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Abstract—Scientific strategies for the study of natural products from plants have changed substantially in the past few
years for a number of reasons, including advances in technology, new molecules of substantial interest, changing
ethical principles for organism collection and heightened awareness of the chemical and biological potential of the
tropical rain forests. This review reflects on these changes and discusses, with recent examples, how they have

impacted the conduct of natural products chemistry.

INTRODUCTION

In the past 10 years, approaches to the study of biolo-
gically active natural products have changed so dramati-
cally that one is almost tempted to say that a new science
has been born. Of course that it is not really the case, but
certainly the quiet, almost silent, revolution that has
occurred has for ever altered the way that natural prod-
ucts research will be conducted. In other presentations
my colleagues and I have commented on some aspects of
these changes, and in particular, how this has affected
pharmacognosy [1-16]. Here, I would like to take
a somewhat broader approach and examine how the
combined impacts of changing biologies, technological
advancements and the impact of new philosophies and
a new awareness of biological diversity and its import-
ance to the human race has modified the strategies by
which natural product chemistry and biology are being
pursued. In a previous article [17], Hamburger and Hos-
tettmann reviewed the development of medicinal plant
research in the period 1960-1990, as a celebration of the
30th anniversary of the founding of Phytochemistry. Sev-
eral other articles have reviewed progress in natural
product chemistry and the importance of natural prod-
ucts to the discovery of new biological and medicinal
agents [10, 13, 15, 18 — 257. In addition, Natural Product
Reports published by the Royal Society of Chemistry
provides regular coverage of many individual groups of
compounds. This review complements and expands on
certain aspects of those reviews and reflects, with the
assistance of selected examples, on changes in the con-

duct of natural product chemistry which have occurred
for political, scientific and technological reasons.

Some of the areas in which strategies for the conduct of
natural product chemistry have changed include plant
selection and collection, isolation techniques, structure
elucidation, biological evaluation, semisynthesis, derepli-
cation, and biosynthesis. Aspects of the tremendous
changes occurring in each one of these areas will be
mentioned, recognizing that each of these topics could be
the subject of individual review articles or even books.
Perhaps one of the significant aspects of the past 10 years
has been the number of new journals devoted in whole, or
in part, to aspects of the chemistry of natural products.
These include Phytochemical Analysis, Natural Product
Letters, Phytotherapy Research, the Thai Journal of
Phytochemistry and the revived International Journal of
Pharmacognosy. Established journals such as the Journal
of Natural Products and Phytochemistry have steadily
expanded. For example, in 1984 the Journal of Natural
Products published 1088 pages in six issues. For 1994 the
corresponding data were 1787 pages in 12 issues. Also
noteworthy are the plethora of books at the scientific
level, as well as many popular books on herbal remedies
and the value of plants as medicinal and biological agents
which are published each year. Some of the books re-
viewed in Phytochemistry and the Journal of Natural
Products in 1994 are cited [26-46], including books
which are devoted to broad-based studies on single com-
pounds [45-47], the publication of papers from sympo-
sia on the chemistry of natural products [27, 30, 31, 44]
and detailed compilations of natural products and their

1585



1586

sources [32-34, 36, 38, 42], something that would have
been unheard of 10 years ago.

The burgeoning natural product literature has also
spawned several current awareness services, including
those of Chemical Abstracts, the Royal Society of Chem-
istry and Phytochemical Analysis. For natural product
chemists, a significant development is having a source
such as the Dictionary of Natural Products available in
CD-ROM format, with a commitment to provide regular
updates. Other database systems will surely follow.
Coupled with desktop, essentially instantaneous, access
to the Science and Technology Network (STN) of the
Chemical Abstracts Service and the Grateful Med service
of the National Library of Medicine, strategies for the
acquisition of prior information have also changed sub-
stantially in the past few years. With more and more of
the primary literature being available directly on-line,
one can imagine that while strategies for publishing and
accessing the chemical literature on natural products
have changed substantially in the recent past, they will
change even more dramatically in the very near future.
The era of the printed scientific paper may be nearly at an
end, replaced by a submission, review and publishing pro-
cess which is totally electronic and instantaneously global.

This paper could almost be titled the “Yin and Yang of
Pharmacognosy’, for what has happened in natural prod-
ucts chemistry in the past few years has been the estab-
lishment of a new balance, or rather several new
balances. The very yang, masculine, pharmaceutical com-
panies are still ever present, producing allopathic medi-
cines at a steadily increasing cost, but now balanced, in
a yin, feminine, way in many parts of Europe and the
USA by a return to nature, to phytopharmaceuticals, and
to natural remedies and cosmetics. The yang activities of
collecting plants and other organisms without per-
mission and consent are now mollified by a yin view in
which indigenous rights are respected. Thus while the
yang, high-tech, approach has certainly advanced both
the pace and the sophistication of natural product chem-
istry, in the long run it will be the yin approach of
sustainable conservation which will ultimately yield the
greatest benefit for the Earth [48].

Besides a number of broad and quite general literature
sources, including the popular press, articles in the 1994
issues of Phytochemistry, the Journal of Natural Products,
Phytochemical Analysis and Natural Product Letters were
specifically scanned for glimpses of these new strategies.
Let us begin then at the beginning, for one of the most
important issues that natural products chemistry may
face in the years to come in access to biodiversity. Although
this article is focussed primarily on plants and their derived
products, many of the same comments also apply to the
study of lower plants and microorganisms, as well as to
marine organisms in all their vast diversity. One disclaimer:
this brief review is not intended to be an up-to-date survey
of the status of natural product drug discovery.

PLANT SELECTION

The six approaches fg the selection plant materials for
study have been described elsewhere [6,7, 10, 15]. Here it
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is sufficient to indicate thiat of these approaches, the
locally random, the taxonomic, the ethnomedical, the
phytochemical, the information based and serendipity,
two in particular, the phytochemical and the information
based, essentially for the same reason, have been modi-
fied in recent years. That reason, of course, is the intro-
duction of the personal computer and the resultant
desk-top access to large databases which can be pro-
cessed in a myriad of ways.

One example of such usage was described in connec-
tion with our discovery program on plant anticancer
agents [7, 8, 11, 12, 14]. But theoretically, the same
strategy could be applied for programs aimed at drug
discovery in any one of a number of therapeutic areas,
including antifungal, antiviral, analgesic, antimalarial,
antibacterial, antidiabetic, and cardioactive agents. Such
a strategy relies on the ability to have available
a database which has three sets of information: (i) a list of
those plants for which there exist ethnomedical reports of
biological activity, (it) a list of those plants for which
there is either in vitro, in vivo or in human biological data
regarding activity, and (iii) a list of the sources of the
natural products which show activity in this thera-
peutic category or in any one of the bioassays mentioned
in (ii).

In a discovery program, there is rarely a desire to
reisolate known active metabolites which do not have the
potential to be developed further. Thus, the goal is estab-
lished of matching these data bases in order to establish
a group of plants, or other organisms, for which there are
both ethnomedical and biological data available, but from
which no active principle has been isolated. If this list of
plants is long, and potentially beyond the fiscal resources
needed to collect the whole list, secondary criteria can be
applied, including, the incidence of multiple usages
around the world, clinical versus biological data and the
endemicity, uniqueness or phytochemical knowledge re-
lated to a particular genus. From such a study, a list of
potential plants to be collected may be whittled down
from several hundred to a more manageable 50 or 100
high-priority, targeted plants for collection. Recognizing
that such collection programs are very expensive and
more time consuming that locally random collection, it is
common that all available plant parts, other than solely
the part indicated from the ethnomedical usage, are col-
lected. :

Farnsworth appreciated that the compilation of litera-
ture data was important for the future of natural product
chemistry, and began in 1969 to publish a current aware-
ness journal Pharmacognosy Titles on a monthly basis. In
1975, it was recognized that these data should be com-
puterized in a more accessible and malleable form, and -
NAPRALERT was born. This system has the ability to
do analyses of the type described above, and indeed has
been used for that purpose in the development of several
drug discovery programmes both by our group at the
University of Illinois at Chicago, as well several pharma-
ceutical companies and the World Health Organization.
NAPRALERT contains ethnomedical, chemical and bio-
logical information from more than 115000 scientific
research articles representing 129000 chemical com-
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pounds, and over 48000 plant, marine, microbial and
animal species. The database is available through a num-
ber of global information networks, including the Scient-
ific and Technical Information Network of the Chemical
Abstracts Service. It is extensively used by the pharma-
ceutical and herbal industries, as well as by government
agencies and individuals in academic settings all over the
world.

Since more than 80% of the world’s population use
plants as their primary source of medicinal agents [49], it
is not surprising to find that in many countries of the
world there is a well-established system of traditional
medicine, whose remedies are still being compiled. In
some instances, such as the Chinese, the Ayurvedic or the
Kampo systems these remedies are well documented, and
many are commercially available, being produced as
lyophilized extracts in facilities comparable to those be-
ing used for the production of allopathic medicines. In
other cases, traditional remedies are closely guarded se-
crets held only by the shaman or curandero and passed
on solely to tribal apprentices [50]. While alarm at the
rate of disappearance of traditional healers and their
apprentices has been expressed [51]. it is also true that
until the late 1980s there was relatively limited interest in
the developed world in such indigenous knowledge
providing only minimal assistance to developing coun-
tries to preserve, collect and systematize such knowledge.
The recent substantial interest in natural products has
resulted in an increasing respect for this knowledge, par-
ticularly as products based on some of this knowledge
have been introduced in the developed countries. The
numerous issues surrounding biodiversity prospecting
have been described in several books [52-55]; aspects
will be discussed subsequently.

The area of science which has recently come to the fore,
as at least an alternative way to discover biologically
active natural products from plants, is ethnobotany,
whose leading journal is the Journal of Ethnopharmacol-
ogy. Ethnobotany has evolved rapidly in the past few
years, and several authors have reviewed aspects of these
developments [56-59]. The CIBA Foundation recently
organized a follow-up symposium [60] entitled ‘Eth-
nobotany and the Search for New Drugs’ demonstrating
the substantial rise in activity and acceptance of using an
ethnobotanical approach for drug discovery. In this sym-
posium, the approach of Shaman Pharmaceuticals has
been described by King and Tempesta [61] and else-
where by King [62]. Before an expedition, regional
studies are conducted on the epidemiology, traditional
medicine, culture and ecology of the people and their
environment. In the field, ethnobotanists and medical
doctors work together in presenting specific disease case
descriptions having visible symptoms to shamans. Work-
ing initially with local translators, once the shaman has
recognized the disease, the plant material(s) and their
method of preparation used for treatment are recorded
and the plant collected. Further observations are made
when the physician assists the shaman in providing
health care to the local people. Shaman has focused on
the establishment of long-term relationships with various
indigenous communities and has established policies
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which provide for short-, medium- and long-term bene-
fits to these communities through a conservation organ-
ization: The Healing Forest Conservancy. One of the
goals of returning resources to the community is to
establish sustainable supply and extraction industries,
which is considered a vital aspect of economic develop-
ment. Besides returning results of biological experiments
to the communities, such partnerships also involve
assistance in the conservation of biological and cultural
diversity, thereby forging a strong linkage between the
discovery and sustainability.

In 1989, Phillipson and Anderson [63] reviewed the
contribution that plants had made to Western medicine,
using as an example the application of various alkaloids
in current medical practice and also citing the proceed-
ings of several meetings which focussed on drug dis-
covery from traditional medicines. Their conclusion was
that this area deserved ‘to be pursued rigorously’. How-
ever, the fact remains that many scientists in pharmaceut-
ical industry offer scant respect for the possible
effectiveness of an antimalarial remedy of a hill-tribe in
Thailand.

Cox and Balick, both former students of Richard
Schultes, who is regarded as ‘the father of ethnobotany’,
have also described their approach to ethnobotanically
based drug discovery [64]. They discuss the validity of
searches based on ecological niches, such as absence of
predation, or use as fish poisons or in blow darts, and the
approach of working in regions with tribes which have
powerful healers. It has long been established that such
information sources provide a much higher ‘hit rate’ for
plant extracts than random screening, and Cox and
Balick have independently confirmed this. They go on to
describe how to select a tribal society with which to work,
biological diversity, stability of the society, tradition of
healers who pass their knowledge on through appren-
tices. Cox has worked in Samoa with the herbalists or
taluasea and describes how it may take weeks, months or
even years to establish relationships, learn local customs
and language and the uses of the plants in healing.
Permission is sought to collect plants which are then
dried and shipped. Cox has described how from the
Samoan plant Homalanthus nutans, the phorbol deriva-
tive prostratin was discovered as possessing good anti-
HIV activity, following on the lead of a plant used locally
for yellow fever. Compensation to the Samoan people
has been assured through royalty commitments, and
a foundation has raised funds to establish rain forest
preserves in Samoa for the sustainable use of medicinal
plants by future generations. Balick has described his
work in Belize which has led to the founding of an
ethnomedical forest preserve, managed by a local associ-
ation of traditional healers. Such steps are very empower-
ing to local peoples who typically feel powerless in the
face of logging companies and ranching combines.

Holland [65] has suggested that an alternative ap-
proach to drug discovery would be to scan ancient texts
for clues to new biological agents, as part of a collabora-
tion between classicists (Greek and Latin) and scientists.
Additionally, as Bruhns has related [66], even ancient
monasteries, such as one in Soutra, Scotland, the site of
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a medieval hospital, may yield clues to the use of medi-
cinal plants (opium, hemlock, henbane and even ergot).
Though the finding of medicinal plants in grave sites
dates back to at least the Middle Paleolithic period,
60000 years ago [67].

PLANT COLLECTION

One of the first decisions that anyone planning a pro-
gramme for natural product discovery research and de-
velopment faces is the source(s) which will be used. This
decision, together with decisions regarding extraction
processes and biological assays are the fundamental
framework of a discovery programme. For many phar-
maceutical companies, the decision has been simply to
acquire biodiversity in order to broaden the chemodiver-
sity of available structures. Their linkages for natural
product screening are through chemodiversity obtained
either from existing in-house or purchased chemical
libraries, or through combinatorial libraries [68-70].
Thus, a random collection of say 10000 different plants
may represent 50000100000 different natural product
structures. Like the libraries of purified chemicals, these
samples become part of a bank of samples which can be
put into 96-well plates for biological analysis in the same
way that 50 000 synthetic chemicals can be screened. For
most pharmaceutical companies, until a lead is identified
and more sample required, the source is irrelevant. This
point will be expanded upon subsequently.

Once a natural product lead is identified through
a random screening process, different strategies come
into play. For example, if a lead were identified from the
genus Bupleurum in a particular enzyme-based assay, and
additional testing revealed substantial in vivo activity,
a decision would have to be made as to how this would
be pursued; (a) chemically with respect to sourcing either
the natural product or an active derivative thereof, or (b)
chemically with respect to a total synthesis/medicinal
chemistry initiative for either the whole structure or its
pharmacophore. In the event that the lead compound
was not amenable to effective synthesis, alternative
sourcing, involving the collection and study of other
members of the genus, or other plants known to contain
similar metabolites would be initiated. If these ap-
proaches fail, semisynthesis of related, more abundant
derivatives, or alternative cultivation strategies, such as
establishment of plantations or tissue culture would be
considered.

A recent example where the factors of the development
of human medicines and protection of the environment
have been played out in a quite open forum has been the
development of taxol (now called paclitel) as a clinical
entity for the treatment of cancer [46, 47], following the
demonstration that it operated by a different mechanism
of action than any other known cytotoxic agent [71-74].
Numerous reviews have discussed the discovery, the
chemistry and the biology of taxol [75-85], a compound
first described as a cytotoxic agent from the Western
Pacific yew, Taxus brevifolia by Wall and collaborators
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in 1971 [86]. In Phase II clinical trials, taxol was found to
have excellent activity against ovarian cancer [87], but
the problem which had loomed earlier, supply, now came
to the forefront. In order to obtain 1900 g of taxol, it had
required the felling of 6000 trees to acquire 27,300 kg of
the bark from this very slow growing tree; 25 kg of taxol
were to be required for the multicentre clinical trials.
Clearly, if taxol were to become an approved agent, as it
now has, this was not an environmentally acceptable
source [88, 89], indeed some estimates projected such
a source of supply would last for only 5-10 years [77].
New strategies directed towards the continuous supply of
taxol were needed.

An unprecedented meeting was organized by the Na-
tional Cancer Institute in Washington, DC in June, 1990
to attract commercial and academic participants to the
program and develop a plan. Four possibilities for supply
could be considered: (i) find a better source for the supply
of taxol such as a different species or a cultivar of Taxus,
or a different plant part or cultivation conditions,
(ii) semi-synthesis of taxol from a more abundant precur-
sor, (iii) total synthesis of taxol, and (iv) tissue culture
production of taxol or a close relative [90]. All of these
routes have been attempted, with success being achieved
in only one: semisynthesis. Some might argue that total
synthesis is also a success, and indeed three total syn-
theses have been achieved [91-96], and are monuments
to the evolution of synthetic organic chemistry. But these
routes, and with several others underway, will not sup-
plant semisynthesis of taxol from 10-deacetylbaccatin
Il [97], or even afford derivatives whose biological
significance can be evaluated for potential drug
development.

The increasing interest in taxol and its derivatives,
coupled with issues of supply have prompted a number of
studies related to the storage of Taxus plants. Sabin and
co-workers [98], for example, analysed seven taxanes in
extracts from the bark and foliage of Taxus brevifolia
during the course of a year. Taxane levels tended to
increase during the late spring and during the summer.
Levels of baccatin III and 10-deacetyl baccatin III were
maximal in the late fall.

Taxol clippings have also been suggested as a potential
source of taxanes, and Nair and co-workers have studied
the effects of post-harvest storage on taxol content in
Taxus x media ‘Hicksii’ [997] and found that yields were
slightly higher in the biomass after about 10 days of
storage, particularly at 22°. Croom and colleagues
looked at clippings of dried Taxus biomass on a monthly
basis over 15 months [100] and found that dried clip-
pings could be stored without loss of taxol and that fresh
clippings also maintained their taxol level over 10 weeks
when stored under refrigeration. These are all important
steps in considering future availability of the drug.

The analysis of Taxys samples for taxol and taxane
derivatives has attracted substantial attention as the
search has continued for either high yielding strains of
Taxus containing taxol or its derivatives. Among the
many techniques which have been applied are fast-atom
bombardment mass spectrometry [101], matrix-assisted
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laser desorption mass spectrometry [102], as well as
thermospray [103] and electrospray [104, 105] tech-
niques. An enzyme-linked immunosorbant assay
(ELISA) has also been described, but cross-reaction with
the related compound cephalomannine was observed
[106]. Two groups have now reported the use of tandem
mass spectrometry to address this analytical issue
[107,108]. Hike et al. [107], for example, applied tandem
MS-MS with an internal standard of trideuterated 10-
acetyl taxol, and found that extracts could be analyzed at
the picomole level with a relative standard deviation of
17% or better in 5 min or less. In addition, these samples
were analysed by HPLC which was also effective in the
high picomole to low nanomole range of detection, but
the sample analysis was longer (40 min).

The Bristol-Myers Squibb group [108] used an integ-
rated analytical system to profile 18 naturally-occurring
taxanes. The system consisted of reversed-phase HLPC
with photodiode array detection coupled (20:1 effluent
split) to the ionspray (nebulizer assisted electrospray)
interface which generated abundant (M + NH,)* ions as
the base peak for each taxane. The patterns generated by
the collision-induced dissociation of the (M + NH,)*
tons were then used to provide a template for identifica-
tion of substructures. The correspondence between the
LC-UYV profile and the LC-MS total ion chromatogram
was impressive in showing the power of these combined
techniques to determine the potential nature of taxanes
in examining biomass samples, process intermediates and
unfractionated active samples.

The search for new agents continues, now using very
different approaches. Several years ago, the National
Cancer Institute described the establishment of intra-
mural drug discovery programs for both cancer and
AIDS, whereby samples from both the marine and the
plant kingdoms would be collected, extracted and
screened in the selected assays [109-112]. In this pro-
gram, locally random collection of samples occurs, and
for the collection of plants, the world has been divided
into three areas, Africa, Central and South America and
the Western Pacific rim. Three groups, the New York
Botanical Garden, the Missouri Botanical Garden and
our group at the University of Illinois at Chicago, led by
Dr D. Doel Soejarto, have been contracted to provide
samples. When a lead is identified and scale-up is needed,
the original supplier is contracted to acquire additional
material for large scale isolation.

Pharmaceutical Companies who are also accessing
plant materials on a broad basis, now routinely use
botanical gardens and taxonomists at universities to as-
sist them in their sourcing of plant biodiversity, as well as
specialized groups experienced in the acquisition of vari-
ous marine samples, including those in deep water, where
submersibles are required. This is a major strategic shift
from the way that samples were collected when the natu-
ral product collection programmes focused more on the
evaluation of microorganisms, particularly those derived
from soil samples. Under these circumstances, it was
common for the pharmaceutical company to ask its em-
ployees, whenever they travelled on business to a new
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location or went on vacation, either locally or abroad, to
bring back several soil samples which could be sent to the
microbiology department for culturing, selection, identi-
fication and eventual screening and storage. Numerous
antibiotics were discovered in precisely this manner
[113], without consideration of compensation or ac-
knowledgement of the source. For reasons which will
become immediately apparent, this approach to obtain-
ing microorganisms is no longer acceptable; those rea-
sons relate to intellectual property rights.

INTELLECTUAL PROPERTY RIGHTS

No other area of natural products chemistry (not even
the story of taxol!) has received as much attention in the
past few years as intellectual property rights (IPR). Al-
though perhaps not yet widely appreciated by many
natural product researchers, IPR and the Convention on
Biological Diversity which emerged from the Earth Sum-
mit held in Rio de Janiero in 1992 [114], may, in the
long-term, be one of the most profound steps ever taken
in natural products chemistry. Heads of State, political
leaders, environmentalists, activist groups and scientists
witnessed a meeting at which, with the exception of one
nation, 153 countries agreed that beyond personal inter-
est, the health of the planet and the conservation of its
resources, particularly its biodiversity, were the most
important single factors for the long-term survival of the
human race.

The Convention commits the signatories to substan-
tive action in numerous domains within their territorial
boundaries [115], including the development of national
plans, strategies or programmes for the conservation and
sustainable use of biodiversity; establishing an inventory
and monitoring of the components of biodiversity and of
the processes adversely impacting it; the development
and strengthening of mechanisms for biodiversity conser-
vation; the restoration of degraded ecosystems; the pres-
ervation and maintenance of indigenous systems of
biological resource management; the equitable sharing of
benefits with such communities; and the integration of
biodiversity concerns into national decision making. The
new global awareness provoked as a result of the Con-
vention and its outcomes has substantially heightened
public knowledge of the issues with respect to the tropical
rain forests of Asia, Australasia, Africa and Central and
Southern America. With that has arisen a new awareness
in many countries that biodiversity is indeed valuable,
that a country does have the right to protect access to it
and the right to demand compensation for such access
[53, 116].

In the long term, conservation of genetic resources and
continued, controlied access to these resources both ter-
restrial and marine are critical for the future development
of natural products chemistry. The future health and
welfare of the human race may well depend on the appro-
priate exploration of these genetic resources [22,48, 117].

One other aspect of plant collection which has
changed as the selection and testing strategies have evol-
ved is the scale of operation of the collection programme.
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When in vivo biological evaluation was the primary
screening modality, it was necessary to collect initially
5-10kg of dried plant material so that a reasonable
quantity of extract could be available to allow testing up
to 200 or even 400 mgkg ™! in a rodent model. As more
and more highly selective in vitro assays have been de-
veloped, the quantities of dried plant necessary for total
collection, including storing material for the early part of
the next century, has dropped to 50-500 g. The ecologi-
cal impact of this reduced collection requirement should
not be underestimated. In addition, these trends have
been extended to the plant parts which are collected, i.e.
collectors will usually not collect bark material from
living specimens, if this will risk survival of the tree, and
only very limited parts of total root systems are collected.

Environmental issues are also very much involved in
a situation regarding a compound being evaluated as
a potential anti-HIV agent. Calanolide A was isolated by
a group at the National Cancer Institute, together with
several related derivatives, from the fruit and twigs of the
tree Calophyllum lanigerum var. austrocoriaceum col-
lected in Sarawak, Malaysia [118]. The compound dis-
played quite potent activity in the whole cell HIV-1 assay
and was considered a good candidate for development.
However, when Soejarto and colleagues returned to the
tree that had yielded the original sample it had been cut
down, only the stump remained. Four further collection
trips seeking both neighboring trees of the same species
and in the same genus have thus far failed to yield
calanolide A [119]. Although some related compounds
have been isolated from Calophyllum teysmannii var. in-
ophylloide [120] and Calophyllum inophyllum [121], as
yet, none has shown the activity profile of calanolide A.
Now seedlings of C. lanigerum have been established at
the Botanical Research Center in Sarawak, and the prov-
incial government has banned logging of the species
[122].

Another group of compounds which is proving to be of
great interest from many different perspectives are the
michellamines [123], a group of dimeric naph-
thylisoquinoline alkaloids possessing anti-HIV activity
[124, 125]. The compounds were isolated from a new
species of Ancistrocladus, now named A. korupensis after
the Korup National Park in Cameroon where the trees
yielding these alkaloids were first isolated [126]. Several
challenges have dominated work on these compounds
including defining the three types of stereochemistry
(four centres, two biaryl axes and a configurationally
labile axis) in each alkaloid [124, 127], the ability of
certain of the alkaloids to interconvert [125] and their
partial [128] and total, stereochemically controlled syn-
thesis [129, 130]. The compounds appear to act by two
different mechanisms, reverse transcriptase inhibition
and inhibition of syncytium formation [131].

PRIORITIZATION

Within a biological agent/drug discovery programme
searching for leads based on natural product sources,
there are always bottlenecks; points at which the rate of
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flow exceeds capacity. It is now becoming apparent that
selection, collection, extraction, and biological evalu-
ation are no longer impediments to the flow of samples
through the discovery pipeline; but that bioactivity-di-
rected fractionation certainly is. Depending on the ‘hit
rate’, a concept which will be described and discussed
subsequently, there may be a few (10-20) or many (sev-
eral hundred) samplgs which show ‘activity’ in a given
bioassay screen. Isolation and structure elucidation of
the biologically active principle requires the skill of an
isolation chemist, maybe several. Since this step is so
labour intensive, a chemist can work on only a limited
number of active samples at the same time, maybe 10 if
the activity is well-concentrated into limited fractions, or
six if the activity is spread though several polarity/chem-
ical groups. Because of this limitation, one is immediately
faced with developing a method, or a series of secondary
criteria, to the selection process. In many large pharma-
ceutical companies, these strategies include, applying
a secondary screening process using additional bioas-
say(s), evaluating the spectrum of response in the 40-50
primary bioassays currently operating in order to estab-
lish a unique, or a multiple level of interest based on
selectivity or potential mechanism of action. Chemo-
taxonomic or ethnomedical information can be applied
to eliminate species which either have been well-studied
previously or which are likely to yield known active
metabolites.

The preference, almost requirement, of novelty of
structure associated with biological activity in order to
establish a patent position results in other strategic choi-
ces. For at this point many groups apply various derepli-
cation strategies. In terms of time to isolate a novel active
compound and more importantly, to conclude one study
and move on in a timely manner to the next active plant,
companies have developed sophisticated, literature sur-
veillance, HPLC-linked mass spectrometric systems tied
into databases of natural products whose mass and UV
spectra have been characterized.

An extension of this process, where equipment is now
being marketed, is to access the HPLC effluent from such
a system and after concentration into 96-well plates,
evaluate the separated extract biologically, and, through
database access to natural product libraries, begin pre-
liminary identification of natural products at the earliest
possible screening stage. This strategy serves a many-fold
purpose. Firstly, it allows the original activity to be
confirmed, possibly in a secondary assay. Secondly, it
may illustrate whether one or more compounds, or types
of compounds, are responsible for the biological activity.
Thirdly, when the activity is associated with a given
fraction of the chromatogram, where a dominant com-
pound is present, it may be possible to identify that
compound directly. The process has been described as
consisting of three phases, a separation phase, an in-
formation gathering phase and an information manage-
ment phase. Following HPLC gradient separation, the
eluant is passed through a UV-Vis diode array spectro-
meter and the stream split unequally (approx. 49:1).
Post-column, the smaller stream is treated for either
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positive and negative ion production in the electrospray
interface of a mass spectrometer. The larger stream is
recovered into 96-well plates and the sets of plates are
bioassayed. The datasets of UV—Vis, positive and nega-
tive ion spectra and the bioassay result localize the activ-
ity to a portion(s) of the HPLC chromatogram. Knowing
the botanical source, the compounds of selected mass
may be searched in the database for that plant or a re-
lated species, and the mass and UV spectra of candidate
compounds compared. Such technology is now routinely
being used in our laboratory for the evaluation of sam-
ples displaying anticancer, cancer chemopreventive and
anti-HIV activity [132]. In the event that an active ex-
tract affords a separable series of unknown active com-
pounds, this extract is considered to be of high priority
for large-scale (100-1000 mg) fractionation. We believe
that this procedure will become routine in many drug
discovery laboratories in the near future.

Corley and Durley of Monsanto Company [133] have
provided an overview of the databases available for de-
replication including the Dictionary of Natural Products,
Bioactive Natural Products Database, DEREP, MARIN-
LIT, and the Marine Natural Products Database, as well
as the services of selected files of STN. In this way,
information services, both for literature as well as the
substructure searching, can often be brought to the bench
chemist rather than being in the hands of an information
specialist. They have estimated that for each natural
product dereplicated a savings of approximately US
$50,000 is generated in isolation and identification time,
which can then be used for the discovery of novel bioac-
tive compounds.

There are also other purposes related to dereplication
studies. One of these was uncovered recently by the
National Cancer Institute in their anti-HIV screening
program [134,135]. About 15% of the extracts from
plants, cyanobacteria and marine invertebrates and algae
showed activity in the primary whole cell anti-HIV
screen. Such a high percentage indicates that either the
criteria for activity, the ‘hit rate’, is set too high or that
there is a recurring group of active compounds. The NCI
group discovered that in this particular case it was the
latter, and traced the activity to the frequent occurrence
of sulfated polysaccharides, which are known to possess
anti-HIV activity [136]. This led to the development of
a dereplication protocol for the removal of anionic poly-
saccharides by precipitation from an aqueous solution
with an equal volume of ethanol [134] prior to biological
evaluation.

In a way, this situation parallels the experience that
numerous research groups around the world have re-
cently experienced with the group of compounds known
as tannins. Both the anthocyanin-derived, as well as the
condensed tannins contain numerous phenolic hydroxy
groups. These compounds have the ability to bind to
diverse proteins and enzymes leading to inhibition of the
enzyme activity. If that inhibition is what is being meas-
ured in the particular assay, and yet tannins are deemed
to be not of interest for development, a ‘false-positive’
response has been obtained. Given the very wide distri-
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bution of tannins in the plant kingdom [137], it has been
necessary to devise a number of techniques to eliminate
tannins from the screening process. Some strategies in-
corporate this as a first purification step to all extracts
after the extract is obtained, other strategies include this
only for ‘actives’, which are then detannified and retested.
Several procedures are available for detannification
[138-141], and the choice is often one of personal prefer-
ence. There has been no definitive study as to which
procedure, cafleine precipitation, polyamide chromatog-
raphy or PVP complexation, is the most efficient, nor has
there been a study of the selectivity of these procedures
for the various classes of polyphenolic compounds
(flavonoids, xanthones, lignans, etc.) which might also be
removed in these procedures [135].

The NCI group has extended this strategy to a more
general approach for aqueous extracts [135] in which
a series of solid phase extraction cartridges is used for
dereplication. After a 50% aqueous ethanol precipitation
to remove the polysaccharides, the supernatant is passed
through a polyamide column to remove tannins and then
through Sephadex G-25, and selected bonded-phase car-
tridges (C, and C,,). Four fractions were tested and
different elution profiles retaining anti-HIV activity were
observed. This technique complements some other
chemical screening approaches [142, 143], as well as tra-
ditional phytochemical screening [144], which do not
concurrently focus on biological activity.

Cucurbitacins are well-known as cytotoxic agents, and
cucurbitacin E is being evaluated in various in vivo
xenograft models as a potential agent for clinical devel-
opment. Consequently, there is a need to identify plants
which may contain these compounds as active metab-
olites at an early stage in the isolation process. The
COMPARE program [145] permits the recognition of
patterns of cytotoxicity in the NCI cell line panel, and the
NCT group has recently reported the use of this program
in the dereplication of extracts of Iberis amara, Begonia
plebeja and Gonystylus keithii for cucurbitacins [146].
Coupled with literature analysis, this permitted decisions
to be made regarding whether to conduct a detailed
bioactivity-directed fractionation or simply fractionate
for the anticipated active principle(s).

ANALYTICAL TECHNIQUES

The new journal Phytochemical Analysis is dedicated
to the description of new, analytical research techniques
and their application in the analysis of natural products.
Hence this is a good source of numerous techniques
which may have broad application beyond their original
use. In addition, there are regular reviews of important
analytical techniques once they have become well-estab-
lished in the field and are widely available.

Chromatographic techniques

The ability to separate and purify steadily decreasing
amounts of natural products from complex matrices has
been a major factor in the burgeoning of known natural
products in the past 15 years. Numerous new techniques
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have been introduced including droplet counter-current
chromatography (DCCC), rotation locular counter-cur-
rent chromatography (RLCC), and centrifugal partition
chromatography (CPC). In addition, the advent of re-
verse-phase strategies for chromatographic separation,
either through TLC or HPLC has afforded the natural
product isolation chemist a very diverse range of tech-
niques which might be applied to individual challenges of
separation. Several years ago, Hostettmann and
coworkers reviewed the progress in CPC technology and
its use for the analytical and preparative separation of
diverse natural products [147]. In addition they com-
pared the effectiveness of CPC, DCCC and RLCC for the
separation of a series of flavonoids and found the former
technique using a multicoil system to be the most effec-
tive [147]. The same group has also reported on a bio-
autographic method for the detection of antifungal (Can-
.dida albicans) compounds [148] to parallel a previously
described antibacterial technique [149].

New techniques for isolation using other forms of
chromatography are also under development. For
example, Moriyasu and colleagues have described the use
of ion-pair extraction and ion-pair high performance
liquid chromatography using perchlorate as the ion-pair
reagent for the concentration and preparative separation
of the quaternary quinoline and isoquinoline alkaloids of
Zanthoxylum usambarense [150].

Chiral procedures

Most natural products occur in only one enantiomeric
form (e.g. mono-sesqui-, and triterpenoids, as well as
steroids). Other natural products may occur in either
enantiomeric series (e.g. diterpenoids), while in other
cases one enantiomeric series dominates, while the an-
tipode may occur in perhaps a different type of organism
(e.g. amino acids, sugars, certain alkaloids). Since the
recognition of chirality, non-destructive methods for res-
olution of enantiomers, or the ability to define enan-
tiomeric purity have been needed by natural product
chemists. More recently, this need has spread to the
biological area, where, as more enzyme and receptor
interactions have been probed at the molecular level, it
has become clear that enantiomeric compounds can be
expected to differ substantially in their biological activity
[151]. In 1992, the U.S. Food and Drug Administration
issued guidelines regarding the marketing of chiral drugs
which left pharmaceutical companies the choice of
whether to develop such drugs as racemates, single enan-
tiomers or enriched mixtures. For most companies the
decision was to commit to a single enantiomer, resulting
in a new facet to the biotechnology industry dedicated to
the improvement of chiral technology [152]. The im-
plications for natural products chemistry are many-fold
regarding both the enantiomeric purity of a particular
isolate, which may be difficult to define in the absence of
a purified enantiomer, as well as the biological aspects of
the isolate. Thus, interest has grown in the synthesis and
evaluation of ent-natural products.

Brossi has examined a number of interesting alkaloids
in this respect, including colchicine, physostigmine and
morphine [153], and our group has looked at the biolo-

G. A. CORDELL

gical activity of the atropisomers of gossypol [154,155].
In the latter case, the (—)-form acts as a male contracept-
ive agent, whereas the (+)-form is devoid of comparable
activity. Our work was critically aided by a collaboration
with Pirkle at our Urbana campus, who at the time was
developing varidus chiral stationary phases [156].

Since that time numerous types of chiral stationary
phases have been introduced which have been character-
ized into five types based on their solute-chiral stationary
phase bonding interactions: the helical polymer phases,
the ligand exchange columns, the protein phases, the
chiral cavity phases and the donor-acceptor type col-
umns. For the separation of natural or synthetic racemic,
or partially racemic mixtures, for investigating the enan-
tioselectivity of molecular recognition from a biological
or a chemical perspective, it is clear that such chiral
systems have become an integral and rapidly evolving
aspect of natural products chemistry. Strategically, the
synthesis of a racemate which can be separated into its
various stereodiscrete forms, which can then be evaluated
biologically offers an attractive approach to potentially
optimizing biological activity for a given structure.

Chiral procedures using modified cyclodextrins (e.g.
octakis-(2,3-di-O-acetyl-6-O-tert-butyldidmethylsilyl)-
y-cyclodextrin and heptakis(2,3-di-O-methyl-6-O-tert-
butyldimethylsilyl)-f-cyclodextrin) are also available for
gas chromatography and have been applied to the separ-
ation of monoterpenes [157] and apple butanoate esters
[158], respectively. More recently, this work has been
extended to a complete stereoanalysis of Buchu leaf oil
which is used in various aromas and fragrances [159].
Such analyses may in the future become a very important
way in which essential oils are evaluated and graded for
their sensory qualities. Similar comments might also be
made about the flavours of fruits. The same group, for
example has looked at the chiral separation of the bu-
tanoate esters of various apple varieties using enantio-
gas chromatography isotope ratio ms [160].

The need for the analysis of phytopharmaceuticals, as
well as traditional medicines and various ethnomedical
preparations, has continued to spawn numerous im-
provements in the analytical techniques for the standard-
ization of the active principles. Quantitative tlc has
recently been used [161] for analysis of the iridoids of
Linaria from which acetylpectolinarin is used as a car-
diostimulator, and a rapid HPLC system has been de-
scribed in order to analyse the valepotriates in hairy root
cultures of Valeriana officinalis var. samucifolia [162].
A Chinese group [163] has applied SIMCA pattern rec-
ognition for the evaluation of extracts of Tripterygium
wilfordii and T. hypoglacum, which are used for their
anti-inflammatory activity. Using infrared data from
various wavelength channels, it was possible to classify
the roots of T. wilfordii. In addition, the need for im-
proved techniques for the analysis of various plant toxins
which might be present in grazing foodstocks or herbal
teas continues. The most important of these toxins are
the pyrrolizidine alkaloids, and Molyneux and colleagues
have described an improved reverse-phase, ion-pair
HPLC method using a phosphate buffer [164] for the
separation and identification of 32 alkaloids of this class.
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Capillary electrophoresis (CE) has undergone some
dynamic changes in the recent past, particularly with
respect to the use of higher applied field strengths [165]
and the use of borate buffers to improve resolution [166].
Now McGhie and Markham [167] have described the
electrophoretic mobilities of 33 closely related flavonoid
glycosides through CE and the separation of 20 of these
in a single run. Other recent applications have been for
the separation and quantitation of the constituents of
Eleutherococcus senticosus [168] and for the quaternary
isoquinoline alkaloids in the rhizomes of various com-
mercial samples of Coptis species [169], which are used in
traditional Chinese medicine.

The advances made through the introduction of ther-
mospray liquid chromatography mass spectrometry were
reviewed by Hostettmann and colleagues [170] and
a summary given of the numerous diverse applications in
the analysis of almost every class of natural product. The
technique is extremely powerful, offering a UV trace of
constituents absorbing at a given wavelength, a total ion
current trace, and a mass spectrum and daughter ion
spectrum of each region of the chromatogram. For indi-
vidual compounds of interest, selective ion monitoring
can also be applied. As discussed elsewhere in this review,
electrospray techniques coupled with natural product
data bases may overcome some of the disadvantages of
thermospray technology. A detailed comparison of vari-
ous LC-MS interfaces, particularly as they apply to the
analysis of alkaloids has been made by Verpoorte and
Niessen [171]. Finally, it is worth mentioning that mass
spectrometry can now be applied for the molecular
weight estimation of certain lower molecular weight en-
zymes. Thus, Schreier and coworkers have described the
very effective use of matrix-assisted laser desorption/ion-
ization mass spectrometry and electrospray ionization
mass spectrometry for the differentiation of soybean
lipoxygenase isoenzymes on comparison with gel per-
meation chromatography [172]. Molecular masses were
in the range 93 000-96 500.

STRUCTURE ELUCIDATION

Most of the papers which appear in the principal
journals of natural product chemistry are concerned, in
whole or in part, with the structure elucidation of a natu-
ral product, or some derivatives thereof. These products
are isolated from a diversity of sources and possess a very
broad array of structures. Typically in a year, several new
natural product skeleta are isolated and characterized
from these various sources. Many of the isolation proced-
ures result in a known compound and this happens in
both phytochemical work and in efforts involving bioac-
tivity-directed fractionation. Numerous studies are made
each year analysing crude natural products for their
claimed active ingredients either for the purposes of iden-
tification (evaluation for adulterants) or for standardiz-
ation of the active ingredient(s). In all of these cases, there
is a profound need to characterize a compound or series
of compounds. The compound may be isolated or it may
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be retained in the matrix of the extract and the complete
extract or a selected fraction thereof characterized. In all
of these instances, a structure elucidation or verification
has occurred at some point.

The basic techniques for the structure elucidation of
natural products have changed very little in the past ten
or fifteen years, they are still IR, UV, proton and carbon
NMR spectroscopy, ms, optical rotation, and circular
dichroism. What has changed, principally as a result of
the computer software revolution, is the level of automa-
tion that has been brought to instrumentation, the soph-
istication of the experiments that can be performed, and
the rate at which data can be integrated into a coherent
structure. One standard has changed, namely that proton
and carbon-13 assignments are now proved and not
‘guessed at’ following a series of chemical shift calcu-
lations. This is a very significant philosophical change, to
which we have been a contributor in recent years
[173-175], for it means that chemical shifts for a given
biologically active compound can be used with far
greater assuredness in determining the structures of re-
lated compounds, in evaluating in vitro the site of bind-
ing/action of the compound with an enzyme and the
location of incorporation of a stable isotope-labelled
biosynthetic precursor into the molecule. Thus, it would
be unusual now to see a new structure being determined
where the resonances were not completely (or almost
completely) assigned, unambiguously, through a series of
one- and two-dimensional NMR experiments.

The range of NMR techniques that are available to the
natural product chemist interested in the structure
elucidation of new metabolites is almost bewildering.
Several books have appeared discussing the use of tech-
niques [176-178], one of them of special interest to
natural product chemists [179]. Many of the techniques
have significant drawbacks in terms of resolution re-
quired, time, sample size, computer capabilities, etc. and
these aspects have been discussed [180, 181]. Nonethe-
less, the following list of techniques, mostly described or
extensively applied in the past ten years represents those
which are most useful in structure elucidation and unam-
biguous assignment: COSY [182, 183], DQF-COSY
[184,185], HOHAHA [186-189], NOESY [190],
ROESY [191-193], HETCOR [194-197], HMQC
[198], HMBC [199, 200], FLOCK [201, 202], Selective
INEPT [203], COLOC [204], and INADEQUATE
[205, 206].

What has changed dramatically in the recent past is
the strategies employed for the elucidation of natural
product structures, both in terms of gross structure, as
well as the subtleties of relative and absolute stereochem-
istry, and a recent chapter [207] has highlighted the
importance of some of the key NMR techniques and how
they can be applied. The strategies that are selected are
also frequently time-sensitive, which means, if high-field
instrument time is charged, as it often is in academic
institutions, that one needs to consider the best way in
terms of available techniques, sample size, time and cost
to gain a particular result. For example, very similar data
can often be obtained from the long-range HETCOR,
FLOCK, selective INEPT and HMBC spectra. How-
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ever, if only a limited number of 'H-'3C correlations are
needed and there is adequate sample, the best results are
probably obtained with a series of selective INEPT
spectra rather than say an HMBC spectrum. We have
discussed elsewhere some of the strategies, involving
a combination of one- and two-dimensional NMR tech-
niques, which we have successfully used for the unam-
biguous assignment of the proton and carbon spectra of
various groups of triterpene and steroidal saponins
[208-211].

The advent of these sophisticated NMR techniques,
. coupled with enhanced biosynthetic knowledge, im-
proved isolation techniques which afford purer products,
and a hands-on situation between the isolation chemist
and the spectroscopic equipmentshas resulted in a num-
ber of structures of compounds of various classes being
revised [212] or identities established [213], and in the
determination of increasingly sophisticated structures of
which maitotoxin is particularly noteworthy [214].

McLaughlin has established many of the characteristic
NMR spectral parameters for the determination of the
structures of the cytotoxic acetogenins of the An-
nonaceae [215,216], which also possess antimalarial,
pesticidal and antimicrobial activity. These compounds
appear to act as inhibitors of NADH: ubiquinone
oxidoreductase activity in complex I and thereby inhibit
glutamate-dependant mitchondrial respiration. Because
of the number of stereocentres represented by the many
tetrahydrofuran rings, as well as the many secondary
alcohol units on the chain, complete structure determina-
tion is an interesting challenge. For example, the ad-
vanced Mosher ester methodology [217] was used to
determine many of the secondary carbinol centers. This
technology has been important in recent years for the
absolute determination of isolated alcohol units
[218,219]. The technique relies upon the differences be-
tween the 'H NMR chemical shifts of the S-and R-
methoxy-(trifluoromethyl)-phenylacetate ester deriva-
tives on either side of the chiral center. When
A6 (6S—OR) is positive the center has the R configuration
and § when the same difference has a negative sign.
Needless to say, the technique requires unambiguous
assignments of the protons on either side of the
stereogenic center.

Some other examples also give evidence to the power
of modern structure elucidation techniques. A group of
poly-galcic acid 3,28-O-bisglycosides possessing six or
seven monosaccharide units, the masonosides, have re-
cently been characterized from the corms of Crocosmia
masoniorum in the Iridaceae [220]. For masonoside A,
a parent ion at m/z 1969 representing [M + Na] * was
observed and a 'H NMR spectrum with eight anomeric
carbons. Various hydrolytic techniques coupled with
mass and NMR techniques led to a complete structure
determination.

Koshimura and associates have described a new tech-
nique for determining the binding site between lignin and
the glucuronic acid residue of xylan [221] using an acid-
conjugated DDQ oxidation of the benzyl esters. The
analysis of a water-soluble lignin—carbohydrate complex
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from beech wood by carbon-13 NMR permitted an esti-
mate to be made of 1.6 ester bonds between the lignin and
the glucuronic acid residue of glucuronoxylan in the
complex.

Because of the need for a substantial amount of sample
for the analysis, the INADEQUATE experiment [222],
which directly examines carbon-carbon connectivity,
has been relatively little used for the structure elucidation
of new natural products. O’Mathuna and Doskotch
[223] recently described the use of this technique for the
structure elucidation of amoenolide A. All but three of
the carbon-carbon bonds were determined directly for
this labdane diterpene. .

The TOCSY experiment [224], as a one-dimensional
technique [225], has also not been very widely used,
although this powerful technique does have the ability,
through varying the mixing time, of tracing correlations
through extended matrices, and has been used for
oligosaccharides [226] and tomatidine [227], and more
recently for the complete assignment of the protons and
carbons of several Solanum glycoalkaloids [228].

Standardization of medicinal plant samples has be-
come a growing concern in many countries in the past
few years, particularly in situations where regulations
regarding either safety or efficacy are not applied prior to
the point of sale to the consumer. While this is a vast area
of discussion and debate with respect to new regulations
in the U.S.A. at the present time [229], there remains
a need for reliable, simple, quantitative procedures. Fol-
lowing earlier work on the qualitative analysis of the
principles of Croton lechleri [230] by 'H NMR, Phillip-
son and coworkers have now developed quantitative
HPLC and 'H NMR techniques for the analysis of
paeonifiorin in red peony roots (Paeonia lactiflora and
P. veitchii), using the aromatic proton signals as markers
(231]. A good correlation was observed between the
HPLC and NMR data in the analysis of seventeen sam-
ples. Significant differences in the levels of paeoniflorin
(range of 0.1-4.5%) were found, indicating that some
samples were not of adequate quality.

Of course, NMR spectroscopy is not the only physical
science where substantial progress has been made result-
ing in a tremendous impact on the way in which natural
product chemistry is conducted. Many strides have also
been made in mass spectrometry, particularly in terms of
quadrupole desk-top instruments which, linked to gas
chromatography systems, provide a powerful, mode-
rately priced, analytical tool.

With highly polar materials, highly reactive cations, or
with materials which have sensitive functional groups,
obtaining a molecular ion frequently provides a signifi-
cant challenge as an integral part of the structure elucida-
tion process. Thus, for example, although fast atom
bombardment mass spectrometry of anthocyanins was
reported some time ago [232], the technique does not
work for the corresponding aglycones, the an-
thocyanidins. Derivatization and GC-MS analysis helps
somewhat, but is limited by the large sample size required
[233]. Plasma desorption mass spectrometry (PD-MS),
which uses a 2°2Cf ion source [234] has recently been
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applied by Nicholson and colleagues to the analysis of
anthocyanins and anthocyanidins, both pure and in
a plant extract matrix at the nanogram level without any
derivatization [235]. In their studies of the seco-glyco-
sides of oleanolic acid from Beta vulgaris, Connolly and
coworkers also resorted to PD-MS to obtain the molecu-
lar ion of a derivative when positive ion FAB afforded
only a quasi molecular ion species [236].

Yet another analytical technique which has evolved
rapidly in the past few years has been protein sequencing,
and the impact of this technique has been felt in many
areas of plant chemistry. Mino and coworkers has re-
cently been applying protein sequence determination in
the area of chemotaxonomy to the genus Datura
[237-239]. Using ferredoxin, an iron-sulphur transfer
protein, as a marker, Mino has examined two varieties of
D. stramonium [237], two Datura species (D. metel and
D innoxia) [238], and D. arborea. For D. arborea only
three amino acids were different from the Ds-ferredoxin
and four from the Dm-Fd; three differences were also
observed between the Ds and Dm-ferredoxins, support-
ing the idea of different sections of the genus Datura
rather than different species for the arboreal forms.

BIOLOGICAL TESTING

Whether the target is a biological (e.g. insecticide,
herbicide) or a therapeutic one, no area of natural prod-
uct discovery has changed as much in the past 10 years as
biological evaluation [10,240,241]. A book [242] and
several recent conferences attest to the high level of
interest in the biological evaluation of natural product
samples, particularly in highly automated, high volume
screens. The book brings together a wide range of bioas-
says, including those for antifungal [242a], antibacterial
and antiviral [242b], anticancer [242c], antimalarial
[242d], molluscicidal and shistosomicidal [242e], plant-
insect interactions [242f], immunomodulators [242g],
hepatotoxic [242h] and platelet aggregation [242i].

It is not so very long ago that a pharmaceutical com-
pany would boast that in the past year it had completed
the biological evaluation of 15000 samples in two or
three assay systems. These were probably in vivo, or
possibly cell-based assays and the compounds were prob-
ably 99% derived from synthetic or antimicrobial sour-
ces. The advent of automated high-throughput screening
has dramatically changed three aspects of this paradigm:
(i) the rate at which samples are evaluated, (i) the biolo-
gical specificity being measured, and (iii) the length of
time that an assay is actually in operation. These changes
also occurred at a time when the use of animals in
research came under substantial scrutiny and ethical
evaluation for the appropriateness of the research, parti-
cularly when animals were placed under extended duress
prior to death or sacrifice. Organ-based assays [243].
have now been replaced as the front-line primary screen.
but often retain significance as secondary screens to assist
in prioritization of active extracts or compounds. They
represent an essential connection between the high tech-
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nology of the primary screens and the realities of phar-
macological effectiveness.

The very substantial changes that have occurred in the
understanding of fundamental biological processes re-
lated to a number of major disease states, coupled with
the enhanced availability of numerous receptors, en-
zymes, genetic switches and cell systems has allowed, in
some instances, the use of these as automated primary
bioassay systems. These systems permit the screening of
tens of thousands of samples in a week, and thus whole
libraries of samples (100-150 K different specimens) may
be screened within a few weeks. Thus, the numerous
pharmaceutical companies, who are invested in random
screening programs as the first step in their discovery
programs, must focus on maintaining and diversifying
their chemical bank of samples to be screened. One way
to do this is to collect diverse plant samples. Since each
sample may comprise 30-40 assayable compounds
(others will be present at too low a level), a few thousand
or so plants will have a dramatic impact on the chemical
diversity which can be evaluated rapidly in a given bioas-
say.

As a result, many automated bioassays have a very
limited lifetime of only a few weeks or months, enough to
screen the whole ‘bank’ of chemodiversity and evaluate
the results, before a new assay, seeking a specifically
acting compound in a different selective assay is put in
place. Thus, as a part of a new strategy for establishing
chemical banks of great diversity, many pharmaceutical
companies have returned to the global collection of
plants, not just for now, but as a resource for their
discovery efforts into the next century.

Some companies have also based their plant collection
programs on either an ecological or an ethnomedical
approach. In this instance, the need for automated assays
is substantially reduced and indeed the tests may be in
viro assays, depending on the activity or the
pathophysiology of the disease. In any event, the sample
size required is somewhat larger, and such assays may
provide valuable information regarding overall efficacy
and toxicity which is not obtainable through automated
screening.

The pace at which the screening of samples can be
achieved has also been dramatically enhanced by the
introduction of radioligand binding assays. Their relia-
bility, simplicity and sensitivity has meant that many
whole animal or organ assays can be eliminated as initial
screens. Typically, a specific binding of = 80% is needed
for high volume screening, and should accurately reflect
the interaction between the drug and the receptor, and
not be a non-specific binding interaction, for it is impor-
tant that the assay be run at equilibrium. Sweetnam and
colleagues [244] have described the importance of recep-
tor binding assays in the drug discovery process, the
factors involved in establishing high-volume screens and
how comparative data from 38 different primary assays
can be presented for review.

The concept of a ‘hit rate’ is a very difficult issue in many
pharmaceutical companies, depending on how manage-
ment, chemists and the biological screening group view
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their respective roles. If a hit rate is set too high, a pleth-
ora of actives will result which will have to go through
a secondary biological or intellectual screening process.
If the rate is set too low, insufficient lead structures for
isolation and medicinal chemistry development may be
generated. However, what does evolve will probably be
the most potent, and therefore in the view of many, the
most highly desirable, as a potential candidate for devel-
opment, the ultimate test of a screening programme.
Thus, some companies in reviewing a library of 50,000
samples may set a rate of 1% actives (500 samples) for
a screen, whereas another may decide that a 0.01% rate
(five samples active) is more appropriate.

Another phenomenon that has occurred as a result of
the revolution underway in the area of biological screen-
ing is that ‘old’, sometimes very widely distributed, com-
pounds are displaying activities, sometimes selectively,
against certain enzymes and receptors. One of the major
groups of compounds where numerous new biological
activities have been found in recent years are the
flavonoids [42, 245].

The flavonoids, for example, have been shown to be
able to inhibit numerous diverse enzymes, including vari-
ous hydrolases, cyclooxygenase, alkaline phosphatase,
cAMP phosphodiesterases, several ATPases, lyases, hy-
droxylases, transferases, oxidoreductases and kinases
[245]. Several of them are potent estrogenic materials,
are antimutagenic, and possess anticancer activity. Al-
though widely occurring and an integral part of the
dietary intake of all herbivorous species and a constitu-
ent of many ancient remedies, few flavonoids have been
well investigated biologically or afforded clinical trials.

When the mechanism of action of compounds is inves-
tigated for the ability to interfere with certain enzyme
processes, the importance of a compound may be dra-
matically altered. There are two examples of such instan-
ces occurring in the cancer field, one of these, taxol, has
been partially discussed, the other is camptothecin. Both
compounds were isolated as a result of bioactivity-di-
rected fractionation for KB activity, camptothecin from
Camptotheca acuminata [246] and taxol from Taxus
brevifolia [86]. Subsequently, they were each evaluated in
several in vivo models [247]. Sodium camptothecin,
a substantially less active derivative, was given a clinical
trial, following which interest waned due to the observed
gastrointestinal and other toxicities [248], although cli-
nical trials with the parent alkaloid continued in China
[249]. When the mechanism of action of these com-
pounds was investigated, each was found to be unique:
camptothecin was an inhibitor of topoisomerase
11250, 251] and taxol promoted tubulin polymerization
[71]. It was only then that interest in these compounds
was revived. Several analogs of camptothecin are now in
clinical trial or in advanced stages of development
[252, 253], and the synthesis of taxol analogs is a burg-
eoning area [75, 77, 81, 82, 254-256].

This reflects a major change in decision-making strat-
egy with respect to which compounds to pursue for
development purposes. Raw potency (there are numerous
compounds more cytotoxic than camptothecin) or even
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structural novelty (neither taxol nor camptothecin were
ever patented) may no longer be the critical issues. An
additional example arose in our laboratories recently
where a very widely distributed steroid, betulinic acid,
was found to possess highly selective activity against
human melanoma in vitro and in vivo. The novel mecha-
nism of action, which appears to be related to apoptosis,
suggests that this compound or a derivative thereof, may
also hold promise as a therapeutic agent [257]. This
work arose from a program sponsored by the National
Cancer Institute as a part of two major new initiatives
underway.

The history of natural product drug discovery at the
National Cancer Institute has been well documented
[258]. The disclosure regarding the unique biological
activity of camptothecin and taxol led to a reconsider-
ation of natural products as sources not only of antican-
cer agents, but also of anti-HIV agents. Two programmes
were developed, one an intramural program focussing on
anticancer [109,111] and anti-HIV [110,112] agents,
and a second the National Cancer Natural Products
Drug Discovery Grant program [259,260]. The former
program contractually relies for its source materials on
plant and marine sample collectors who ship materials to
NCI where it is processed, and the extracts submitted to
a panel of approximately 60 human cancer cell lines in
nine therapeutic areas (leukaemia, non-small-cell lung,
colon, brain, melanoma, ovarian, renal, prostate and
breast). Rather than seeking a very potent generally
cytotoxic agent, which was an earlier criteria, selectivity
against certain groups of cell lines is sought, at which
point the extract is prioritized for fractionation in that
cell-line and the selectively active principle evaluated in
an in vive animal model which reflects the observed in
vitro selectivity. In the anti-HIV discovery program,
a whole cell assay is being used, looking for agents which
will prevent the cytopathologic effects of the infecting
virus in the host cell.

The NCNPDDG program has a requirement of an
industrial partner, which, in our experience during the
past 5 years, has brought to the table a very important
focus on critical decision-making. Seven of these grant
awards were made; some in the plant area and some in
the marine area. Each group had a different biological
approach to their drug discovery effort, including inhibi-
tion of DNA repair, DNA damaging agents, protein
kinase C inhibition, etc. These various programs have
been described in a symposium volume [259]. The pro-
gram devised by our consortium group has also been
described in some detail [7,8, 11, 12, 14] and will only be
outlined here. This program, a collaboration between
groups at the University of Illinois at Chicago, Research
Triangle Institute and Glaxo Research and Development
in the U.K. focused on plants which were collected based
on their ethnomedical use and their endemicity from over
thirty different countries. The extracts were then evalu-
ated in about 28 different assays, some whole cell-based,
some enzyme-based and some looking at specific marker
events in oncogenesis. With over 2500 plant samples
collected, an important aspect of the program has been
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the ability to catalogue all of the botanical, chemical and
biological data in a form which is readily accessible to all
parties, and from which meaningful reports can be gener-
ated for analysis of the data by the whole group at
regular intervals. Once again, the biological focus is on
selectivity of action and, as indicated with the example of
betulinic acid given above, only secondarily on novelty of
structure.

Other approaches to the discovery of anticancer
agents have been described which also reflect changing
strategies away from the former use of a single cytotoxic-
ity test. We have described how very crude DNA can be
used as a tool for the HPLC analysis of extracts looking
for agents in complex mixtures which would bind, non-
covalently, to DNA [261]. We have also described the
use of a genetically engineered human cancer cell line
which is specifically resistant to certain anticancer agents.
Thus any compound which shows cytotoxicity in this cell
line and the parent cell line may have the ability to
overcome the drug resistance. Several such types of com-
pound have been discovered in this manner [262-266].
Another approach is to look for agents that will inhibit
DNA repair [267], i.e. after a primary agent has inhibited
DNA activity through scission, a second agent inhibits
the repair mechanisms which operate to restore the orig-
inal activity.

McLaughlin and coworkers have focussed attention
on two simple-to-perform tests [268, 269], the brine
shrimp assay [270] and the potato disc assay [271] as
alternative prescreens for antitumor activity. These
screens are quite well correlated with cytotoxic activity
[272], have minimal equipment requirements and have
effectively led to several interesting groups of active com-
pounds [273]. The potato disc assay (induction of crown
gall tumours by Ti plasmids in Agrobacterium tu-
mefaciens) has been used for the screening of several rare,
non-antimicrobial natural products [274]. Of these,
monorden, diplodiol and chaetoglobosin K were shown
to be of potential interest.

While cancer and AIDS have attracted a lot of re-
search attention in the U.S.A. because of the available
government funding for discovery programmes, there are
numerous other biological areas which have been investi-
gated for the provision of lead compounds for drugs or
biological agents. Some of the biological activities evalu-
ated for plant-derived natural products and the type of
compound isolated as a result of those researches during
1994 as cited in the Journal of Natural Products and
Phytochemistry, exclusive of cytotoxic or anticancer
[275-289] and anti-HIV [290-294] compounds derived
from higher plants, are listed in Table 1 [295-373]. This
is not a comprehensive list from these journals and

Table 1. Some citations regarding biological activity from the Journal of Natural Products and

Phytochemistry
Biological assay system Type of active compound Reference
Acaricidal activity Chromenes 295
Adenylate cyclase inhibition Manoyl oxide derivatives 296
ACE inhibition Huperzine derivatives 297
Anti-dust mite activity Lanostane triterpenes 298
Anti-Encephalomyocarditis activity  Flavonoid 284
Antifungal activity Methylthiopropenoic acid amide sulphones 299
Phenalenone derivatives 300
Prenylated isoflavone 301
Prenylated flavanones 302
Xanthones 303
Rosmarinic acid 304
Anti-histamine release activity 6-0-Galloy] glucose 305
Antihypertensive 7-0xo0-10a-cucurbitadienol 306
Anti-inflammatory activity Naphthalene-isoquinoline alkaloids 307
Antimalarial activity Abietane diterpenes 308
Antimicrobial activity Anthraquinone 285
Sesquiterpenes 309
Sesquiterpenes, diterpenes 310
Trichorabdane diterpenes 311
Isoflavans 312
Antimutagenic activity Gallocatechin 313
Anti-oxidant activity Cinnamiphilin (lignan) 314
Depsides and depsidones 315
Xanthones 316
Antirhinovirus activity Sesquiterpene hydrocarbons 317
Anti-tumour promoting activity Furanonaphthoquinones 318
Steroidal saponins 319
Anti-VSV activity Abietane diterpenes 320
Ant repellant Sesquiterpene 321
Bacillus subtilis Dihydrochalcones 322
Triterpene acids 323

Continued Overleaf
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Table 1 Continued

Biological assay system Type of active compound Reference
Botrytis cinerea inhibition Sesquiterpene hydrocarbons 324
Ca?*-ATPase inhibition Hydroxystilbene glucosides 325
Cell adhesion inhibition Cucurbitacins 326
Cerebral blood flow enhancement Dehydroevodiamine 327
Cytoprotective activity Dehydroleucodine 328
DNA repair in yeast inhibition Oxo-aporphine alkaloids 329,330
Human lymphocyte proliferation Patuletin rhamnoside derivatives 331
inhibition
Hypolipidemic activity Phenolic diarylheptanoids 332
Immunosuppressive activity Cyclic monoterpene 333
Insect antifeedant Dihydro-isocoumarin glucoside 334

Limonoid 335
Insecticidal activity Chromenes 295
Furanocoumarins 336
Insect growth inhibition Lignans 337
Neolignans 338
Interleukin-1 inhibition Diterpene quinoids 339
Larval growth inhibition Steroidal saccharide esters 340
Leishmanicidal Flavans 341
Aporphine alkaloids 342
B-Lactamase inhibition Anacardic acid 343
S-Lipoxygenase inhibition Diphenyl ether 344
15-Lipoxygenase inhibition Anacardic acids, cardols 345
Micrococcus luteus Dihydrochalcones 322
Triterpene acids 323
Molluscicidal activity Triterpene saponins 346
Monoamine oxidase inhibition y-Pyrone derivative and xanthones 347
Moth defence secretion Cyanoglucoside 348
Mushroom tyrosinase inhibition Anacardic acids, cardols 349
Nematocidal activity Diphenylheptanoids 350
Chromenes 295
Neurotensin binding inhibition Cyclic peptide 351
Nicotinic/muscarinic acetylcholine  Quinolizidine alkaloids 352
receptor binding
Oral Antimicrobial Isoflavonoids 353
Oviposition inhibitors Polyphenolic cinnamoyl anthranilic acids 354
Oviposition stimulant Flavanol triglycoside 355
Plant cytotoxicity Purine riboside 356
Plant growth inhibition Phenethyl a-pyrones 357
Sesquiterpene lactones 358
3-Hydroxy-B-ionone 359
Platelet aggregation inhibition Anthraquinones 360
Aporphines, furoquinolines, haplopine (?) 361
Aristolochic acids 283
Benzophenanthridines, furoquinolines 362
Cinnamiphilin (lignan) 314
Dihydrostilbenes 363
Positive inotropic activity Steroidal saponins 364
Propionibacterium acnes Anacardic acids, totarol, 4-cadinene, B-cary-
ophyllene 365
Protein kinase inhibition Acridines, aza-acridines 366
Protein kinase C inhibition Catechins 367
Polyphenolic cinnamoyl disaccharides 368
Retinoid receptor X activator cis-Retinoic acid derivative 369
Root growth inhibtion Brassinosteroids 370
Seed germination inhibition Phenyl! acetylene 300
Trypanosoma cruzi inhibition Aporphine alkaloids 342
Vasodilation activity Furofuranolignans 3N
Vasopressin receptor binding Sesquiterpene alcohol 372
inhibition
Vinblastine binding inhibition Iboga alkaloids 373
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clearly does not represent the diversity of biological
evaluation reported in the broader primary literature.
However, these 55 or so activities, each of which reflects
a series of active natural metabolites, attests to the di-
verse biological potential of plant-derived products, and
to numerous novel metabolities with activity that may
serve as potential lead candidates for development.

NEW SOURCES OF NATURAL PRODUCTS

As well as a major emphasis on searching for plants
from the areas of greatest biodiversity, there have also
been two other directions which investigators have taken
to enhancing chemodiversity. One is to seek plants from
unusual regions of the world, the second is to examine
previously poorly studied sources. In the former cat-
egory, some aspects of the extensive research performed
on the plants of New Caledonia by French investigative
teams in the past 30 years have been published [374].
Another area of the world whose flora is being examined
is the Antarctic. As part of a project aimed at examining
changes in the UV-B and ozone levels in the Antarctic,
the major flavonoid constituents of the grass Descham-
psia antarctica were studied [375], and the quercetin
glycosides from three species of Ranunculus growing in
the Kerguelen Islands have also been studied [376].
These ecological studies may prove to be significant as
we seek ways to monitor the changes in our plant envi-
ronment caused by environmental degradation.

Other new sources which have been studied include:
the cultured chrysophyte, Poterioochromonas malhamen-
sis, which afforded a novel protein tyrosine kinase inhibi-
tor [377], and the Magpie moth, Abraxas grossulariata,
once an abundant species in Britain, but now almost
disappeared, which afforded the cyanoglucoside sarmen-
tosin [378], previously only isolated from a Chinese
Sedum. Cytotoxic agents have been isolated from the
moss Polytrichum pallidisetum [379], and Asakawa has
continued his interesting studies on the liverworts [380,
and Refs therein], which continue to yield structurally
and biologically interesting metabolites.

One new source of fungal products which has been
studied recently are the coprophilus fungi which have
provided a number of new antifungal agents [381], the
latest of which is apiosporamide, a metabolite of very
mixed biosynthetic origin from Apiospora montagnei
[382].

In the section on structure elucidation, mention was
made of the analysis of samples by physical means for the
purposes of identification. One of the strategies that has
changed recently in terms of standardization of plant
materials, extracts, and specially prepared mixtures, is
the use of their biological activity as a measure of their
quality, a facet which appropriately has important regu-
latory ramifications [383]. Such a change has occurred
for several different reasons, including the availability of
routine in vitro bioassays and the recognition that de-
fined biological activity, although sometimes difficult to
measure because of interfering substances, can be a valu-
able criteria in assessing the worth of a particular plant
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sample. In Thailand, for instance, there has been renewed
effort in recent years to establish assays and standards for
several of the major plant crops that are exported for
their medicinal, biological or condiment properties, with
the emphasis being increasingly placed on in situ analysis
as a way to improve the price of the goods on the open
market, and thereby the return to the farmer.

Synthesis

The complexity of the structures of most natural prod-
ucts, even those with few or no chiral centers, precludes
their commercial synthesis. Yet in the course of a year
numerous natural products, some quite simple, others
like taxol very challenging, are synthesized, and many
organic chemists devote substantial effort to the intellec-
tual challenge of effectively producing these molecules
with high stereoselectivity and in high efficiency, often
devising exceptionally creative reagents to address com-
plex molecular manoeuvrings [384,385]. Cornforth, in
an interesting presentation has discussed some of the
changing reasons for conducting synthetic work [386].

One rationale offered for this tremendous effort, which
will not be debated here, is that these schemes provide
routes to the development of analogs for biological
evaluation. It is certainly the case that many innovative,
elegant and quite efficient syntheses of complex natural
products have been devised, indeed almost every issue of
the Journal of the American Chemical Society or the
Journal of Organic Chemistry or Tetrahedron contains
examples of such syntheses. The former rationale of total
synthesis was that it was needed to justify the assignment
of a natural product structure and in our own experience
some of our structures have been verified by synthesis
(jacaranone, microminutin, aristolindiquinone, nirurine,
etc.), while others (prionitin) have not. There are indeed
a number of instances each year where a structure is
corrected through synthesis, but for the most part the
structure is well-established before synthetic work is in-
itiated. This is crucial because the two primary strategies
for natural product synthesis, retrospective analysis
[385] and biomimetic synthesis, necessitate a well-char-
acterized structure.

A multitude of creative talent has contributed to the
synthesis of natural products in the past few years and in
certain cases (e.g. camptothecin, ellipticine, cephalo-
taxine, retronecine) a very substantial number of syn-
theses have been reported. In other instances (e.g. ergot
nucleus, vincamine, morphine, yohimbine, taxol) empha-
sis has been placed on generating analogs systematically
related to the natural product.

An alternative approach to the synthesis of natural
products and their relatives is semisynthesis, which can
take on any one of a number of forms. For example, it
may be directed at the natural product per se, at simple
derivatives of the natural product using the parent com-
pound as the starting material, at derivatives of the
natural product beginning with another natural product,
at substantially modified natural products using the skel-
eton as a template, or at pharmacophoric units of the
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bioactive molecular species. Each of these approaches
has special circumstantial merit often limited by the
complexity or availability of the compound. The ability
to effectively introduce or maintain chirality in reaction
processes has been the principal focus of organic syn-
thesis, and is now refined to the use of chiral auxiliaries
[387], catalytic asymmetric synthesis [388,389] and the
use of chiral starting materials, such as sugars [390].

As more and more mechanisms of natural products are
being investigated at the molecular level in binding or
displacement assays, there is an increasing need for the
compounds to be made available in labelled, often
tritiated, form; the daphnane ester resiniferatoxin [391]
and taxol [392] are two recent examples. The standard
approaches for such labeling of an aromatic compound
involves either catalytic tritiation of a halide derivative or
an olefin of the natural product. A new strategy for
tritiuim labeling has been described [393] which can be
applied to underivatized compounds. It was used initially
on ibogaine, a compound of substantial interest as a po-
tential anti-addiction treatment for cocaine abuse [394].
The procedure involves the low-temperature treatment of
the lithium anion of ibogaine with potassium tert-butox-
ide followed by tritium gas to afford a 1: 1 mixture of the
11- and 12-tritiated species which could be used for
metabolism, pharmacokinetic and binding studies.

The rise in the abuse of cocaine has also led to other
needs for analogues as potential anti-addictive agents
and as imaging agents for various neurodegenerative
disorders [395]. Neumeyer and coworkers [396] have
also developed radioligand probes of cocaine for PET
and SPECT imaging of cocaine receptors using iodine as
the ligand. Another new approach to the development of
anti-addictive strategies for cocaine is the formation of
monoclonal antibodies which can accelerate the hydroly-
sis of cocaine in vivo thereby making it ineffective as
a stimulant [397].

The synthesis of precursors, particularly those to be
used for stable isotope biosynthetic experiments has also
been an area that has developed rapidly in the past few
years. One recent example in the case of podophyllotoxin
biosynthesis is the stereospecific synthesis of (7’«-H,)-
yatein, an advanced precursor on the route to podophyl-
lotoxin [398], in which only closure of ring B is required.

BIOSYNTHESIS

Biosynthetic studies have also changed dramatically in
the past few years. The principal changes have involved
the use of stable isotopes, particularly carbon-13,
deuterium, oxygen-18 and nitrogen-15 [399], culture of
plant cells [400], advances in the techniques for the
isolation of enzymes in the biosynthetic pathway
[40, 4011, and the cloning and expression of the genes for
those enzymes [402]. In the case of the erythromycin
antibiotics, the gene for the expression of the antibiotic
has been isolated [403], permitting the more precise
manipulation of the system with respect to precursor
relationships and therefore the production of new meta-
bolites through targeted gene disruption [404,405].
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In the biosynthesis of plant secondary metabolites,
with many of the precursor relationships established
through earlier radiolabeled feeding experiments, several
of the major pathways are now being investigated in
greater detail in tissue culture, in cell-free systems or at
the enzyme level. One of the crucial issues to be resolved
though is the relationship between the metabolites of the
whole plant and the callus or cell-free systems, because
frequently these are quite different [401]. For example, in
a study of pentacyclic triterpenoid biosynthesis, Ayabe
and coworkers [406] found that the regenerated plants
and the wild plants of Taraxacum officinale contained no
triterpene acids, although oleanolic and ursolic acids
were major constituents of the undifferentiated callus
cells. Amazingly, cell cultures of Papaver somniferum or
P. bracteatum do not produce morphinan alkaloids
[407], but rather sanguinarine; an opportunity, not
a problem, as related below. Earlier work with Cinchona
cell cultures produced very low levels of quinine and
quinidine, anthraquinone biosynthesis becoming domi-
nant [408,409]. Some successes have been achieved
however, and the production of berberine from Coptis
japonica in yields of 7 g1~! after screening of cell lines
and optimization of culture conditions, make this the
highest yield of an isolated product from plant cell cul-
tures.

An example of the use of deuterium in examining the
stereospecificity of reductions and eliminations in bio-
synthetic pathways has recently been reported by Moore
and Floss in their studies of the formation of cyclohexane
carboxylic acid from shikimate in Streptomyces collinus
[410] and Allicyclobacillus acidocaldarius [411]. Using
[2,6,10,10-2H,]-chorismate they were able to show
that the path to cyclohexane carboxylic acid branches at
either the stage of shikimate or shikimate 3-phosphate
and not chorismate.

Cytokinins are known to regulate both plant growth
and development and also the production of secondary
metabolites, inciuding indole alkaloids [412]. Now it has
been shown that 6-benzylaminopurine (BAP) promotes
the biosynthesis of berberine in Thalietrum minus cells
through the induction of norcoclaurine-O-methyltran-
sferase [413], a key intermediate in the pathway for the
formation of coclaurine. Tetrahydroberberine oxidase
was also enhanced by the addition of BAP, whereas five
other enzymes in the pathway were unaffected.

The methylenedioxy group is regarded as forming be-
tween a phenol and an oxidized methoxy group, and an
enzyme catalyzing such a reaction was first isolated by
Zenk’s group [414]. Many berberine alkaloids and the
skeleta produced from them also contain such a group,
and Rueffer and Zenk [415] have reported on the isola-
tion of canadine synthase from Thalictrum tuberosum cell
cultures which converts (S)-, but not (R)-tetrahyd-
rocolumbamine to canadine. The enzyme is microsomal
bound, cytochrome P-450 dependant and is widely dis-
tributed in the Berberidaceae and the Ranunculaceae.

A major change in the study of biosynthetic pathways
in tissue culture in the past few years has been the
addition of fungal elicitors in order to enhance the pro-
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duction of key secondary metabolites [416-418], includ-
ing alkaloids [419,420]. Many groups have now used
this technique in order to study alkaloid biosynthetic
pathways and for the production of alkaloids. Zenk and
coworkers, for example, have used this technique very
successfully [421] to elucidate all of the eight enzymes in
the pathway from (§)-reticuline to sanguinarine using an
elicited culture of Eschscholtzia californica [422]. It was
the addition of fungal cell wall constituents to the cul-
tures of Papaver somniferum which led to enhanced san-
guinarine biosynthesis and to a production process using
immobilized cells [423].

Macarpine contains two additional methoxy groups,
at positions 10- and 12- compared with sanguinarine.
These alkaloids are each produced by the action of
a dihydrobenzophenanthridine oxidase on the corres-
ponding dihydro derivatives. Thus, dihydrosanguinarine
is projected to be a precursor of dihydromacarpine,
which is then oxidized. The four enzymes in this pathway
which oxidize dihydrosanguinarine at C-10, methylate
the phenolic group, hydroxylate dihydrochelirubine at
C-12 and then methylate the phenolic group have now
been isolated by Zenk’s group [424,425]. This twelve
enzyme sequence represents that longest biosynthetic
pathway of a secondary metabolite in a plant which has
been deduced at the enzyme level.

Mahady and Beecher have also studied benzophenan-
thridine biosynthesis in Sanguinaria canadensis cell cul-
tures treated with either an elicitor derived from Penicil-
lium expansum or the calcium ionophore A23187 [426].
The results demonstrated that an external source of
Ca?* -ions is required for elicitor-induced benzophenan-
thridine alkaloid formation, and that calcium may have
a role in a signal transduction system which regulates this
biosynthetic pathway. The inorganic aspects of natural
products biochemistry are thus revealed.

Tissue cultures for the formation of medicinally impor-
tant alkaloids continue to be established. One recent
example is for camptothecin and 9-methoxycam-
ptothecin using an indigenous tree Nothapodytes foetida
[427]; alkaloid levels were substantially below those of
the mature tree. The secondary metabolism of Artemisia
annua tissue cultures has been studied for several years,
but with little success as far as producing the desired
artemisinin. Recent studies by Brown have highlighted
this problem showing that while the undifferentiated
callus produced no artemisinin, the differentiated shoots
had a terpenoid profile similar to that of the intact plant
[428].

Tissue culture work frequently requires the screening
of substantial numbers of plant cell cultures for which
rapid and reproducible assays are needed for the com-
pound in question. Loyola-Vargas and coworkers have
described combined TLC-densitometric techniques for
the quantification of serpentine and ajmalicine in plant
cell cultures of Catharanthus roseus and of hyoscyamine
and scopolamine in Datura stramonium [429]. The detec-
tion limit for serpentine was 20 ng and 500 ng for the
other alkaloids. Radio-immunoassay analysis for
scopolamine, as well as polyclonal antibodies, have also
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been used, but recently [430] Sawada and coworkers
described a monoclonal IgG1l(k) antibody with high
affinity for methylscopolamine and which had weak
cross-reactivity with atropine, and hydroxyhyoscyamine
derivatives. The sensitivity allowed detection of 20 pg per
assay.

Tropane alkaloid biosynthesis has indeed been an area
of substantial interest recently [431]. Reduction of
tropinone to form the alkaloids tropine and pseudo-
tropine, with the 3x- and 38-stereochemistry of the result-
ing alcohol occurs in different solanaceous plants to
different extents. The two enzymes responsible for these
stereoselective reduction processes have now been iso-
lated from hairy root transformed cell cultures of Datura
stramonium and many of their properties and substrate
selectivity clarified [432,433]. This follows earlier work
on the tropine reductases from Hyoscyamus niger [434]
and Atropa belladonna [435].

In the case of scopolamine and hyoscyamine, the unit
which then couples with the tropan-3a-ol is (S)-tropic
acid, whose biosynthesis has been much debated over the
years [436,437] since Leete originally discovered that the
biosynthetic precursor was phenylalanine [438]. Many
routes for this conversion have been suggested and,
through experimentation eliminated, including the inter-
mediacy of phenylpyruvate [439] or cinnamate [440].
The earlier demonstrations of intact incorporation
[441,442] have now been affirmed by carbon-13 labelling
using phenyl[1,3-13C,] lactic acid, which on metabolism
into tropic acid in Datura stramonium afforded a product
with contiguous labelled carbons which could be directly
observed [443]. The esterase which attaches this unit to
the tropanol has not been isolated as yet, although acyl
transferases which produce ester quinolizidine alkaloids
in Lupinus [444, 445] and Cytisus [446] species have
been isolated.

In vivo NMR spectroscopy has also been applied to the
study of biosynthetic processes [447], mostly for the
examination of sequences in primary metabolism. Now
this technique has been applied for the first time using in
vivo 13N NMR to the study of alkaloid biosynthesis in
Datura stramonium and Nicotiana tabacum [448]. As well
as several primary metabolites containing N, hyos-
cyamine was detected in D. stramonium and nicotine in N.
tabacum, hydroxycinnamoy] putrescines were detected in
both systems. Once further '*N resonances for meta-
bolites and intermediates, as well as the products, are
assigned, this technique may offer great promise for
time course studies on the ebb and flow of alkaloid
biosynthesis.

NMR has also been applied to the determination of
the level of acetylation of cell walls [449], an important
factor in considering the digestibility of arabinoxylans in
grasses [450] and of xyloglucans in legumes [451]. The
procedure involves hydrolysis with 25% D,80,-D,0
followed by 'H NMR analysis of the total hydrolysate
and integration of the acetic acid resonance and an
ethanol standard resonance.

The dream of many natural product chemists, one is
almost tempted say alchemists, is to take a simple precur-
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sor, add a bunch of enzymes, wait, and isolate a desired
natural product. Scott’s remarkable work on the biosyn-
thetic pathway of corrins makes this dream come true
[452]). The pathway to vitamin B,, involves over 20
enzymes, and Scott has expressed many of the genes
encoding the enzymes involved in the pathway. It was
found that some of these could be combined in a single
flask to produce precorrin-3x [453] and precorrin-5
[454]. In the latter case, the eight enzymes necessary for
the nine-step conversion of aminolevulinic acid (ALA) to
precorrin-5 were incubated with ALA and SAM to afford
the desired corrin in 30% yield. As Scott suggested, the
multienzyme synthesis of complex natural products has
come of age [452].

A good demonstration of the application of physical
chemistry techniques to the study of secondary metabol-
ism comes from a study of one of the most fundamental
reactions in all of nature, the oxidative polymerization of
phenols, which is epitomized by the dimerization of coni-
feryl alcohol. Aithough this is thought to proceed
through a radical coupling process, experimental evid-
ence for this was lacking. Electrochemistry and pulse
radiolysis have now been applied in aqueous and non-
aqueous media to this reaction and the coniferyl radical
has been observed and shown to dimerize by a rad-
ical-radical coupling [455]. The first step in this process
is formation of phenolate anion which then undergoes
one-electron oxidation to the phenoxyl radical.

Another important enzyme has also been isolated and
characterized, namely the enzyme needed for the forma-
tion of the worlds’ most consumed alkaloid, caffeine, i.e.
S-adenosyl-L-methionine:theobromine 1-N-methyltran-
sferase (STM) [456]. Although this enzyme was partially
purified previously [457], the new procedure represents
a higher degree of purification which allowed for an
initial determination of the N-terminal sequence of the
enzyme.

As occurred with the isolation and introduction into
therapy of the Catharanthus alkaloids [458], research on
taxol has burgeoned into many different areas of science.
Some of these have already been touched upon (storage
conditions, isolation of new analogs, synthesis, semisyn-
thesis, etc.). Biosynthetic studies are also now being
reported [47,459], especially given that very little is
known about the biogenetic pathway of the taxane sys-
tem [460]. In addition, as occurred in other areas of
biosynthesis, e.g. indole alkaloids [461], isolation work
on Taxus species may afford biogenetic clues to potential
intermediates in the biosynthetic pathway. One of these,
canadensene, which is functionalized at all of the appro-
priate carbons as taxol, except for C-1, and yet lacks the
B, C and D rings of taxol, was recently characterized
from the needles of Taxus canadense [462]. This would
imply that at least in one species, functionalization of the
partially cyclized skeleton can occur, rather than the
multiple oxidation steps occurring on a preformed (A, B,
and C rings intact) hydrocarbon [460].

Zenk has reviewed the importance of tissue cuiture
preparations as a source of the enzymes of secondary
metabolism [463], and has recognized that these en-
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zymes have the potential to be integrated into the pro-
duction of secondary metabolites either wholly, or as
a part of a chemo-enzymatic synthesis of crucial natural
products. That in itself may be crucial technology in the
years ahead as certain resources become depleted. The
key is the isolation of the gene which encodes the enzyme
and the overexpression in an appropriate host system of
its cDNA. Strictosidine synthase [464,465] and the
berberine bridge enzyme [466,467] have now been
expressed in the cell cultures of the fall army worm,
Spodoptera frugiperda, using a bacullovirus-based expres-
sion system [468]. Yields were approximately 4 mg of
enzyme per 1 of cell culture, and the enzyme was secreted
in active form into the medium, offering some advantages
over the system expressed in E. coli. The work on stric-
tosidine, from its original discovery by Smith, to its
enzymatic formation and the expression of the gene for
strictosidine synthase, make a fascinating story which has
been elegantly reviewed by Kutchan [402].

SUMMARY

This brief review has attempted to look at how many
of the strategies for the conduct of natural product re-
search have changed in the recent past and how these
changes have impacted the type of studies which are now
being conducted by examining the work published in
three journals in the field which have somewhat different
foci. It is apparent through this review that the pace of
natural products research and the level of global interest
in this particular area of our environment has risen
dramatically in the past few years. This trend is projected
to continue for the future as the interface between chem-
istry and biology becomes even more blurred and the
public demand rises for cost effective medications and
biological agents from sustainable resources.
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