.
106 The use of whole cell assays as well as target-based assays was instrumental in the work
at Merck to discover the novel antimicrobial agent platensimycin.107

In non-cell-based approaches, screening by NMR is becoming an important method. Its use
on natural product extracts is limited because of the complexity of these extracts, but it can
be used on prefractionated natural product libraries,82 and 1H NMR spectroscopy was used
to identify a G-quadruplex ligand in two different plant extracts by observing the difference
in the imino region of ligand-bound and free G-quadruplexes.108 In some cases bioactivity
can be detected online in an LC-BCD (biochemical detection) approach,109 and microarrays
of natural product extracts have been used to detect binding interactions with rapamycin.110

The various approaches to tracking bioactivity during the fractionation of natural products
have been described in a review,111 and the importance of stringent endpoint criteria,
appropriate controls, and selectivity criteria have been emphasized.112

Dereplication
One of the biggest concerns in natural products research is that after so much study many of
the compounds in a given extract may well be known compounds, leading to much wasted
effort in the search for new bioactive compounds. Dereplication, or the rapid identification
of known compounds in an extract, is thus an important part of the process. The most useful
methods employ HPLC in combination with either MS,113,114 MS/MS,115 NMR116–118 or a
combination of these methods,119 coupled with the availability of reference libraries of
natural products.120 These approaches can also usefully be coupled with bioassay. As one
example, a combination of HPLC, collection of the fractions in a microtiter plate, and
bioassay enabled the rapid identification of camptothecin and 9-methoxycamptothecin in an
extract of a Didymochlaena sp.121

Isolation and Structure Elucidation
The bioassay-guided isolation of a bioactive natural product requires a strong collaboration
between a biologist and a chemist, such that the desired active compounds are obtained
efficiently. Isolation methods have improved significantly in recent years, with a myriad of
chromatographic and liquid-liquid partition methods routinely available.122 Major
improvements have also been made in the area of bioassay, as noted above, such that very
sophisticated assays can often be run on even crude extracts. The use of NMR on crude
spider venom has been shown to allow an impartial view of the extract composition, and
thus allow for improved purification procedures.123 New natural products have been
identified and isolated from a series of fungal extract libraries with initial identification of
new metabolites by 2D NMR on unfractionated extracts.124

Major improvements have also been made in the area of structure elucidation. The major
tools continue to be NMR and mass spectrometry, but IR and UV also play significant roles.
One industrial group uses IR in combination with MS to dereplicate known compounds from
its database, and reports that 20% of compounds can be identified by these two methods
alone.125 NMR methods continue to improve, and a useful summary of methods for the
structure analysis of natural products has been published.126 Methods for automated
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structure elucidation also continue to advance, with one group achieving a 90% success rate
in structure confirmation by a combination of 1H- and 2D HSQC spectra.127 Microscale
NMR using a capillary flow detector has proven to be an excellent tool for work with the
minute amounts of compounds often obtained in natural products work. As one example,
thirteen steroids were isolated and identified from 50 fireflies,128 and additional examples
are given in a review of microcoil probes.129 Superconducting micro cryoprobes are also
available, and have found use in the structure elucidation of water-soluble microbial
metabolites.130 A recent review of microscale methods in natural products discovery claims
that “The era for the exploration of rare natural products at the ‘nanomole-scale’ has
arrived,”131 and demonstrates the truth of this claim with examples of several complex
natural products for which their structures were elucidated on samples of 1 mg or less. It can
thus be concluded that advances in techniques, especially in NMR methods, means that
isolation and structure elucidation are no longer the limiting step in the discovery of
bioactive natural products.

One of the problems with work on the microscale is that it is difficult or impossible to obtain
accurate weights of samples by normal weighing procedures for quantitative studies such as
UV spectroscopy or bioassay. This problem can however be addressed by NMR studies
using solvent 13C NMR satellites.132

In summary, advances in analytical instrumentation for both separation and structure
elucidation, coupled with the increasing sophistication of bioassays, means that it is now
possible to isolate, identify, and obtain bioassay information on much smaller amounts of
crude extract than was possible even ten years ago.

Natural Products as Lead Compounds for Combinatorial Chemistry
Natural products can also be used as templates for combinatorial chemistry, thus linking the
unique topology of a natural product with the ability of combinatorial chemistry to generate
large numbers of analogues. Although natural products have served as the inspiration for the
design of many combinatorial libraries,54,133–135 there are relatively few examples of the
use of combinatorial chemistry to prepare libraries from actual natural product scaffolds, as
opposed to natural product-like scaffolds. Examples include the synthesis of a library of
betulinic acid derivatives as HIV-2 inhibitors,136,137 a library of 3,17-hydroxysteroid
dehydrogenase inhibitors,138 a library based on a tambjamine template,139 and several
libraries based on paclitaxel.140– 143

Natural Products and Biodiversity Conservation
The ratification of the Convention on Biological Diversity (CBD) marked a turning point in
the search for drugs from natural sources. Before the CBD individuals and companies were
free to collect and evaluate plant, marine, and microbial sources from around the world as
potential drug sources, and many did so. It was not uncommon for pharmaceutical company
employees going on vacation overseas to be asked to “bring back a bit of dirt” as a source of
new microbial species, and some companies such as SmithKline French Laboratories (now
part of Glaxo-Wellcome) had full-scale plant collection projects in place, making extensive
collections of alkaloid-bearing plants in the southern hemisphere under the direction of
Robert Raffauf in the 1960’s.144

The Origin of the Biodiversity Convention
The realization that the earth’s biodiversity is a global asset that is fast disappearing became
accepted wisdom during the 1980’s, thanks to the efforts of activists and environmental
scientists. Biodiversity loss has been documented on many occasions; one estimate is that
only about half of the tropical humid forests of the world, or about 7 million square
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kilometers, remain, with continuing losses of 1 million square kilometers every 5 to 10
years.145 Clearly such losses are serious, and a prediction made in 2003 is that by 2050 “A
considerable number of species extinctions will have taken place” and that “Existing large
blocks of tropical forest will be much reduced and fragmented.”146 Various approaches to
identifying regions at greatest risk for biodiversity loss have been proposed, with the
greatest attention focused on so-called “Biodiversity Hotspots;”147 several of these
approaches have been compared to assist global conservation planning.148

Considerations such as these led the United Nations Environment Program (UNEP) to
convene a working group of experts in 1988, and this eventually led to the adoption of the
agreed text of the Convention on Biological Diversity (CBD) in May 1992. The CBD was
opened for signature in June 1992 at the United Nations Conference on Environment and
Development (the Rio “Earth Summit”), and went into force in December 1993 after
ratification by more than 30 countries.

Bioprospecting and the Convention on Biological Diversity
The CBD is an international treaty with the threefold goals of biodiversity conservation,
sustainable use of biodiversity, and equitable sharing of benefits from the use of genetic
resources. It is a complex and broad-reaching treaty, with provisions covering technical and
scientific cooperation, education, impact assessment, technology transfer, and many other
related subjects. The present discussion will focus primarily on the access and benefit-
sharing provisions of the CBD.

Although the CBD has received most of the attention and governs all collecting activities, it
is worth pointing out that it was predated by the National Cancer Institute (NCI) Letter of
Collection. The NCI is a major collector of natural product samples from around the world,
and it recognized that the source countries of the collections needed to be active participants
in the drug discovery process. It thus “committed itself to the conservation of biological
diversity, as well as to policies of fair and equitable collaboration and compensation in
interacting with the source countries participating in the collection programs.”149 The first
agreement was signed with Madagascar in 1990, while the CBD was still in development.
Any scientist wishing to access the NCI Natural Products Repository must sign a Material
Transfer Agreement (MTA) committing him or herself to just and equitable sharing of any
Intellectual Property with the source country, and the NCI agreement provided a useful
model in pre-CBD days for any scientist setting up an ethical natural products collection
program.

The Limitations of the Convention on Biological Diversity
To date the access and benefit-sharing (ABS) requirements of the CBD have had a mixed
effect on drug discovery from nature. On the positive side, they created a framework for
countries to define and regulate bioprospecting, as for example in the ICBG programs
described below. On the other hand, although they were designed in part to clarify the legal
issues connected with natural products based drug discovery, they have only been partly
successful in this respect, for three main reasons. In the first place, there is still a wariness of
bioprospecting in many developing countries, based on a previous history of exploitation of
natural resources. An example of this is the termination of an International Cooperative
Biodiversity Group (ICBG) in Mexico due in part to a campaign led by a local organization
with opposing interests.150,151 A second reason is that for a variety of reasons many
countries have been slow to establish the legal framework necessary to allow outside
investigators to access their biodiversity, which makes it difficult to establish new and legal
bioprospecting agreements in these countries. As one example of the time involved, Dr.
Michael Kron of Michigan State University received a 2-year planning grant in 2003 from
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the Fogarty International Center to start planning for bioprospecting in the Bataan National
Park in the Philippines, and he was quoted as saying “If we get an agreement, I will consider
it a major accomplishment.”152 Finally, commercialization of the blockbuster natural
product drug Taxol® raised the expectation that finding natural product drugs was a route to
instant royalties. Since this has not so far been the case, some countries continue to view the
whole process of bioprospecting with suspicion. This issue of unrealistic expectations has
been discussed by Newman and Cragg, who pointed out that out of 114,000 extracts derived
from approximately 12,000 species collected as part of the NCI natural products discovery
program, only the two compounds taxol and camptothecin led to drugs currently in clinical
use, with the possibility of the two additional compounds homoharringtonine and
maytansine also leading to drugs.153

Legal Issues relating to Drug Discovery and Biodiversity Conservation
As discussed earlier, the access and benefit-sharing (ABS) requirements of the CBD provide
the all-important legal basis for using natural products for drug discovery. However, as with
any legal agreement, there can often be a gap between theory and practice, and this section
will explore some of the issues that can complicate setting up valid agreements.

The ABS provisions provide general principles for the development of a legal and ethical
bioprospecting agreement between a host country and an outside party, but the actual
working out of these principles into a specific agreement can be a long and complex process.
The relative simplicity of the process depends very much on the host country, and can vary
from relatively straightforward, as was our experience in Suriname,154 to impossibly
complex. A key factor is whether or not the host country has established a set of robust and
transparent laws governing the use of its biodiversity, and any country wishing to benefit
from biodiversity prospecting needs to develop such a set of laws. It is very probable that
legal uncertainties have combined with the other factors mentioned earlier to discourage
pharmaceutical companies from investing in natural products discovery; one solution to this
problem is to develop a clear title document for each compound discovered.152

Ethnobotany and Ethnomedicine
The collection of samples based on ethnobotanical or ethnomedical knowledge adds another
layer of legal complexity to natural products drug discovery, because it raises the issue of
who actually owns the intellectual property associated with traditional knowledge.155 An
example of this arose in our studies in Suriname, where we worked initially with the
Saramaka tribe, descendants of West African slaves brought over by the Dutch in the 17th

and 18th centuries who had established “African” villages in the interior of the country. Our
work in part involved the collection of plant samples based on ethnomedical information
shared under a legal agreement with the Saramaka tribe. However, representatives of the
native Amerindians of Suriname asked the valid question “how do we know that the
Saramaka ethnomedicine is original to them? Is it not possible that they learned it from us
generations ago”? It is questions like this that complicate collections based on ethnomedical
knowledge. Is the knowledge the personal property of the particular tribal healer who shared
it? Is it a common property of the tribe? Or is it perhaps the property of the whole people of
the country? There are no simple answers to these questions, and as a result our subsequent
studies in Madagascar have refrained from the use of traditional knowledge. However,
ethnomedical studies can also be a valuable clue to plant uses, as illustrated by the case of
Hoodia discussed below.
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Recognizing the Country of Origin
Even if ethnomedical considerations are not relevant, there may still be issues in identifying
the country of origin. An example is the discovery of the anticancer vinca alkaloids
vinblastine and vincristine (Figure 1) from Catharanthus roseus.156 Although the plant is
known as the Madagascar periwinkle and is endemic to Madagascar, it is widely cultivated
throughout the tropics and subtropics. The actual plant samples used to isolate and identify
the active anticancer compounds were collected in Jamaica and the Philippines,157 so had
the CBD been in effect when these drugs were discovered, any royalties would most
probably have flowed to these countries, and not to Madagascar.158 Another example is
provided by the anti-HIV diterpenoid prostratin, which was investigated by the AIDS
Research Alliance as a potential treatment for AIDS. This was first isolated from a New
Zealand plant in pre-CBD days, and then later rediscovered as an anti-HIV agent from a
Samoan medicinal plant. It is also available by chemical synthesis, and it is possible that a
chemical analogue could be the compound chosen for development. The legal issues
surrounding the sharing of any royalties from prostratin with Samoa are thus quite complex.
42

Case Study: the Hoodia Story
The succulent plant Hoodia gordonii, commonly known as Hoodia, is used as an appetite
suppressant and for other medicinal purposes by the San people of southern Africa. The
plant, a member of the subfamily Asclepiadoideae of the Apocynaceae,159 occurs primarily
in South Africa and neighboring Namibia. Scientists at the Council for Scientific and
Industrial Research (CSIR) in South Africa confirmed the appetite suppressant effects on
animals in the early 1960’s,160 and the major active constituent was finally isolated and
identified as the pregnane glycoside 3β-[β-D-thevetopyranosyl-(1→4)-β-D-
cymaropyranosyl-(1→4)-β-D-cymaropyranosyloxy]-12β-tigloyloxy-14β-hydroxypregn-5-
en-20-one, also known as P57 (Figure 6).161

The decision was then made to develop Hoodia as a food ingredient for weight management;
the annual market size for such products is estimated at over US $3 billion. The product was
licensed to the UK company Phytopharm, which named it P57, and sublicensed it to Pfizer.
Pfizer discontinued the license, apparently because it was not easy to remove unwanted
constituents from the formulation, and the product was then licensed to Unilever, owners of
Slim-Fast.162 This agreement was, however, terminated in 2008, and the Phytopharm
website states “We are evaluating a number of potential opportunities including discussions
with major branded companies to explore ways forward for the Hoodia programme which
Phytopharm has licensed from the South African Council for Scientific Research (CSIR). It
is currently too early in the dialogue to give any indication as to whether these discussions
will lead to a further commercial opportunity to develop products based upon Hoodia
gordonii.”163

The failure of P57 as a defined food ingredient product left the door open for the sale of
Hoodia products as food supplements, and this is the origin of some of the legal
complications. As part of its commitment to benefit-sharing, the CSIR signed an agreement
with the San indigenous people to share any royalties from the sale of drugs or other
products derived from Hoodia gordonii.164 Hoodia species, including H. gordonii, are now
protected species in southern Africa, and permits are required for collection for resale.165

Time will tell if P57 ever becomes a legitimate food ingredient, but even if it does not at
least the sale of legally collected H. gordonii as a herbal supplement will return some
royalties to the CSIR and the San people, and is the first example of the application of the
CBD to a widely used product.
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The International Cooperative Biodiversity Group (ICBG) Program
The ICBG program was initiated in 1992 as a result of a series of meetings between
scientists and U.S. government officials concerned with maintaining a robust natural
products drug discovery program while contributing to biodiversity conservation. In
addition, since biodiversity loss is closely associated with poverty,166 the program had
economic development as one of its goals. Funding was provided through an innovative
intergovernmental mechanism that merged funding from the National Science Foundation
(NSF), various components of the National Institutes of Health (NIH), and initially the U.S.
Agency for International Development, into a single NIH award from the Fogarty
International Center. The current program retains the NIH and NSF components, but the
USAID has been replaced by the U.S. Department of Agriculture. Awards were made to
consortia designed to achieve the three goals of drug discovery, biodiversity conservation,
and economic development. Since the first awards were made in 1993, the ICBG program
has funded 19 projects, eight of which currently receive funds.167

Owing to space limitations, this review will discuss the work of only two of these groups.
The ICBG project at Virginia Polytechnic Institute and State University began in Suriname
in 1993, and is now based in Madagascar; the Principal Investigator is the author of this
review. It includes Eisai, Inc. and Dow AgroSciences as U.S.-based industrial partners,
Missouri Botanical Garden and Conservation International as botanical and conservation
partners, and several Malagasy institutions as in-country partners. The Panama ICBG project
began in 1998, and is based at the Smithsonian Tropical Research Institute in Panama City;
the Principal Investigator is Dr. William H. Gerwick of the University of California, San
Diego. Information on these and other ICBG projects is available on the ICBG website.168

Although this review is focused on the ICBG program, it is important to note that the CBD
has also spawned other biodiversity conservation research and training programs, including
a successful one in the State of São Paulo, Brazil.169,170

Biodiversity Conservation
The participants in the ICBG program have been very successful in stimulating new and
innovative approaches to biodiversity conservation and drug development, and have
contributed to notable successes in conservation. Three examples will be discussed.

Prior to 1998 the nation of Suriname had three major protected areas; the Raleighvallen
Nature Reserve, the Tafelberg Nature Reserve, and the Eilerts de Haan Gebergte Nature
Reserve (Figure 7a). The Raleighvallen Nature Reserve in the north, as one example,
contains several dramatic geological formations, including waterfalls and granite inselbergs,
and is home to eight species of primates, jaguars, giant armadillos, and giant river otters. All
this wonderful biodiversity was nearly lost in the mid 1990’s, when some Asian timber
companies offered to purchase three major logging concessions in central Suriname (Figure
7b). If these concessions had been granted two of the three existing nature reserves would
have been significantly impacted, and the livelihood of many of the forest peoples of
Suriname, who depend on the forest for their food, would have been irreversibly destroyed.

Fortunately, our partner in the Suriname ICBG program, Conservation International
Suriname, was able to work with the government of Suriname to propose a better alternative
to logging. With funding provided by generous donors, Conservation International entered
into an agreement with the government of Suriname to establish the Central Suriname
Nature Reserve (CSNR, Figure 7c).171 This agreement was a genuine “win-win”
arrangement, with the funds from Conservation International replacing those that would
have been received from the logging concessions, while preserving the forest for generations
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to come. The ICBG program played an important role in the negotiations that led to the
establishment of the CSNR by providing additional justification for the preservation of the
forest. The CSNR was designated a UNESCO World Heritage site in 2000.172

The Montagne des Français is a limestone massif on the northern tip of Madagascar (Figure
8). Biological inventories conducted at this site as part of a conservation assessment were
funded in part by the ICBG program and recorded 215 species of higher plants, five
primates, 12 small mammals, 56 bird species, 40 reptile species, and 19 amphibian species.
Some of the species identified were known only from this site, and some were critically
endangered.

The MBG then worked with Conservation International Madagascar and the semi-
governmental organization Service d’Appui à la Gestion de l’Environment (SAGE) to apply
for Temporary Protected Area status for this unique region, and this was granted in 2008,
with full protected status pending..

The Montagne des Francais is only one part (although a key one) of the larger Ramena
protected area, which includes the Oronjia Reserve and the Ambodivahibe Bay Marine
Reserve. The Oranjia Reserve is almost unique in being on the site of a former military base;
it is an area of more or less degraded dry deciduous forest on loose sand over calcareous
rock (Figure 9a). It is important for conservation because of its rich flora and fauna that
includes a number of locally endemic plants and animals. The Ambodivahibe Bay Marine
Reserve (Figure 9b) was selected as a marine reserve based on a marine Rapid Assessment
Program conducted by Conservation International that showed it to be a nursery for
biodiversity, with fresh water from the Montagne des Francais flowing into the bay, and
with mangroves protecting the bay from cyclones and mud. A complex series of careful
consultations with the local residents of Ambodivahibe resulted in their full agreement with
the designation of the bay as a marine protected area, and the bay is expected to become a
tourist destination. At both Oranjia and Ambodivahibe the ICBG program provided partial
support for MBG and CI to complete the research and consultations required to produce the
dossiers for the Malagasy government requesting designation of these sites as new protected
areas.

The island of Coiba and its surrounding smaller islands, off the southwest coast of Panama,
is a unique laboratory for biodiversity studies. It was formerly used as a penal colony, and so
it escaped commercial development, and consists primarily of tropical moist forest with a
large number of endemic mammals, birds, and plants (Figure 10). It is surrounded by a
highly biodiverse marine ecosystem, with its location in the Gulf of Chiriqui buffering it
from the temperature extremes of El Niño. It was declared a UNESCO World Heritage Site
in 2005. This designation was achieved with significant contributions from the Panama
ICBG program, which mobilized scientific support for the establishment of the park and
demonstrated the economic benefits of preserving the park’s biotic resources.173

Economic Development
The ICBG projects have also contributed in small but significant ways to economic
development in their host countries. The Madagascar ICBG was fortunate to secure
generous upfront funds from its industrial partners, at first Bristol Myers Squibb and Dow
AgroSciences and then Eisai Research Institute (now Eisai, Inc.) and Dow AgroSciences,
and these funds have been instrumental in providing amenities for the communities adjacent
to its bioprospecting areas. In every case, a project team made up of representatives from the
collaborating Malagasy institutions met with local stakeholders to obtain their input into the
best use of the funds. During the first round of funding in 1998–2003 the project was based
around the Zahamena National Park in central-east Madagascar, and here the upfront
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compensation was used to construct grain storage warehouses at Antanandava and other
communities so that the local villagers can store their crops safely and sell them when the
market is right, to renovate a school at Manakambahiny, to construct a footbridge over a
seasonal river at Sarondroina à Ambodivoangy so that the villagers can access a clinic
during the rainy season without making a detour of many kilometers (Figure 11a), and to
develop a hiking trail for ecotourists in the Zahamena National Park. The foot bridge is used
by 800 – 1000 people each year, and the hiking trail is used by 50 – 80 tourists each year,
together with 5 – 10 researchers. During the second round of ICBG support in 2003–2008,
the project moved to the dry Diego region of northern Madagascar, and here the upfront
compensation was used to provide wells and irrigation piping, a drinking station for cattle,
and to fund plantation of eucalyptus to provide local people with an alternative source of
fuel wood from native trees. It was also used to construct new school buildings in
Ambodivahibe (Figure 11b), Ivovona, and Ambolobozokely, serving 136, 44, and 150
pupils respectively. These funds were also used to support several communal chicken-
rearing and vegetable-growing projects.

On the scientific side, both upfront funds and ICBG funds have been used to purchase
scientific equipment for the collaborating Malagasy institutions. As examples, a laboratory
at Centre National d’Application des Recherches Pharmaceutiques (CNARP) was equipped
to carry out bioassays for antimalarial activity, a laboratory at Centre National de
Recherches sur l’Environnement (CNRE) was equipped to prepare DNA samples from
microorganisms and to make extracts of microbial cultures, and a vehicle, a boat, and
SCUBA equipment were purchased for Centre National de Recherches Océanographiques
(CNRO) so that marine collections could be made at various sites around the country.

In the case of Panama, the Panama ICBG program equipped a nuclear magnetic resonance
facility at the Smithsonian Tropical Research Institute in Panama City, thus providing
natural product scientists there the opportunity to see their projects through to their logical
conclusions.

Economic development can take many forms besides direct financial support, and a valuable
feature of the ICBG programs has been their emphasis on providing training to host-country
nationals. In Madagascar, this has included visits by scientists from the USA to provide
training in microbiology and antimalarial bioassay methods, visits by scientists from
Madagascar to receive extended training in herbaria and laboratories in the USA, and a
unique “cross ICBG” training where two scientists from Madagascar traveled to Panama to
receive training in the antimalarial bioassay developed by members of the Panama ICBG
program.174 Extensive training is also provided to the local residents around the collection
sites, including training in animal husbandry for better production of cattle, chickens, and
ducks, training to improve efficiency of vegetable farming; and training of women to
Western cooking standards so that they can act as hosts to ecotourists accustomed to high
standards of cleanliness. Since charcoal production for cooking purposes is a major cause of
deforestation, colleagues from the MBG have organized the planting of fast-growing
eucalyptus trees to provide a renewable source of charcoal, thus reducing the tendency to
abuse and exploit natural resources, and providing alternative means of making a living
other than highly destructive charcoal production.

In Panama, the in-country training has focused on undergraduate students, and over 70
undergraduates received research training over the first seven years of the project, with 22 of
them going on for graduate degrees in science. As one example, one of these undergraduates
(Dr. Marcelino Gutierrez), trained first at the B.S. level at the University of Panama, went
next to the University at Santiago de Compestela in Spain for his Ph.D., then did
postdoctoral work at the University of California San Diego, and is now a Research Scientist
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conducting natural products research at the INDICASAT government laboratories in
Panama.175 The Panama ICBG has been presented as a case study of the linkage between
bioprospecting, sustainable development, and conservation,176 and its contributions to
biomedical innovation in Panama have been cited in a review on the subject.177

Drug Discovery
So far, none of the ICBG programs has been successful in developing a drug to the point of
clinical trials, but several compounds are in various stages of development, as discussed
below. The ICBG programs can thus be seen as successful examples of the application of
the principles of the CBD to drug discovery, with significant progress in the conservation
and development areas and promising progress in the drug discovery area.

The Ipomoeassin Story
Samples of the vine Ipomoea squamosa, a member of the Morning Glory genus, were
collected in Suriname in the 1990’s, and an extract of this plant was found to show strong
cytotoxicity. After initial investigation by the then pharmaceutical partner Bristol-Myers
Squibb, the extract was reinvestigated at Virginia Polytechnic Institute and State University,
and was found to contain a series of six resin glycosides named ipomoeassins A – F with
potent antiproliferative activities.178 The compounds were biologically interesting because
in spite of their very similar chemical structures (Figure 12), they had antiproliferative
activities differing by about two orders of magnitude. This finding indicated that their
antiproliferative activities were not due to some general detergent effect, and a follow-up
experiment in the NCI 60 cell line panel followed by a COMPARE analysis179 indicated a
previously unknown mechanism of action. Ipomoeassin F180 and ipomoeassins B and E181

have been synthesized. It is not yet clear whether the ipomoeassins have the necessary in
vivo activity and other properties necessary for eventual drug use, but at the least they offer
interesting tools for exploration of biochemical mechanisms.

The Coibamide Story
The cyanobacterial depsipeptide coibamide A (Figure 13) was discovered by members of
the Panama ICBG from a collection of the marine filamentous cyanobacterium
Leptolyngbya sp. collected by SCUBA from the Coiba National Park, Panama.182 Like
ipomoeassin A, the potent and highly methylated cyclized depsipeptide had a unique
selectivity profile in the NCI 60 cancer cell line panel, and thus appears to act by a novel
mechanism. Again, it is not clear whether coibamide has the potential to become a drug, but
its availability from a cyanobacterium offers the hope that compound supply may not be a
major obstacle in any future development work, although large-scale culturing of
cyanobacteria is not a trivial task.

The Schweinfurthin Story
The schweinfurthins are a series of stilbene derivatives isolated from the Madagascar plant
Macaranga alnifolia (Figure 14),183 Like the ipomoeasssins and coibamide, they have
strong antiproliferative activity, and they show a unique pattern of activity in the NCI
COMPARE analysis.179,183 They are thus promising candidates for development. Since the
similar compound vedelianin had been isolated previously by Thoison and colleagues184 and
schweinfurthins A-D had been isolated previously by scientists at the NCI,185 their
development is being led by the NCI, with the main focus of discovering their mechanism of
action. In parallel with this work, the Wiemer group has synthesized schweinfurthins B, E,
186 and F,187 and has also prepared several analogues of schweinfurthin F,188 so the tools for
further development of these compounds are available.

Kingston Page 17

J Nat Prod. Author manuscript; available in PMC 2012 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Summary and Conclusions
This review asks the question “Can drug discovery and biodiversity conservation be
combined?” The ICBG programs described briefly above clearly show that the discovery of
bioactive compounds can be combined very effectively with biodiversity conservation and
economic development at the local level. Although funding for these programs has been
relatively modest considering their broad goals and scope, averaging about $600,000 per
year in direct costs spread over several Associate Programs, they have been successful in
stimulating and encouraging biodiversity conservation, and they have contributed
significantly to a number of small-scale economic development initiatives. The major
limitation of the ICBG programs is that they are not self-sustaining, relying on continuing
support from U.S. government agencies. To set against this, they have created enormous
goodwill towards the USA in several countries, and have begun the process of drug
discovery and development. It remains to be seen whether or not any of the promising leads
described above or that remain to be discovered will actually become drugs, but even if they
do not the overall approach has produced many other side benefits.

If developing countries are going to continue to be resources for bioprospecting so that they
at least have the possibility of benefiting from the non-destructive commercial use of their
biodiversity, then two key conditions need to be met, one from the scientific side and one
from the legal side. On the scientific side, it is essential that the search for new drugs from
Nature is pursued in a vigorous and enlightened way, using the best available methods and
approaches, to maximize the possibility of finding new commercial entities. On the legal
side, it is important that source countries provide access to their genetic resources in a fair
and transparent way, with clear and stable provisions for ABS, so that scientists have the
assurance that they will have reliable access to the desired biodiversity provide that they
subscribe to the required ABS provisions. Countries that do adopt such ABS regulations will
be in a position to benefit from biodiversity prospecting and all the fringe benefits associated
with it.
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Figure 1.
Examples of plant-derived drugs and lead compounds.
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Figure 2.
Semisynthesis of paclitaxel
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Figure 3.
Halichondrin B and eribulin mesylate.
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Figure 4.
Trabectidin and its semisynthetic precursor cyanosafracin B.
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Figure 5.
Examples of modified natural products.
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Figure 6.
Hoodia compound P57
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Figure 7.
The Central Suriname Nature Reserve. (a) The three major protected areas of Suriname prior
to 1998; (b) Proposed logging concessions 1995; (c) The Central Suriname Nature Reserve
established in 1998. The green triangles represent Saramacca and other African-style
villages, and the red triangles represent Amerindian villages.
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Figure 8.
(a) The Montagne des Francais in northern Madagascar; (b) Baobab trees (Adansonia sp.) on
the Montagne des Francais. (Photographs by David Kingston)

Kingston Page 32

J Nat Prod. Author manuscript; available in PMC 2012 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
(a) The dry deciduous forest of Oronjia being destroyed by exploitation of woody vegetation
for charcoal production. (b) Celebratory procession at the Ambodivahibe Bay Marine
Reserve. (Photographs by Chris Birkinshaw (a) and David Kingston (b))
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Figure 10.
A view of Coiba Island (Photograph by Alicia Ibañez Tom)
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Figure 11.
(a) Sarondroina bridge in Zahamena, Madagascar; (b) Primary school in Ambodivahibe,
Madagascar. (Photographs (a) by Mamitiana Rakotozafy (b) by David Kingston)
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Figure 12.
The ipomoeassins.
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Figure 13.
Coibamide
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Figure 14.
The schweinfurthins
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