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Preface

Forty-five years ago, agricultural and pharmaceutical chemistry appeared to be following
divergent paths. On the agricultural scene industrial companies were concentrating on the
synthesis of various classes of compounds and when a successful chemical candidate was
discovered, there was a good deal of joy among the synthetic chemists. We were told that
as a result of chemistry life would be better and, indeed, it was. Armed with synthetic agro-
chemicals, the American farmer became the envy of the world. Essentially, with a vast
series of chemical permutations, the synthetic chemist had tamed nature and the biblical
admonition to subdue the natural world was well underway. One large agricultural chem-
ical company, now out of the business, had in its arsenal plans to pursue “cyclohexene”
chemistry among its many portfolios. Plans were already in motion to produce the series
and on the drawing board was the synthesis of abscisic acid, later discovered in both cotton
bolls and dormant buds of Acer pseudoplatanus as a biologically active natural product. The
chemical elucidation led, in part, to the winning of the Nobel Prize by Dr. John W. Corn-
forth. How different the history might have been if the chemical company in question had
synthesized the molecule quite by accident. In the field of pharmacy, natural product ther-
apy was, at one time, the mainstay. With the rapid development of synthetic chemistry in
the mid to late 1900s, those agents soon began to replace natural remedies. Even so, several
natural products are still used today with examples that include morphine, codeine, lovas-
tatin, penicillin, and digoxin, to name but a few. Incidentally, griseofulvin was first
reported in 1939 as an antibiotic obtained from Penicillium griseofulvum. However, its use in
the treatment of fungal infections in humans was not demonstrated until almost 1960. Dur-
ing the 20 years following its discovery, griseofulvin was used primarily as an agrochemi-
cal fungicide for a short period. Interestingly, it is a prescription systemic fungicide that is
still used in medicine today.

Certainly, the thought that natural products would be successfully used in agriculture was
a foreign concept at the beginning of the 1950s. True, the Japanese had been working assid-
uously on the isolation, identification, and practical use of gibberellic acid (GA) since the late
1920s. And later, in the early 1950s, both British and American plant scientists were busy iso-
lating GA; and noting its remarkable effects on plant growth and development. But, during
the same period, some of the major chemical companies had floated in and out of the GA
picture in a rather muddled fashion, and more than one company dropped the project as
being rather impractical. To date, 116 gibberellins have been isolated and characterized.

There was no doubt that ethylene, the natural product given off by maturing fruit, nota-
bly bananas (and, of course, smoking in the hold of banana ships was strictly forbidden
because of the explosive properties of the gas) had potential, but how was one to use it in
unenclosed systems? That, of itself, is an interesting story and involves Russian research on
phosphate esters in 1945. Suffice it to say the problem was finally resolved on the practical
level with the synthesis of the phosphate ester of 2-chloroethanol in the early 1970s. The
chlorinated compound was environmentally benign and it is widely employed today as a
ripening agent. Indole-3-acetic acid, another natural product which is ubiquitous in plants
and controls growth and development, has been used as a chemical template, but has not
found much use per se in agriculture. Indole-3-butyric acid, a purely synthetic compound,
has large-scale use as a root stimulant for plant cuttings. The cytokinins, also natural prod-
uct plant growth regulators, have found limited use since their discovery in stale fish
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sperm, in 1950, mainly in tissue culture. Brassinolide, isolated from canola pollen, has
taken almost 35 years to come to market in the form of 24-epibrassinolide and promises to
be a highly utilitarian yield enhancer. However, there is no doubt that synthetic agrochem-
icals have taken the lion’s share of the market.

In the 1980s something went wrong with the use of “hard” pesticides. Problems with
contaminated groundwater surfaced. Methyl bromide, one of the most effective soil ster-
ilants and all purpose fumigants, was found in well water in southwest Georgia. There was
concern that the product caused sterility in male workers and, worse, the material was con-
tributing to the ozone hole above the polar caps. Chlorinated hydrocarbons, such as DDT
(1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane), were causing problems in the food chain
and thin egg shells in wild birds was leading to declining avian populations. Never mind
that following World War II, DDT was used at European checkpoints to delice and deflea
refugees. The former ensured that the Black Plague, which is still with us in certain loca-
tions in the U.S., was scotched by killing the carrier, the flea. The elimination of yellow
fever and malaria, endemic in Georgia in the early 1940s, also was one of the beneficial
results of DDT. To date it is difficult to envisage that two thirds of the population of Savan-
nah, GA was wiped out by yellow fever 2 years before the Civil War.

During the late 1980s and 1990s, a movement to use natural products in agriculture
became more apparent. Insecticides, like the pyrethroids which are based on the natural
product template pyrethrin, came to the marketplace. Furthermore, natural products had
certain inherent desirable features. They tended to be target specific, had high specific
activity, and, most important, they were biodegradable. The last point should be empha-
sized because while some biologically active organic natural products can be quite toxic,
they are, nevertheless, very biodegradable. Another feature that became obvious was the
unique structures of natural products. Even the most imaginative and technically capable
synthetic chemist did not have the structural visions that these molecules possessed.
Indeed, nature seems to make with great facility those compounds that the chemist makes,
with great difficulty, if at all. This is especially true when it comes to fermentation products.
It is almost a point of irony that agrochemistry is now at the same place, in terms of the
development of new products, as that of pharmaceutical chemistry 50 years ago, as we
shall see.

A major turning point in the pharmaceutical industry came with the isolation and dis-
covery of penicillin by Drs. Howard W. Florey and Ernst B. Chain who, after being
extracted from wartime England because of the threat of the Nazi invasion, found their
way to the USDA laboratories in Peoria, IL, with the Agricultural Research Service. The lat-
ter, in those days, was preeminent in fermentation technology and, as luck would have it,
two singular pieces of serendipity came together. First, “Moldy Mary”, as she was called
by her colleagues, had scared up a cantaloupe which happened to be wearing a green fur
coat; in fact, Penicillium chrysogenum, a high producer of penicillin. Second, there was a
byproduct of maize, corn steep liquor, which seemed to be a useless commodity. However,
it caused P. chrysogenum to produce penicillin in large quantities, unlike those experiments
in Oxford where Drs. Florey and Chain were able to produce only very small quantities of
“the yellow liquid.”

This discovery gave the pharmaceutical industry, after a great many delays and back-
room maneuvering, a viable, marketable medicine. Furthermore, it gave a valuable natural
product template with which synthetic chemists could practice their art without deleting
the inherent biological properties. History records that many congeners followed, includ-
ing penicillin G, N, S, O, and V, to name but a few. But, more importantly, the die was cast
in terms of the search for natural product antibiotics and other compounds from fermenta-
tion and plants. That does not mean that synthetic programs for “irrational” medicinals
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had stopped but, rather, that the realization that nature could yield novel templates to con-
quer various ills was a reality rather than a pipe dream. To use an old cliché, no stone would
go unturned; no traveler would return home from an overseas trip without some soil stick-
ing to the soles of his shoes.

The common denominator in both agrochemical and pharmaceutical pursuits is, obvi-
ously, chemistry. Because of the sheer numbers of natural products that have been discov-
ered, and their synthetic offspring, it was inevitable that the two disciplines would
eventually meld. Examples began to emerge wherein certain agrochemicals either had
medicinal properties, or vice versa. The chlorinated hydrocarbons which are synthetic
agrochemicals evolved into useful lipid reducing compounds. Other compounds, such as
the benzodiazepine, cyclopenol from the fungus P. cyclopium, were active against Phytoph-
thora infestans, the causal organism of potato late blight that brought Irish immigrants in
droves to the New World in search of freedom, the pursuit of happiness, and, as history
records, the presidency of the U.S. for their future sons; and, one hopes in the future, their
daughters. While not commercially developed as a fungicide, the cyclopenol chemical tem-
plate has certain obvious other uses for the pharmacist. And, conversely, it is possible that
certain synthesized medicinal benzodiazepines, experimental or otherwise, have antifun-
gal properties yet to be determined. It also is of interest to note that the B-lactone antibiotic
1233A/F, [244/L; 659, 699], which is a 3 hydroxy-3-methyl glutaryl CoA reductase inhibi-
tor, has herbicidal activity. Interweaving examples of agrochemicals that possess medicinal
characteristics and, conversely, medicinals that have agrochemical properties occur with
increasing regularity.

In producing a book, there are a number of elements involved, each very much depen-
dent on the other. If one of the elements is missing, the project is doomed to failure.

First, we sincerely thank the authors who burned the midnight oil toiling over their
research and book chapters. Writing book chapters is seldom an easy task, however much
one is in love with the discipline, and one often has the mental feeling of the action of
hydrochloric acid on zinc until the job is completed. We thank, too, those reviewers whose
job is generally a thankless one at best.

Second, we thank the Agrochemical Division of the American Chemical Society for their
encouragement and financial support, and especially for the symposium held at the 214th
American Chemical Society National Meeting, Las Vegas, NV, 1997, that was constructed
under their aegis. As a result, two books evolved: Biologically Active Natural Products: Agro-
chemicals and Biologically Active Natural Products: Pharmaceuticals.

Third, the School of Pharmacy at Mercer University has been most generous with infra-
structural support. The Dean, Dr. Hewitt Matthews, and Department Chair, Dr. Fred Farris,
have supported the project from inception. We also thank Vivienne Oder for her editorial
assistance.

Finally, we owe a debt of gratitude to the editors of CRC Press LLC who patiently guided
us through the reefs and shoals of publication.

Stephen J. Cutler
Horace G. Cutler
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Editors

Stephen J. Cutler, Ph.D., has spent much of his life in a laboratory being introduced to this
environment at an early age by his father, “Hank” Cutler. His formal education was at the
University of Georgia where he earned a B.S. in chemistry while working for Richard K.
Hill and George F. Majetich. He furthered his education by taking a Ph.D. in organic medic-
inal chemistry under the direction of Dr. C. DeWitt Blanton, Jr. at the University of Georgia
College of Pharmacy in 1989. His area of research included the synthesis of potential drugs
based on biologically active natural products such as flavones, benzodiazepines, and aryl
acetic acids. After graduate school, he spent 2 years as a postdoctoral fellow using micro-
organisms to induce metabolic changes in agents which were both naturally occurring as
well as those he synthesized.

The latter brought his research experience full circle. That is, he was able to use his formal
educational training to work in an area of natural products chemistry to which he had been
introduced at an earlier age. He now had the tools to work closely with his father in the
development of natural products as potential pharmaceuticals and /or agrochemicals either
through fermentation, semisynthesis, or total synthesis. From 1991 to 1993, the younger
Cutler served as an Assistant Professor of Medicinal Chemistry and Biochemistry at Ohio
Northern University College of Pharmacy and, in 1993, accepted a position as an Assistant
Professor at Mercer University School of Pharmacy. He teaches undergraduate and gradu-
ate pharmacy courses on the Medicinal Chemistry and Pharmacology of pharmaceutical
agents.

Horace G. (Hank) Cutler, Ph.D., began research in agricultural chemicals in February 1954,
during the era of, “we can synthesize anything you need,” and reasonable applications of
pesticides were 75 to 150 Ib/acre. His first job, a Union Carbide Fellowship at the Boyce
Thompson Institute for Plant Research (BTI), encompassed herbicides, defoliants, and
plant growth regulators (PGRs); greenhouse evaluations, field trials, formulations; and
basic research. He quickly found PGRs enticing and fell madly in love with them because
of their properties. That is, they were, for the most part, natural products and had charac-
teristic features (high specific activity, biodegradable, and target specific). After over
5 years at BTI, he went to Trinidad, West Indies, to research natural PGRs in the sugarcane,
a monoculture.

It quickly became evident that monocultures used inordinate quantities of pesticides
and, subsequently, he returned to the U.S. after 3 years to enter the University of Maryland.
There, he took his degrees in isolating and identifying natural products in nematodes
(along with classical nematology, plant pathology, and biochemistry). Following that, he
worked for the USDA, Agricultural Research Service (ARS) for almost 30 years, retired,
and then was appointed Senior Research Professor and Director of the Natural Products
Discovery Group, Southern School of Pharmacy, Mercer University, Atlanta. He has pub-
lished over 200 papers and received patents on the discovery and application of natural
products as agrochemicals (the gory details are available at ACS online). Hank’s purloined,
modified motto is: “Better ecological living through natural product chemistry!”
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1

Connections between Agrochemicals
and Pharmaceuticals

David E. Wedge and N. Dwight Camper
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ABSTRACT Antibiotics, antineoplastics, herbicides, and insecticides often originate
from plant and microbial defense mechanisms. Secondary metabolites, once considered
unimportant products, are now thought to mediate plant defense mechanisms by provid-
ing chemical barriers against animal and microbial predators. This chemical warfare
between plants and their pathogens consistently provides new natural product leads.
Whether one studies toxins, herbicides, or pharmaceuticals, chemical compounds follow
basic rules of pharmacokinetics and pharmacodynamics. Chemical properties of a mole-
cule dictate its cellular and physiological responses, and organisms will act to modulate
those chemical responses. Discovery and development of new biologically derived and
environmentally friendly chemicals are being aggressively pursued by leading chemical
and pharmaceutical companies. Future successful development and approval of these new
chemicals will require knowledge of their common mechanisms in toxicology and pharma-
cology regardless of their applications to plants or animals.

1.1 Introduction

Animals, including humans, and most microorganisms depend directly or indirectly on
plants as a source of food. It is reasonable to assume that through evolution plants have
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developed defense strategies against herbivorous animals and pathogens. Plants also must
compete with other plants, often of the same species, for sunlight, water, and nutrients. Like-
wise, animals have developed defensive strategies against microbes and predators.* Exam-
ples include the complex immune system with its cellular and humoral components* to
protect against microbes; weapons, armor, thanatosis (death), deimatic behavior, aposema-
tism (conspicuous warning), flight; or development of a poison or defense chemical.! How-
ever, plants cannot move to avoid danger; therefore, they have developed other mechanisms
of defense: the ability to regrow damaged or eaten parts (leaves); mechanical protection (i.e.,
thorns, spikes, stinging hairs, etc.); thick bark in roots and stems, or the presence of hydro-
phobic cuticular layers; latex or resins which deter chewing insects; indigestible cell walls;
and the production of secondary plant metabolites.> The latter may be the most important
strategy for plant defense. Examples of an analogous mechanism are found in many insects
and other invertebrates, i.e., many marine species;® some vertebrates also produce and
store protective metabolites which are similar in structure to plant metabolites. In some
cases animals have obtained these toxins from plants, e.g., the monarch butterfly (Danaus
plexippus) and the poison dart frogs (Dendrobatidae) found in the rain forests of Central and
South America.3”# While the function of many plant secondary metabolites is not known,
we can assume these chemicals are important for survival and fitness of a plant, i.e., pro-
tection against microorganisms, herbivores, or against competing plants (allelopathic inter-
actions) and to aid in reproduction (insect attractants). Plants produce numerous chemicals
for defense and communication, but also plants can elicit their own form of offensive chem-
ical warfare targeting cell proliferation of pathogens. These chemicals may have general or
specific activity against key target sites in bacteria, fungi, viruses, or neoplastic diseases.

Throughout recorded time humans have knowingly and unknowingly utilized plant
metabolites as sources of agrochemicals and pharmaceuticals. Discovery of vincristine and
vinblastine® in 1963 by R. L. Noble and his Canadian co-workers!® and its successful use-
patent by Eli Lilly launched the pharmaceutical industry into the search for natural product
leads for the treatment of various cancers. Recent natural product discovery and develop-
ment of avermectin (anthelmintic), cyclosporin and FK-506 (immunosuppressive), mevin-
olin and compactin (cholesterol-lowering), and Taxol and camptothecin (anticancer) have
revolutionized therapeutic areas in medicine.!! Similar successful development of azox-
ystrobin (B-methoxyacrylate) fungicides and spinosad (tetracyclic macrolides) pesticides
have created a renewed interest in natural product agrochemical discovery. Because biolog-
ically derived chemicals are perceived by consumers as having less environmental toxicity
and lower mammalian toxicity, chemical companies currently have a greater desire to dis-
cover and develop natural product-based plant protectants.

1.2 General Characteristics

Biological activity of a natural product involves several key characteristics that apply regard-
less of whether the activity is for an agrochemical or pharmaceutical application. One
involves the classical dose-response relationship. Paracelsus recognized, in 1541, the need
for proper experimentation to determine the toxic level of a chemical. He distinguished
between therapeutic and toxic properties of a chemical and recognized that these may be
indistinguishable except by dose. He stated: “All substances (chemicals) are poisons; there
is none which is not a poison. The only difference between a remedy and a poison is its
dose.” Most drugs are therapeutic over a narrow range of doses; they are also toxic at higher
doses. The problems of proper dose in order to achieve the desired pharmaceutically effective
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concentration and other physiological parameters are the subject of pharmacokinetics. Activ-
ity of plant growth regulators is governed by the same principle. 2,4-Dichlorophenoxyacetic
acid (2,4-D) is an effective herbicide at high concentrations (kg/ha), but at low concentrations
(mg/1) it has growth promotive effects in in vitro plant culture systems. Relatively low con-
centrations of indole-3-acetic acid that promotes growth of stems (10-° to 103 M) is inhibitory
to roots as compared to that which promotes root growth (10! to 10-1° M).12

1.3 Pharmacokinetics

Agrochemicals and pharmaceuticals are subjected to absorption, metabolism, distribution,
and excretion or compartmentalization. Metabolic action can result in activation or inacti-
vation of the chemical. A fermentation product of Streptomyces hygroscopicus, Bialophos, is
apparently converted to glufosinate [2-amino-4-(hydroxymethylphosphinyl)butanoic
acid]. Bialophos is used as a herbicide in field-grown and containerized nursery plants and
is a glutamine synthase inhibitor.’® In mammals, carbon tetrachloride is converted to an
active toxic metabolite by cytochrome P450 and is active in inducing liver necrosis through
a free radical mechanism.! Many other examples of metabolic changes could be cited
which result in biotransformation to toxic or carcinogenic compounds. The converse of
metabolic conversion is detoxification or degradation rendering the final product of the
agrochemical or pharmaceutical inactive. Acetaminophen, transformed by N-oxidation to
N-acetyl-p-benzoquinonimine, is rapidly conjugated to glutathione by glutathione trans-
ferase and channeled into the excretory system. The herbicide atrazine is detoxified by con-
jugation with glutathione by glutathione transferase in maize.!

Absorption, distribution, and excretion or compartmentalization influence the biological
activity of both pharmaceuticals and agrochemicals. For pharmaceuticals, interactions of a
chemical with an organism involves exposure, toxicokinetics, and toxicodynamics. Expo-
sure is usually intentional and the chemical then undergoes absorption into the circulatory
system, distribution among tissues, and elimination from the body or deposition in specific
tissues. The extent to which an agrochemical is absorbed by plants depends on the anatomy
of leaves, stems, and roots and the structural and chemical characteristics of the cuticle and
epidermis. Membranes pose barriers to the absorption and distribution of both pharma-
ceuticals and agrochemicals. These cellular structures must be penetrated in order for the
chemical to reach its site of action. Compounds that can easily cross cell membranes,
through simple diffusion or active transport mechanisms, will be more easily absorbed
than compounds which cannot. Chemicals with a high degree of lipid solubility may pen-
etrate the cellular membrane more efficiently than a chemical which is more polar in
nature. While excretion is not a usual method of distribution of an agrochemical from a
plant, root exudation may occur for certain chemicals. Other chemicals may be sequestered
in the plant vacuoles, or conjugated; both processes usually render the chemical biologi-
cally inactive or unavailable for induction of a physiological response.

1.4 Pharmacodynamics

Structure-activity relationships relate the chemical structure of a molecule to its affinity for
a receptor and intrinsic or biological activity. Relatively minor modifications in the chemical
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molecule may result in major changes in biological properties. This relationship was first
proposed by Paul Ehrlich from his chemotherapy studies of arsenicals effective against
syphilis in the late 1800s. He also postulated the existence of receptors in trying to explain
the stereospecificity of drug effects. Changes in molecular structure affect physical/chem-
ical properties of the molecule such as solubility, hydrophilic/hydrophobic balance (parti-
tion coefficient), and molecular “fit” (stereochemistry) at the active site. These chemical
characteristics ultimately affect absorption, distribution, excretion (in the case of plants,
compartmentalization in a vacuole), bioactivation, and inactivation. Alterations in the
basic structure of a drug or plant growth regulator can also affect the dose required to
induce a particular biological response. Diphenhydramine, a highly flexible molecule, has
both anticholinergic and antihistaminic action.’® Introduction of a t-butyl group in the
ortho position (2-position) results in a high anticholinergic and a low antihistaminic activ-
ity, while introduction of a methyl group in the para position (4-position) results in high
antihistaminic and a low anticholinergic activity.!”!® Studies with a series of substituted
dinitroaniline herbicides on inhibition of tobacco callus tissue showed that substitution of
an ethylpropyl group for an N-sec-butyl group on the amino nitrogen resulted in a 50-fold
increase in inhibitory response.'

Binding characteristics of drugs to their complementary receptors can reveal important
aspects of their behavior. Biologically active compounds react with some receptor molecule
within the cell which then initiates a cascade of events leading to a response. Characteris-
tics of biologically active molecules are a consequence of the chemical interactions with bio-
chemical components of the organism (e.g., recognition of receptor sites). Among the drug
and hormonal receptors that have been isolated and structurally identified in cellular
membranes are cholinergic, nicotinic, muscarinic, a- and B-adrenergic subtypes, benzodi-
azepines, and the insulin family of receptors. Studies with plant systems and endogenous
hormones have identified cytoplasmic/nuclear binding proteins which apparently stimu-
late the transcription of genes that are either directly or indirectly involved in the cell
response to the plant hormones (auxins, cytokinins, etc.).? The data obtained for the cyto-
plasmic/nuclear auxin receptor agree with the model proposed for steroidal hormones.?02

1.5 Direct-Acting Defense Chemicals — Mitotic Inhibitors
and DNA Protectants

Since the discovery of vinca alkaloids in 1963, many of the major known antitubulin agents
used in today’s cancer chemotherapy arsenal are products of secondary metabolism. These
“natural products” are probably defense chemicals that target and inhibit cell division in
invading pathogens. Other phytochemicals such as resveratrol,?* ellagic acid, beta-caro-
tene, and vitamin E may possess antimutagenic and cancer-preventive activity.?* There-
fore, it is reasonable to hypothesize that plants produce chemicals that act in defense
directly by inhibiting pathogen proliferation, or indirectly by disrupting chemical signal
processes related to growth and development of pathogens or herbivores. Specific com-
pounds or chemical families will be discussed in the following sections.

Colchicine is a poisonous tricyclic tropane alkaloid from the autumn crocus (Colchicum
autumnale) and gloriosa lily (Gloriosa superba). This alkaloid is a potent spindle fiber poison,
preventing tubulin polymerization.” Colchicine has been used as an effective anti-inflam-
matory drug in the treatment of gout and chronic myelocytic leukemia, but therapeutic
effects are attainable at toxic or near toxic dosages. For this reason, colchicine and its analogs
are primarily used as biochemical tools in the mechanistic study of new mitotic inhibitors.
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Vinca alkaloids were discovered accidentally while evaluating the possible beneficial
effects of periwinkle (Catharanthus rosea) in diabetes mellitus. Periwinkle produces about
30 chemical compounds in its alkaloid complex. The vinca alkaloids are cell-cycle-specific
agents and, in common with other drugs, block cells in mitosis. The biological activities of
these drugs can be explained by their ability to bind specifically to tubulin and block its
polymerization into microtubules.? Through disruption of the microtubules of the mitotic
apparatus, cell division is arrested at c-metaphase.?® The inability to segregate chromo-
somes correctly during mitosis presumably leads to cell death.

Podophyllotoxin existence was recorded over 170 years ago in the U.S. Pharmacopeia in
1820. A resinous alcohol extract, obtained from the dried roots of the mandrake plant or
Mayapple (Podophyllum peltatum) was used by native Americans and the colonists as a
cathartic, an anthelmintic, and as a poison. Mandrake was identified as having a local anti-
tumor effect as early as 1861. Two semisynthetic glycosides (etoposide and teniposide) of
the active principle, podophyllotoxin, have been developed and show therapeutic activity
in several human neoplasms, including pediatric leukemia, small-cell carcinomas of the
lung, testicular tumor, Hodgkin’s disease, and large-cell lymphomas.?” Etoposide and teni-
poside are similar in their actions and in the spectrum of human tumors affected, but do
not arrest cells in mitosis; rather, these compounds form a ternary complex with topoi-
somerase II and DNA. This complex results in double-stranded DNA breaks. Strand pas-
sage and resealing of the break that normally follow topoisomerase binding to DNA are
inhibited by etoposide and teniposide. Topoisomerase remains bound to the free end of the
broken DNA strand, leading to an accumulation of DNA breaks and cell death.?®

Camptothecin (CPT) and its analogs are aromatic, planar alkaloids that are found in a
very narrow segment of the plant kingdom. Potent antitumor activity of CPT was first dis-
covered serendipitously in 1958 in fruit extracts from Camptotheca acuminata. The com-
pound was isolated and the structure elucidated by Wall et al.?? Camptothecin and its
many analogs have a pentacyclic ring structure with only one asymmetric center in ring E,
the pyridone ring D moiety, and the conjugated system linking rings A, B, C, and D.3%%! Ini-
tial Phase I and II trials with CPT and topotecan have shown that responses have been
obtained in the treatment of lung, colorectal, ovarian, and cervical cancers. CPT is a cyto-
toxic plant alkaloid that has a broad spectrum of antitumor activity. The drug is highly spe-
cific and kills cells selectively in the S phase. CPT inhibits both DNA and RNA synthesis;
it produces a large number of single-stranded breaks in the presence of DNA topoi-
somerase I. CPT interferes with the breakage-reunion reaction of mammalian DNA topoi-
somerase | by trapping the key intermediate.” It appears that CPT causes arrest of the DNA
replication fork that may be largely responsible for the termination of cellular processes.
The presence of the o-hydroxy lactone moiety is one of several essential structural require-
ments for activity of CPT and its analogs.

Paclitaxel. The toxic properties of the yew have been known for at least 2000 years, but
it was not until 1964 when Monroe Wall’s group began working with bark extracts from the
pacific yew (Taxus brevifolia) that its anticancer activity was demonstrated.?? Paclitaxel
(Taxol, now a patented trademark of Bristol-Myers Squibb) may be one of the most success-
ful anticancer drugs of the decade. Taxol, more than most plant-derived medicines, exem-
plifies both the promise and the problems of natural product drug development (solubility
and supply). Once scientists discovered the unique mechanism of action of Taxol and dem-
onstrated its success in treating refractory ovarian cancer, Taxol became a focal point of con-
flict between human survival and natural resource exploitation. Paclitaxel is a diterpenoid
compound that contains a complex taxane ring as its nucleus. Paclitaxel has undergone ini-
tial phases of testing in patients with metastatic ovarian and breast cancer; it has significant
activity in both diseases. Early trials indicate significant response rates in lung, head and
neck, esophageal, and bladder carcinomas. Paclitaxel binds specifically to the p-tubulin
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FIGURE 1.1

Ellagic acid is an astringent, hemostatic, antioxidant, antimutagenic, and possibly an antineoplastic agent from
strawberries, raspberries, grapes, walnuts, and pecans. Its human dietary role in cancer prevention is uncertain
and in planta function is unknown.

subunit of microtubules and appears to antagonize the disassembly of this key cytoskeletal
protein, resulting in bundles of microtubules and aberrant structures and an arrest of mito-
SiS.33’34

Ellagic Acid, a phenolic glucose derivative of castalagin, is the lactone form of a gallic
acid dimer that occurs in plants, fruits, and nuts either in a free or conjugated form
(Figure 1.1). Ellagic acid is present in high concentrations in walnuts and pecans and in
fruits such as strawberries and raspberries.® Stoner3 Proposed that when fruits and nuts
are consumed by humans, the glucose moieties of ellagitannins are probably removed by
enzymatic activity in the digestive system, thus “freeing up” ellagic acid for absorption.
Numerous derivatives of ellagic acid, formed through methylation, glycosylation, and
methoxylation of its hydroxyl groups, exist in plants. These differ in solubility, mobility,
and activity in plant as well as in animal systems.?”38 The role of dietary ellagic acid in
tumor suppression appears to be related to its antioxidant activities and activation of
endogenous detoxification mechanisms. Both antioxidant and detoxification activities may
be mediated by the quinone forms of ellagic acid. Previous interest in ellagic acid was
largely due to its use in fruit juice processing and wine manufacturing. More recently, how-
ever, interest has focused on ellagic acid as a regulator of the plant hormone indole acetic
acid, insect deterrent, blood-clotting agent, and anticarcinogen.-%-

In our continuing interests in natural product discovery,*#! ellagic acid and an extract of
fruit from Melia volkensii (MV-extract) were screened for inhibition of Agrobacterium tume-
faciens-induced tumors using the potato disk assay.#2 This bioassay is useful for the exam-
ination of plant extracts and purified compounds which inhibit crown gall tumors (a plant
neoplastic disease) that may have potential human anticancer activity.*>#

Antitumor activity of ellagic acid and MV-extract were compared with that of CPT using
the potato disk assay described by Galsky and Wilsey* and modified by Ferrigni et al.#
Ellagic acid and MV-extract show dose-dependent activity against A. tumefaciens-induced
tumors (Figure 1.2). Inhibition of tumor formation by CPT was similar for all doses tested
and is consistent with its potent anticancer activity. Ellagic acid had greater antitumor
activity at each concentration when compared with MV-extract, but had significantly less
activity when compared with that of CPT. These data are consistent with the literature
which states that ellagic acid may inhibit the initiation stage of carcinogensis that takes
place in humans.?
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FIGURE 1.2

Tumor inhibition at three levels of Camptothecin (CPT), ellagic acid, and MV-extract tested in the Agrobacterium
tumefaciens-induced tumor system. DMSO was used in the same concentrations as that used to test its respective
dosage for each test compound. Error bars are indicative of +1 standard error, n = 15.

1.6 Indirect-Acting Defense Chemicals — Fatty Acid Inhibitors
and Signal Transduction

Plant resistance to pathogens is considered to be systemically induced by some endoge-
nous signal molecule produced at the infection site that is then translocated to other parts
of the plant.®® Search and identification of the putative signal is of great interest to many
plant scientists because such molecules have possible uses as “natural product” disease
control agents. However, research indicates that there is not a single compound but a com-
plex signal transduction pathway in plants which can be mediated by a number of com-
pounds that appear to influence arachidonate metabolism. In response to wounding or
pathogen attack, fatty acids of the jasmonate cascade are formed from membrane-bound
o-linolenic acid by lipoxygenase-mediated peroxidation.*” Analogous to the prostaglandin
cascade in mammals, linolenic acid is thought to participate in a lipid-based signaling system
where jasmonates induce the synthesis of a family of wound-inducible defensive protein-
ase inhibitor genes® and low- and high-molecular-weight phytoalexins such as flavonoids,
alkaloids, terpenoids.5!>2

Fatty acids are known to play an important role in signal transduction pathways via the
inositol phosphate mechanism in both plants and animals. In animals, several polyunsatu-
rated fatty acids like linolenic acid are precursors for hormones. Interruption of fatty acid
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FIGURE 1.3
Arachidonic acid cascade.

metabolism produces complex cascade effects that are difficult to separate independently.
In response to hormones, stress, infection, inflammation, and other stimuli, a specific phos-
pholipase present in most mammalian cells attacks membrane phospholipids, releasing
arachidonate. Arachidonic acid is parent to a family of very potent biological signaling
molecules that act as short-range messengers, affecting tissues near the cells that produce
them. The role of various phytochemicals and their ability to disrupt arachidonic acid
metabolism in mammalian systems by inhibiting cyclooxygenase (COX-1 and COX-2)
enzyme-mediated pathways is of major pharmacological importance.

Eicosanoids which include prostaglandins, prostacyclin, thromaboxane A2, and leuko-
trienes are a family of very potent autocoid signaling molecules that act as chemical mes-
sengers with a wide variety of biological activities in various tissues of vertebrate animals.
It was not until the general structure of prostaglandins was determined, a 20-carbon unsat-
urated carboxylic acid with a cyclopentane ring, that the relationships with fatty acids was
realized. Eicosanoids are formed via a cascade pathway in which the 20-carbon polyunsat-
urated fatty acid, arachidonic acid, is rapidly metabolized to oxygenated products by sev-
eral enzyme systems including cyclooxygenases® or lipoxygenases,>> or cytochrome
P450s%¢ (Figure 1.3). The eicosanoids maintain this 20-carbon scaffold often with cyclopen-
tane ring (prostaglandins), double cyclopentane ring (prostacyclin), or oxane ring (throm-
boxanes) modifications. The first enzyme in the prostaglandin synthetic pathway is
prostaglandin endoperoxide synthase, or fatty acid cyclooxygenase. This enzyme converts
arachidonic acid to unstable prostaglandin intermediates. Aspirin, derived from salicylic
acid in plants, irreversibly inactivates prostaglandin endoperoxide synthase by acetylating
an essential serine residue on the enzyme, thus producing anti-inflammatory and anticlot-
ting actions.>”

Jasmonic acid is an 18-carbon pentacyclic polyunsaturated fatty acid derived from lino-
lenic acid, plays a role in plants similar to arachidonic acid,® and has a structure similar to
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Jasmonic acid in plants plays a similar role to arachidonic acid in animals.
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FIGURE 1.5
Salicylic acid is an important signal molecule inducing plant responses to pathogens.

the prostaglandins (Figure 1.4). It is synthesized in plants from linolenic acid by an oxida-
tive pathway analogous to the eicosanoids in animals. In animals, eicosanoid synthesis is
triggered by release of arachidonic acid from membrane lipids into the cytoplasm where it
is converted into secondary messenger molecules. Conversion of linolenic acid through
several steps to jasmonic acid is perhaps a mechanism analogous to arachidonate that
allows the plant to respond to wounding or pathogen attack.” Linolenic acid is released
from precursor lipids by action of lipase and subsequently undergoes oxidation to jas-
monic acid. Apparently, jasmonic acid and its octadecanoid precursors in the jasmonate
cascade are an integral part of a general signal transduction system that must be present
between the elicitor-receptor complex and the gene-activation process responsible for
induction of enzyme synthesis.®*>>>° Closely related fatty acids that are not jasmonate pre-
cursors are ineffective in signal transduction of wound-induced proteinase inhibitor
genes.>® Arachidonic acid, eicosapentaenoic acid, and other unsaturated fatty acids
(linoleic acid, linolenic acid, and oleic acid) are also known elicitors for sesquiterpenoid
phytoalexins and induce systemic resistance against Phytophthora infestans in potato.*

Evidence is accumulating that salicylic acid plays an important role in pathogen response
and plant resistance mechanisms (Figure 1.5). Jasmonic acid and salicylic acid appear to
sensitize plant cells to fungal elicitors as they relay the signal in the induction of systemic
acquired resistance. Acetylsalicylic acid (aspirin) inhibits the wound-induced increase in
endogenous levels of jasmonic acid,* a response similar to the inhibition of prostaglandins.
Both compounds induce resistance to plant pathogens and induce the synthesis of patho-
genesis-related proteins.®! Salicylic acid is an important endogenous messenger in thermo-
genesic plants.5> Exogenous application of salicylic acid and aspirin to plants elicits a
number of responses, one of which is blocking of the wound response.®% It appears that
polyunsaturated fatty acids derived from lipid breakdown (peroxidation), perhaps
induced by wounding (injury) or in response to microbial invasion, may play important
roles in signal transduction in many different organisms. This pathway may also prove to
be a target site for control and protection not only of plants, but for new pharmaceuticals
with quite specific activity. Toxicity of both synthetic and naturally occurring chemicals in
biological systems frequently involves lipid peroxidation. Free radical production and sub-
sequent actions are involved in mechanisms of herbicide action in plants as well as in other
systems.
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Increasing evidence suggests that plant cellular defenses may be analogous to “natural”
immune response of vertebrates and insects. In addition to cell structural similarities, plant
and mammalian defense responses share functional similarities. In mammals, natural
immunity is characterized by the rapid induction of gene expression after microbial inva-
sion. A characteristic feature of plant disease resistance is the rapid induction of a hyper-
sensitive response in which a small area of cells containing the pathogen are killed. Other
aspects of plant defense include an oxidative burst leading to the production of reactive
oxygen intermediates (ROIs), expression of defense-related genes, alteration of membrane
potentials, increase in lipoxygenase activity, cell wall modifications, and production of
antimicrobial compounds such as phytoalexins.®

In mammalian immune response, ROIs induce acute-phase response genes by activating
the transcription factors NF-xB and AP-1 genes,* and salicylic acid may play a role in the
expression of NF-kB-mediated transcription.® In plants, ROIs and salicylic acid regulate
pathogen resistance through transcription of resistance gene-mediated defenses. Func-
tional and structural similarities among evolutionarily divergent organisms suggest that
the mammalian immune response and the plant pathogen defense pathways may be built
from a common template.®” We believe that similar biosynthetic processes involved in sig-
naling pathogen invasion and stress in plants and animals may account for the physiolog-
ical cross activity of various fatty acid intermediates and other pharmacologically active
phytochemicals.

1.7 New Chemistries and Modes of Action

Strobilurins, inspired by a group of natural products produced by edible forest mushrooms
that grow on decaying wood, are being developed by Zeneca, Ag Products as azoxystrobin
(Figure 1.6) and kresoxim-methyl (Figure 1.7) by BASF. Naturally occurring antifungal
compounds, strobilurin A and oudemansin A, provide the wood-inhabiting mushroom
fungi Strobilurus tenacellus and Oudemansiella mucida with a competitive advantage against
other fungi.® Azoxystrobin (B-methoxyacrylate) was selected from 1400 compounds syn-
thesized by Zeneca based on these naturally occurring antifungal products. Azoxystrobin
had high levels of fungicidal activity, a broad-spectrum activity, low mammalian toxicity,
and a benign environmental profile. In vivo greenhouse trials demonstrated LCy; values
below 1 mg AlI/l (active ingredient/liter) and broad-spectrum activity against important
diseases caused by ascomycete, basidiomycete, deuteromycete, and oomycete plant patho-
gens. Strobilurins possess a novel mode of action by inhibiting mitochondrial respiration
through prevention of electron transfer between cytochrome b and cytochrome c,,% by

CN X _-0CHs
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FIGURE 1.6
Azoxystrobin (B-methoxyacrylate) is one of 1400 synthesized from the lead compound, strobilurin A.

©2000 by CRC Press LLC



11

-~ \N/ O\
o)

FIGURE 1.7
Kresoxim-methyl is based on the same strobilurin A lead compounds in which variations of the methoxyacrylate
moiety produced the methoxyiminoacetate pharmacophore.

binding to the Q,-site on cytochrome b.””! Because of their novel mode of action, these
compounds will offer control of pathogens resistant to other fungicides. Strobilurins have
both disease preventative and curative properties and are active against spore germination,
myecelial growth, and sporulation. More importantly, these compounds appear to be envi-
ronmentally friendly. Azoxystrobin application rates as low as 200 g Al/ha have typically
given control of potato late blight (Phytophthora infestans) and show low acute mammalian
toxicity because fungal toxicity is not linked to mammalian toxicity. Knowledge of struc-
tural configuration and conformation and biological properties of strobilurin A has
allowed the preparation of analogs in which both fungicidal activity and photostability
have been improved. The importance and future of strobilurins as a new class of fungicides
is seen by the fact that 21 companies have filed 255 patent applications primarily for use as
fungicides.®

Spinosyns are a group of naturally occurring pesticidal compounds produced by the act-
inomycete Saccharopolyspora spinosa that were isolated from soil collected at a sugar mill
rum still”> (Figure 1.8). This group of macrolides, originally discovered by Eli Lilly scien-
tists in the search for new pharmaceuticals, led to the discovery of more than 20 spinosyns
and development of a new chemical class, spinosyns.” Two spinosyns are being commer-
cially developed by DowAgro under the label name of Conserve SC for insect control in
turf and ornamentals. Conserve or spinosad (common name) is composed of the two most
active macrocyclic lactones in a mixture of 85% spinosyn A and 15% spinosyn D.7

Me;N OCHs
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OCHg4
\\\\\\\O

R spinosyn
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FIGURE 1.8

Spinosyn A and D are new natural product-based pesticidal macrolides originally discovered by Eli Lilly
scientists in search for new pharmaceuticals.
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Spinosyns act as both a contact and a stomach poison in insects, but are about five times
more active orally in some species of insects such as the tobacco budworm (Heliothis vire-
scens). Because spinosyns have a high efficacy and are especially active against a variety of
lepidopterous pests,”> Conserve is active at very low rates. Low rates of 0.08 Ib/acre will
control sod webworms (Pediasia sp.) and small armyworms (Spodoptera mauritia), a midrate
of 0.27 Ib/acre will control small cutworms (Agrostis ipsilon), and a high rate of 0.4 1b/acre
will control large cutworms (Agrostis ipsilon) and armyworms (Spodoptera mauritia).”® Spi-
nosyns degrade very rapidly in the environment and have residual activities comparable
to pyrethroids. Other attributes such as a unique mode of action, minimum impact on ben-
eficial insects, low mammalian and nontarget toxicity, and rapid degradation by photolysis
will make the spinosyn class of newly released natural products important pest controls for
turf and ornamentals.

1.8 Conclusions

Plants and microorganisms are a proven source of numerous pharmaceutical and agro-
chemical agents, and it is reasonable to believe that there are additional agents in existence
that remain undiscovered. These “natural products” are probably defense chemicals tar-
geting and inhibiting the cell division processes of invading plant pathogens.””8 Inhibition
of pathogen-induced DNA alteration and mutation may influence mechanisms common to
the etiology of both animal and plant disease. Therefore, phytochemicals available from
food components may affect tumorigenesis in humans by altering cellular responses to
genetic damage or mitogenic stimulants. Ellagic acid is only one of many polyphenolic sub-
stances available from certain fruits, and human in vivo bioactivity of these phytochemicals
is still speculative. However, ellagic acid available from a raspberry puree is now being
evaluated for its ability to inhibit colon cancer in human clinical trial patients (Nixon, per-
sonal communication). Study of fresh fruits for use in dietary prevention, intervention, and
recovery of cancer is ongoing at the Hollings Cancer Center at the Medical University of
South Carolina. This research should provide data and help clarify cancer benefits attrib-
uted to some phytochemicals for human patients.”

Plant pathologists and breeders have realized for decades that phytochemical defense
comes at an ecological cost; there are trade-offs between defense (resistance) and produc-
tivity.80 Plant defense strategies were summarized into the optimal-defense theory by
McKey?®! and elaborated by Rhoades,®? but simply stated, you don’t get something for noth-
ing; there is a cost to everything. Information presented in this chapter supports reason to
investigate phytochemicals further as sources for new chemistry. It also demonstrates fur-
ther linkages between plant pathology and pharmacognosy in the study of phytochemistry
and plant-related defense mechanisms.

Future development of value-added crops, nutraceuticals, phytopharmaceuticals, genet-
ically enhanced fruits and vegetables, replacement crops for tobacco, and plant sources for
the rapidly expanding herbal medicine industry will fuel the growth of alternative agricul-
tural crops for nontraditional uses. The need to support research in alternative agriculture
for the U.S. can be appreciated by the fact that the herbal /nutritional supplement market
alone is valued at approximately 2 billion nationwide and 15 billion worldwide with an
annual increase of 15%. Although the vast majority of the plant material is either collected
from wild populations or grown outside the U.S., this situation provides U.S. growers with
a major opportunity for expansion into alternative agricultural crops. Humanity’s future
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success in discovery and development of useful natural products will depend on knowl-
edge and understanding of the diverse roles that phytochemicals play in the natural world
and, of course, a healthy dose of serendipity.
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2.1 Introduction

In the U.S. for the year 1998, it is estimated that about 1,228,600 persons will be diagnosed
with invasive cancer, and additionally about 1 million people will contract basal or squa-
mous cancers of the skin. Furthermore, over 1500 persons per day (or over 560,000 Ameri-
cans) will die in 1998 from cancer.! Plant natural products have had, and continue to have,
an important role as medicinal and pharmaceutical agents, not only as purified isolates and
extractives, but also as lead compounds for synthetic optimization.2 For example, if cancer
chemotherapeutic agents are considered, there are now four structural classes of plant-
derived anticancer agents on the market in the U.S., represented by the Catharanthus
(Vinca) alkaloids (vinblastine, vincristine, and vindesine), the epipodophyllotoxins (etopo-
side and teniposide), the taxanes (paclitaxel and docetaxel), and the camptothecin deriva-
tives (camptotecin and irinotecan).”!° Plant secondary metabolites also show promise for
cancer chemoprevention, which has been defined as “the use of non-cytotoxic nutrients or
pharmacological agents to enhance intrinsic physiological mechanisms that protect the
organism against mutant clones of malignant cells.”"" There has been considerable prior
work on the cancer chemopreventive effects of constituents of certain culinary herbs, fruits,
spices, teas, and vegetables, in which their ability to prevent the development of cancer in
laboratory animals has been demonstrated.!?13 Moreover, ellagic acid, isothiocyanates from
Brassica species, and vanillin have been demonstrated mechanistically as carcinogenesis
blocking (anti-initiating) agents, while curcumin, epigallocatechin gallate, limonene, and
quercetin are effective carcinogenesis-suppressing (antipromotion/antiprogression)
agents.! Clinical trials as cancer chemopreventive agents on plant products such as
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cucumin, genistein, and phenethyl isothiocyanate are planned under the auspices of the
National Cancer Institute.!® There remains a great deal of interest in the screening of plant
secondary metabolites and other natural products in modern drug discovery, not only to
find potential anticancer and cancer chemopreventive agents, but also to find leads active
against other disease targets.!%

In the remaining sections of this chapter, brief details of the experimental approaches to
our separate projects on the discovery of novel plant-derived cancer chemotherapeutic
agents and cancer chemopreventives will be provided in turn, with emphasis of the phyto-
chemical aspects. A number of novel bioactive plant secondary metabolites will be pre-
sented that have been isolated via activity-guided fractionation techniques in our recent
work on these two projects.

2.2 Potential Anticancer Agents

The National Cancer Institute (NCI), Bethesda, MD established the National Cooperative
Natural Product Drug Discovery Group (NCNPDDG) grant mechanism to “discover and
evaluate new entities from natural sources for the treatment and cure of cancer.”? A group
at the College of Pharmacy, University of Illinois at Chicago — senior investigators
Drs. C. W. W. Beecher, G. A. Cordell (Principal Investigator, 1990 to 1992), N. R. Farns-
worth, A. D. Kinghorn (Principal Investigator, 1992 to present), J. M. Pezzuto, and D. D.
Soejarto — has collaborated for several years with Drs. M. E. Wall and M. C. Wani at
Research Triangle Institute, Research Triangle Park, NC in a NCNPDDG project directed
toward the discovery and biological evaluation of novel anticancer agents of plant origin.
Our consortial team has worked initially with Glaxo Wellcome Medicines Research Centre,
Stevenage, U.K. (1990 to 1995), and then with Bristol-Myers Squibb, Princeton, NJ (1995 to
2000) as industrial partner. About 500 plants are collected each year, primarily from tropical
rain forest areas, through the cooperation of a network of botanist collaborators. It is nec-
essary to obtain permission through formal written agreements to acquire the plants for
this project. Nonpolar and polar extracts are then prepared of each plant part obtained,
which are then evaluated in a broad range of cell- and mechanism-based in vitro bioassays.
Cell-based assays are used to evaluate the cytotoxic potential of extracts against the growth
of human tumor cells in culture, and the mechanism-based assays constitute a variety of
enzyme inhibition and receptor-binding assays germane to cancer. Prioritization of plant
extracts found to be active in one or more of the primary bioassays for activity-guided frac-
tionation is made on the basis of potency and specificity of biological response, among
other factors. Selected pure active compounds are evaluated in various secondary in vitro
and in vivo bioassays, including murine xenograft systems. The organization of this project
has been described in greater detail in previous publications.?

The isolation chemistry aspects of our NCNPDDG project are carried out using standard
methods of purification and structure elucidation for active compounds. A useful extrac-
tion scheme has been developed wherein it has been found that organic-soluble extracts are
largely devoid of potentially interfering plant polyphenols when chloroform is used for
extraction and is then washed with 1% aqueous sodium chloride.? Over 100 compounds
active in one or more of the in vitro biological test systems in this project have been isolated
and structurally characterized to date. However, since hundreds if not thousands of plant
secondary metabolites are already known to be cytotoxic against cancer cells, it has proved
necessary to incorporate an LC/MS dereplication step into our modus operandi, which was
developed under the direction of Dr. C. W. W. Beecher.” In this procedure, designed to rapidly
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detect cytotoxic agents of known structure, a bioactive organic-soluble plant extract is sub-
jected to HPLC separation using a standard gradient solvent system, and the effluent is
passed through a UV-vis diode array detector, and then split into two streams. The smaller
of these is passed onto an electrospray interface of a mass spectrometer (having been post-
column treated for either positive- or negative-ion production), while the larger stream is
fractionated onto a 96-well microtiter plate. After bioassay against a cancer cell line, it is
possible to compare the molecular ions obtained within the region(s) of bioactivity on the
microtiter plate, and to employ the NAPRALERT (Natural Products ALERT) database? t0
make tentative compound identifications.?> A detailed review of this methodology has
been published, including its use in identifying known cytotoxic compounds from a num-
ber of our NCNPDDG plant acquisitions, including iridoids from Allamandra
blanchetii A. DC. (Apocynaceae), highly functionalized coumarins from Mesua ferrea L.
(Guttiferae), and cyclic peptides from Rubia cordifolia L. (Rubiaceae).?”

The structures of several novel cytotoxic compounds (1 to 13) isolated and structurally
characterized in this laboratory in the last 2 years in our project on potential anticancer
agents are shown in Figure 2.1. From Aglaia elliptica Bl. (Meliaceae), a rain forest tree col-
lected in Thailand, four new 1H-cyclopenta[b]benzofuran derivatives (1 to 4) were
obtained, along with the known analog, methyl rocaglate. Compound 4 was found to pos-
sess an unusual formyl ester substituent at the C-1 position. These substances exhibited
extremely potent broad cytotoxicity against a panel of human tumor cell lines, and com-
pound 1 has been selected for biological followup testing at the NCL2® From the Madagas-
can plant, Domohinea perrieri Leandri (Euphorbiaceae), five new bioactive compounds were
isolated, constituted by the four phenanthrene derivatives (5 to 8), along with a related
compound, the hexahydrophenanthrene derivative, domihinone (9), whose structure was
determined by x-ray crystallography. Of these five substances, only compounds 5 and 6
proved to be active as cytotoxic agents. However, all five compounds were active in an
assay designed to evaluate bleomycin-mediated DNA strand-scission activity, with com-
pounds 5 to 7 being more potent than 8 and 9 in this regard.?® Three novel prenylated fla-
vanones (10 to 12) with a 1,1-dimethylallyl group at C-6, differing in their C-3’ substituent,
were isolated from Monotes engleri Gilg (Dipterocarpaceae), collected in Zimbabwe. Also
isolated as cytotoxic constituents from this same plant source were the known flavanones
6,8-diprenyleriodictyol and hiravanone.®

The resveratrol tetramer, vatdiospyroidol (13), was isolated as a cytotoxic constituent of
the stems of the Thai plant, Vatica diospyroides Sym. (Dipterocarpaceae), and its structure
elucidation proved to be quite challenging. The molecular formula was determined as
C;6H 05, by high-resolution negative FABMS, and it exhibited a characteristic UV absorp-
tion maximum at 285 nm (loge 4.0), consistent with being a resveratrol oligomer. Strong
hydroxyl group absorption was observed at 3361 cm™ in the IR spectrum, and all
10 hydroxyl protons were seen in the 'H-NMR spectrum of vatdiospyroidol (13) when run
in acetone-d;. Furthermore, a decamethyl derivative was produced when the compound
was permethylated with dimethyl sulfate under standard conditions. In the 'H-NMR spec-
trum, the aliphatic methine functionalities appeared between 6 2.8 and 5.7, and many ortho-
and meta-coupled aromatic protons were evident between 3y, 6.0 and 7.3. The overall struc-
ture proposed for this isolate was determined after the detailed analysis of its COSY,
HMQC, and HMBC NMR spectra, and the stereochemistry was postulated using a combi-
nation of NOESY NMR and energy-minimized molecular mechanics observations employ-
ing HyperChem™ 4.0 software. Vatdiospyroidol (13) displayed significant cytotoxicity
against human oral epidermoid (KB), colon cancer (Col2), and breast cancer (BC1) cell
lines.** Compounds of the oligostilbenoid class from plants in the family Dipterocarpaceae
seem to be worthy of a wider evaluation of their biological properties than has been the
case so far.
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FIGURE 2.1
Structures of cytotoxic compounds with potential cancer chemotherapeutic activity.

2.3 Potential Cancer Chemopreventive Agents

In the second of our research projects to be described in this chapter, potential cancer
chemopreventive agents are again isolated from plant sources by activity-guided fraction-
ation techniques, and then subjected to detailed biological evaluation. This work has been
funded through the Program Project mechanism by the NCI for a number of years, with all
of the research carried out at the University of Illinois at Chicago — Project Leaders, N. R.
Farnsworth, A. D. Kinghorn, R. C. Moon, R. M. Moriarty, and J. M. Pezzuto (who also
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serves as overall project Principal Investigator). The plant material worked on constitutes
both food plants and species collected in the field, and once again each plant part is milled
and then extracted into organic-soluble and aqueous-soluble extacts. Preliminary biologi-
cal evaluation is carried out using a panel of about 10 short-term in vitro bioassays, with
some being relevant to each of the initiation, promotion, and progression stages of carcino-
genesis.??>* Considerable success was achieved in using a followup assay for extracts and
pure isolates active in the initial in vitro assays, involving their potential to inhibit carcinogen-
induced lesion formation in a mouse mammary organ culture model.?>* The in vivo cancer
chemopreventive activity of highly promising pure plant constituents is then evaluated in
a two-stage mouse skin and/or a rat mammary carcinogenesis model.*?* This project also
incorporates a synthetic organic chemistry component for analog development and the
production of the large quantities of test materials needed for in vivo biological studies.??*

Nearly 100 compounds active in one or more of the in vitro assays have been isolated and
structure-characterized in our project on cancer chemopreventive agents so far, and a selec-
tion of compounds of novel structure (14 to 21) is shown in Figure 2.2; these will be
described briefly in turn. There have been substantial previous chemical and biological
studies on the medicinal and food plant, Casimiroa edulis Llave et Lex. (Rutaceae), and a
number of alkaloids, coumarins, and flavonoids have been structurally characterized by
others. When we evaluated an ethyl acetate extract of the seeds of C. edulis of Central
American origin, this was found to inhibit 7,12-dimethylbenz(a)anthracene (DMBA)-
induced mutation in Salmonella typhimurium strain TM677. About 10 antimutagenic con-
stituents were isolated from this species, including the novel furocoumarins 14 and 15.
Both of these compounds were isolated as racemic substances, and their molecular ions
were established by a combination of positive and negative electrospray mass spectra
(ESMS), with the more usual mass spectral techniques (EIMS, CIMS, and FABMS) being
uninformative in this regard. Compounds 14 and 15 were also evaluated in a number of
other biological test systems, but because of the well-known propensity of furocoumarins
to be phototoxic they will probably not become useful cancer chemopreventive agents.?
Using an antioxidant assay based on the scavenging effect of stable 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) free radicals, the novel pentahydroxylated flavone 16 was isolated from
a plant collected in California, Chorizanthe diffusa Benth. P1. Hartw. (Polygonaceae). This
compound was a more potent antioxidant in the DPPH assay than several other known
flavonoids, and was the only such compound isolated in our study with 3,4,5-trisubstitu-
tion in the B ring.3¢

The ground-cover plant Pachysandra procumbens Michx. (Buxaceae), indigenous to east-
ern North America, has proved to be a rich source of steroidal (3,205-diamino-5a-preg-
nane) alkaloids in our phytochemical work, inclusive of the novel compounds 17 to 19.
Compounds 17 and 18 were both found to contain a four-membered nonfused B-lactam
ring affixed to C-3, with 18 being a ring-D hydroxylated analog of 17. The position and ste-
reochemistry of the hydroxy group in 18 was established as 160 by a combination of
1D-NOE NMR data and molecular modeling observations. Compound 19 was a further
novel steroidal alkaloid isolated from P. procumbens, and was determined as possessing a
C-3-attached benzoyl group. The initial nonpolar crude extracts of P. procumbens exhibited
significant activity in an antiestrogen-binding site (AEBS) assay, with compounds 17 and
18 being of equivalent potency in this regard, and both slightly less potent than 19. These
compounds and several known steroidal alkaloids from the same plant source were estab-
lished as selective and competitive inhibitors of tamoxifen binding to the antiestrogen
binding site.?” Compounds 20 and 21 were isolated from Tephrosia purpurea (L.) Pers. (Legu-
minosae) as inducers of quinone reductase, using Hepa 1clc7 hepatoma cells. A novel
isoflavone (20) and the novel chalcone, (+)-tephropurpurin (21), were among eight com-
pounds isolated as inducers of quinone reductase from this plant source. Compound 21
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FIGURE 2.2
Structures of compounds with potential cancer chemopreventive activity.

was the most active of the substances obtained, and was determined to be more potent in
the quinone reductase assay than sulforaphane, a standard quinone reductase inducer.*®

2.4 Conclusions

Using the technique of activity-guided chromatographic isolation, it is possible to generate
many structurally novel bioactive plant secondary metabolites, and examples have been
provided in this chapter of plant secondary metabolites with potential anticancer or poten-
tial cancer chemopreventive activity, comprised by compounds representative of the chal-
cone, flavanone, flavone, furocoumarin, isoflavone, lignan, oligostilbenoid (resveratrol
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tetramer), phenanthrene, and steroidal alkaloid classes. Several of these novel plant-
derived bioactive compounds were isolated along with closely related analogs of previ-
ously known structure, and accordingly we have been able to conduct preliminary struc-
ture—activity relationship studies with reference to the particular in vitro bioassays in which
activity was observed. It is hoped that in future research one or more of the compounds
described in this chapter will be subjected to further development or, alternatively, will
serve as a lead compound for synthetic optimization.
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3.1 Introduction

All research programs that aim to discover novel bioactive compounds from natural
sources rely to some degree on the assumption that a carefully reasoned philosophy guid-
ing the selection of species to be sampled can improve the rate of discovery. Plants are prob-
ably the most common source of samples for evaluation in high-throughput screens of
natural products. They have yielded many useful compounds, and plant-derived ingredi-
ents are an important component of modern pharmaceuticals.!® Nevertheless, the vast
majority of the world’s quarter of a million plant species have not been evaluated in phar-
maceutical screens, and the small percentage that has been tested has generally been
screened for activity against only a few therapeutic targets. The geographic and taxonomic
distribution of the approximately 250,000 species of higher plants is not random, the chem-
istry of various plant families is known to differ significantly, and our present state of
knowledge of the chemistry of plants remains uneven. For these reasons, many collecting
schemes have been proposed to yield novel bioactive compounds at a rate above that pre-
dicted by chance.

Collecting for screening may be random or guided by taxonomy, phytochemistry, ecol-
ogy, ethnobotany, or information on how certain animals utilize plants, a strategy that has
been called zoopharmacology.*® The relative merits of these strategies have been
reviewed,*® often in efforts to validate a given collecting strategy.*!> Furthermore, there
have been several attempts'®!314 to demonstrate numerically that ethnobotanically guided
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collecting yields a higher “hit rate” than other sampling strategies, but these suffer from
two problems. First, they are based on relatively small sets of data and the results, although
suggestive of a distinct pattern, are not statistically significant. Second, they are based on
analysis of rates of positive results in primary screens. With further analysis, the vast
majority of these positives from primary screens prove to be known compounds, general
biotic inhibitors, or of little therapeutic potential for other reasons. In fact, solving the sec-
ond problem by limiting comparison to actual rate of discovery of novel bioactive com-
pounds would make solving the first, statistical problem almost impossible. Given the very
low rate of discovery of novel natural products that exhibit therapeutic potential, it is at
best difficult, and perhaps impossible, to screen large enough numbers of samples to gen-
erate comparable numbers from different programs based on different collecting methods.

While comparison of discovery rates between programs with different sampling strate-
gies may be difficult, it should be possible to analyze the collections of a large screening
program and determine if it is accomplishing its stated goals. It is sometimes implied that
large-scale collecting programs are haphazard in their selection of species for screening,
and they have thus been labeled random. However, most of these programs have aimed at
providing a representative sample of the taxonomic diversity that exists in a given geo-
graphic area, so they are best characterized as taxonomically driven. This strategy rests on
the assumption that taxonomy should be a reliable indicator of the distribution of chemical
diversity in nature. The present analysis is an attempt to test whether a large-scale random
collecting program conducted over a 10-year period has yielded an even sample of the bio-
logical diversity that exists in a given region. It is not an effort to compare discovery rates
between a taxonomically driven program and other collecting strategies, but rather to ana-
lyze whether or not the program is really accomplishing its stated goals and what changes
could improve the program.

3.2 The National Cancer Institute Screening Program

Few pharmaceutical screening programs have sampled enough species in a single region
to generate numbers large enough to examine whether or not the selection criteria are
accomplishing their stated goals. One exception is the U.S. National Cancer Institute (NCI)
Natural Products program. The NCI began screening plants against a variety of cancer cell
lines in 1960 and continued through 1982,'> when funding for the program was discontin-
ued. In this period, approximately 120,000 plant extracts from approximately 35,000 spe-
cies were screened for novel anticancer agents.!® A second phase of natural products
screening began in 1986 with three contracts awarded for collecting in the world’s three
major tropical areas.!” The Missouri Botanical Garden (MBG) was awarded a 5-year con-
tract to collect plant samples in tropical Africa and Madagascar, the contract was renewed
for an additional 5 years in 1991, and in the first 10 years more than 13,000 samples were
collected for screening.

Although many sampling programs designed to generate large numbers of samples for
high-throughput screening programs have been characterized as random, it has been
shown that they are not truly random!® nor haphazard,® but that sampling occurs without
preconceived selection of species. The overall aim of the MBG collecting program in tropi-
cal Africa and Madagascar for the NCI has been to obtain a series of samples that accurately
reflects the diversity of taxa in the region. This rests on the assumption that if classification
systems are predictive, even sampling of the higher taxa should yield a representative sample
of the chemical diversity that exists in nature. Thus, the goal of the MBG collecting program
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was to obtain representatives of as many of the higher taxa that occurred in the areas col-
lected as possible. While there were no preconceived selection criteria for species, a greater
representation of genera and families than would have occurred by chance was obtained
through the methods employed. A list of previously collected species was maintained and
given to all collectors, and every effort was made to avoid duplicating species that had pre-
viously been sampled. This helped reduce the number of species sampled multiple times
and to increase the total number of species sampled. A second list of families and genera
that had not yet been collected was also maintained and supplied to collectors, and special
efforts were made to seek out representatives of families and genera that had not yet been
sampled. While no genera or families were specifically avoided for collecting, unless all
included species had previously been collected, efforts were made to focus on unsampled
or poorly sampled families and genera, rather than to continue adding species to large gen-
era that had already been sampled multiple times.

In 10 years of collecting for the NCI in Africa and Madagascar, efforts in the two areas
were conducted as separate activities. Some of this is the result of different project staff
responsible for the two regions, but it also reflects the vast differences in the floras of the two
regions. Because the separation of Madagascar from tropical Africa began about 165 million
years before the present,!® the flora has largely evolved in isolation. It has been estimated
that perhaps as many as 85% of the species and a large percentage of genera are endemic
to Madagascar.’ Because of these floristic differences and the minimal overlap in taxo-
nomic literature, identification and collection databases have been maintained separately.

3.3 Analysis of Collecting

All systems of classification are based upon the principle of grouping together organisms
that are similar and share certain characteristics. Thus, in a hierarchical classification sys-
tem, species that share many characters are assumed to be closely related and are grouped
together and apart from those with which they share fewer characters. As more characters
are included in a classification, it should become robust, meaning unlikely to be changed
significantly by the addition of more information. If systems of classification are robust,
they should be effective for making predictions about the chemistry of various groups of
species. Therefore, the species classified together within a single genus would be assumed
to be more similar chemically to each other than to species of other genera. Likewise, gen-
era within a given family would be assumed to be more similar to each other than to genera
of other families. One of the assumptions in the development of the sampling strategy for
the NCI program has been that a broad taxonomic sample of plants would yield a repre-
sentative sample of the chemical diversity that exists in nature.

In attempting to ask the question of how thorough the sampling of plant species from
tropical Africa and Madagascar has been for the NCI, it is therefore appropriate to look at
the rate of collection of these higher taxa, i.e., genera and families. Africa is by far the most
floristically depauperate of the three major tropical regions of the world and probably only
about 30,000 species of higher plants exist in tropical Africa and perhaps 10,000 more occur
in Madagascar.?® The approximately 13,000 samples collected for the NCI represent only
about 4000 species, or only slightly more than 10% of those present in the region. Even in a
large-scale collecting program, such as the effort in Africa for the NCI, it is unrealistic to
expect to obtain a thorough sampling of species and it is necessary to focus on obtaining a
thorough sample of genera and families in an attempt to survey the chemical diversity in
the region.
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One level of uncertainty present throughout this analysis results from problems inherent
in identifying plants from poorly known tropical regions. The availability of literature and
specialists varies tremendously from one taxon to another, so identification is in some ways
a series of approximations increasing in precision from field identification to first identifi-
cation in source country herbaria with limited literature and collections to final names pro-
vided by specialists. While almost all of the plant samples included in this analysis have
been identified to genus, some still have not been identified to species, which prevents
determining the precise number of species collected. Because most of the collecting in trop-
ical Africa occurred earlier in the project, many of the plant collections from Madagascar
are more recent and are therefore not as completely identified.

3.4 Results

Although no modern comprehensive flora has been published for tropical Africa, for the
purposes of this analysis, a list of families and genera that occur in the area was compiled
from the complete Flora of West Tropical Africa,** the partially complete Flora of Tropical East
Africa,? the Flora Zambesiaca region,? Flore d’Afrique Centrale,?* Flore du Cameroun,” and Flore
du Gabon,?® and appropriate monographs when available. Brenan? estimated that about
30,000 species occurred in tropical Africa and review of the references cited above indicate
that a total of 2667 genera in 293 vascular plant families occur in the region. The 9115 plant
samples that were collected for the NCI from the region include representatives of 190 plant
families, or 64.8% of the 293 that occur in the region, and 1002 genera, or 37.6% of the 2667
present. About a quarter of the families in the flora (24.2%) had all of their genera sampled.

The flora of Madagascar is even more poorly known than that of tropical Africa. The Flore
de Madagascar et des Comores? is only partially complete and many of the large complex
families (e.g., Rubiaceae, Poaceae, Fabaceae) have never received comprehensive treat-
ment. Estimates for the number of species in the flora of Madagascar range from 8500%%
to as high as 12,000.332 A much smaller number of samples have been collected from
Madagascar; yet the familial diversity is nearly as high as Africa and generic diversity is
high given the total number of species present. Review of the available treatments from the
Flore de Madagascar et des Comores?” and available monographs indicate that a total of
269 families containing 1519 genera have been recorded for Madagascar. The nearly
4000 plant samples that have been collected for the NCI from the region include represen-
tatives of 130 plant families, or 48.3% of the total possible, and 399 genera, or 26.3% of those
present. Only 14.9% of the families had all of their genera sampled.

It is impossible to identify accurately the precise number of taxa sampled in tropical
Africa and Madagascar because of incomplete identification of collections at the species
level. However, in both regions a low percentage of species have been sampled more than
once. As the number of samples made each time a taxon was encountered and sampled has
averaged slightly above three, the maximum number of species collected in tropical Africa
would be only about 3000 and probably only slightly more than 1000 species have been
sampled in Madagascar. With only a small percentage of the species present having been
sampled in each of the two regions, the numbers are not adequate to examine how thor-
ough the sampling has been at the species level. Sampling at the familial and generic levels,
however, has been more thorough and the results are summarized in Table 3.1. Because the
collecting in tropical Africa occurred earlier in the project, many of the Malagasy plant col-
lections are quite recent, and the patterns appear to be the same in both areas, the remain-
der of this analysis will focus on the plant collections from tropical Africa.
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TABLE 3.1

Number of Vascular Plant Families and Genera Sampled for the NCI Program
in Tropical Africa and Madagascar

Region No. of Families No. Sampled No. of Genera No. Sampled
Tropical Africa 293 190 (64.8%) 2667 1002 (37.6%)
Madagascar 269 130 (48.3%) 1519 399 (26.3%)

The 10 years of collecting in tropical Africa have yielded a large enough number of sam-
ples to test whether taxonomically guided random collecting has accomplished its goals. It
is possible to examine whether sampling is even across a taxonomic spectrum, or whether
representatives of some families are being accumulated at a rate greater than predicted
while other families remain under sampled. Several authors have used regression residual
analysis to determine if ethnobotanical use was even across plant families,*3¢ and th® same
method can be used to analyze sampling for pharmaceutical screening. The residual value
is calculated by subtracting a predicted value from an actual value and the results may be
graphically portrayed. As 1002 genera have been collected from the 2667 genera estimated
to occur in the area, or 37.6% of the genera, the predicted number of genera sampled (PGS)
could be calculated as

PGS = Total genera in family x 0.375

Thus for Asteraceae, with 138 genera, the predicted number of genera sampled would be
52, quite close to the 50 that have actually been collected. Results comparing the number of
genera sampled with the actual number of genera in families are presented in Figure 3.1
with a line representing predicted values calculated from the equation above. The vast
majority of the plant families represented in the region have few genera and, therefore,
cluster densely at the base of the graph, so only representative larger families are included
in Figure 3.1. This analysis shows clearly that woody plant families in general have had
greater numbers of genera sampled than would be predicted by chance and that herba-
ceous plant families have been undersampled.

However, when individual plants are collected, it is common to make separate samples
of individual plant parts. Thus, woody plants may give rise to multiple samples of leaves,
stems, bark, roots, flowers, and fruits, while herbaceous plants may be sampled only a sin-
gle time as whole plants. The evenness of sampling across families on a per-sample basis
can also be tested. As 3.42 times as many samples have been collected as genera that occur
in the region, the predicted number of samples (PNS) for each family could be calculated as

PNS = Total genera in family x 3.42

If Asteraceae, which are primarily herbaceous, are examined on a per-sample basis, the
192 samples that actually have been collected, are well below the predicted number of 472.
Thus, while close to the predicted number of genera of Asteraceae have been sampled, the
majority of species have been sampled only a single time as whole plants and the family is
underrepresented on a per-sample basis. Figure 3.2 presents actual values for representa-
tive plant families with a line for predicted values. Again, most families beneath the pre-
dicted line are composed mostly of herbaceous species, but on a per sample basis, it
becomes more apparent how underrepresented families like Asteraceae, Poaceae, and
Orchidaceae actually are. Likewise, both Figures 3.1 and 3.2 clearly demonstrate that those
families consisting mainly of woody species that are major structural elements of forests
have been collected at a rate greater than would be predicted by chance.
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FIGURE 3.1
Representative families showing the number of genera in tropical Africa in relation to the number of genera
that have been collected for screening by the NCI.

3.4.1 Well Collected Families

In all, 40 families had more than 50% of their genera sampled, and 23 families had more
than 100 samples each (Table 3.2). These were primarily families of woody plants that are
important structural components of forests, are species that lend themselves to being
divided into component samples, and are often of widespread taxa. Of families with 50%
or more of their genera collected, only Marantaceae, Commelinaceae, and Polygalaceae are
primarily herbaceous and represent only 32 of the 722 genera in these 40 families. In addi-
tion, Acanthaceae and Asteraceae were the only primarily herbaceous families from which
more than 100 samples had been collected, but both are very large families that are well
represented in the flora of tropical Africa.

3.4.2 Poorly Collected Families

Regression residual analysis and examination of families with the greatest percentage of
genera collected clearly demonstrates that woody plant families have generally been sam-
pled more thoroughly than herbaceous groups. However, examination of families that
were poorly sampled reveals a number of patterns: 103 families had not been sampled at
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FIGURE 3.2

Representative families showing the number of genera in tropical Africa in relation to the number of samples
that have been collected for screening by the NCI.

all, but 24 of these were ferns and fern allies; 20 were submerged or floating aquatics; and
32 additional families that remained unsampled were represented in tropical Africa by
only a single genus.

Pteridophytes and aquatics in particular were poorly sampled (Table 3.3). Ferns, and
their allies in Equisetaceae, Lycopodiaceae, Psilotaceae, and Selaginellaceae, are generally
small plants and only seldom do they occur in populations large enough to yield adequate
weight for a pharmaceutical sample. Ferns are disproportionally underrepresented in the
flora of tropical Africa, particularly when compared with tropical America or Asia, and
only 35 families and 98 genera occur in the region. Of these, only 10 of 32 families and 13 of
93 genera have been sampled (Table 3.3). Only three families, Aspidiaceae, Polypodiaceae,
and Pteridaceae, had more than a single genus sampled.

While Pteridophytes may be defined by taxonomy, the definition of aquatics is more arbi-
trary. For purposes of this analysis, families were considered aquatic if the majority of their
species were submerged, floating, or partially emergent plants that grow in bodies of
water. Thus, families such as Cyperaceae, Eriocaulaceae, Typhaceae, and Xyridaceae,
which often grow in moist or wet habitats, were not included. Only one aquatic family,
Nymphaeaceae, had been collected and its sole genus Nymphaea comprised less than 2% of
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TABLE 3.2

Well-Collected Families with 50% or More of Their Genera Sampled or More Than
100 Samples Collected for the NCI Program

No. of Genera No. of Genera No. of
Family in Tropical Africa  Genera Collected Collected (%) Samples
Lauraceae 5 5 100 29
Ebenaceae 2 2 100 181
Olacaceae 13 12 92 95
Burseraceae 6 5 83 108
Clusiaceae 12 10 83 139
Myrtaceae 6 5 83 74
Combretaceae 11 9 82 251
Myristicaceae 5 4 80 52
Oleaceae 5 4 80 45
Scytopetalaceae 5 4 80 21
Vitaceae 5 4 80 73
Marantaceae 12 9 75 28
Sterculiaceae 23 17 74 197
Sapotaceae 26 19 73 198
Naucleaceae 7 5 71 54
Connaraceae 10 7 70 57
Mimosaceae 27 19 70 337
Flacourtiaceae 35 24 69 191
Anacardiaceae 15 10 67 222
Commelinaceae 15 10 67 23
Rhamnaceae 12 8 67 58
Capparaceae 11 7 64 59
Sapindaceae 27 17 63 143
Apocynaceae 45 28 62 265
Moraceae 13 8 62 248
Euphorbiaceae 100 60 60 605
Polygalaceae 5 3 60 21
Rhizophoraceae 5 3 60 47
Caesalpinaceae 78 45 58 465
Meliaceae 19 11 58 163
Bignoniaceae 14 8 57 86
Icacinaceae 14 8 57 48
Chrysobalanaceae 9 5 56 61
Malvaceae 17 9 56 67
Tiliaceae 11 6 55 143
Rubiaceae 146 77 52 840
Annonaceae 41 21 51 241
Verbenaceae 12 6 50 176
Rutaceae 12 6 50 86
Ochnaceae 8 4 50 83
Simaroubaceae 10 5 50 41
Passifloraceae 8 4 50 28
Fabaceae 127 55 43 581
Acanthaceae 67 28 42 104
Asteraceae 126 47 37 192
Celastraceae 28 9 32 130

the aquatic genera in tropical Africa. Unlike Pteridophytes that are presumably under sam-
pled because they weigh very little, aquatics are probably ignored because they are difficult
to gather and process. A high proportion of fresh weight being water also necessitates col-
lection of large quantitites of plant material to achieve an adequate dry weight for screening.
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TABLE 3.3

Pteridophyte and Aquatic Plant Families of Tropical Africa with Numbers of Genera, Numbers
of Genera Collected, and Percentage of Genera Collected for the NCI Program

Pteridophyte No. of Genera Genera Aquatic No. of Genera Genera
Families Genera Sampled Sampled (%) Families Genera Sampled Sampled (%)
Actiniopter. 1 0 0 Alismatac. 7 0 0
Adiantac. 1 0 0 Aponogeton. 1 0 0
Aspidiaceae 10 2 20 Cabombac. 1 0 0
Aspleniac. 1 1 100 Callitrich. 1 0 0
Athyriaceae 3 0 0 Ceratophyl. 1 0 0
Azollac. 1 0 0 Cymodoc. 2 0 0
Blechnac. 2 0 0 Haloragac. 2 0 0
Cyatheac. 1 1 100 Hydrochar. 10 0 0
Davalliac. 2 0 0 Hydrostach. 1 0 0
Dennstaedt. 7 1 14 Lemnac. 4 0 0
Equisetac. 1 0 0 Lentibular. 2 0 0
Gleicheniac. 1 1 100 Limnochar. 1 0 0
Grammitidac. 3 0 0 Mayacac. 1 0 0
Hymenophyll. 9 0 0 Menyanthac. 1 0 0
Isoetac. 1 0 0 Najadac. 1 0 0
Lindsaeac. 1 0 0 Nymphaeac. 1 1 100
Lomariopsid. 3 0 0 Podostemac. 13 0 0
Lycopodiac. 3 1 33 Ponteder. 3 0 0
Marattiac. 1 0 0 Potamoget. 1 0 0
Marsileaceae 1 0 0 Ruppiac. 1 0 0
Ophiogloss. 1 0 0 Trapac. 1 0 0
Osmundac. 2 0 0

Parkeriac. 1 0 0

Polypodiac. 10 2 20

Psilotacacea 1 0 0

Pteridac. 2 2 100

Salviniac. 1 0 0

Schizaeac. 4 0 0

Selaginell. 1 1 100

Sinopterid. 4 0 0

Thelypterid. 11 1 9

Vittariac. 2 0 0

Total 93 13 14 Total 56 1 2

It may also be possible to hypothesize that aquatics will be of less interest in screening
programs as aquatic environments do not expose plants to as great a diversity of pathogens
and predators. It may be that terrestrial habitats present a more competitive situation that
favors selection of a greater accumulation of diverse secondary metabolites with specific
bioactivities, the exact kinds of molecules likely to be of interest in pharmaceutical screens.

Of the 59 nonfern, nonaquatic families that had not been sampled, 32 had only a single
genus present in tropical Africa, often with a very limited geographic distribution. How-
ever, Table 3.4 indicates that genera that were monogeneric in the region were generally
sampled at only a slightly lower rate than other families. With the exception of ferns, which
were terribly undersampled by any measure, 47% of monogeneric monocot families had
been sampled, as compared with 49% of monocot families in general, and 53% of mono-
generic dicot families had been sampled, as compared with 74% in general. These mono-
generic families are usually narrowly distributed within tropical Africa, and are therefore only
rarely encountered. Only a small percentage of them can be collected at a single locality, and
it would be necessary to visit a very large number of localities to encounter a large percentage
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TABLE 3.4

Collecting Rate for Families with Only a Single Genus Present
in Tropical Africa

Taxonomic Group  No. of Families  Families Collected  Collected (%)

Pteridophytes 16 3 19
Gymnosperms 6 5 83
Monocots 19 9 47
Dicots 73 39 53
Total 114 56

TABLE 3.5

Families with Five or More Genera
That Remain Unsampled in Tropical
Africa for the NCI Program

Family No. of Genera
Brassicaceae 25
Iridaceae 20
Caryophyllaceae 16
Gentianaceae 16
Gesneriaceae 8
Turneraceae 6
Dipsacaceae 5
Primulaceae 5

TABLE 3.6

Summary of the Taxonomic Composition of the Flora of Tropical Africa
and the Percentages of Major Groups Collected for the NCI Program

No. of Families Families No. of Genera Genera
Taxon Families Collected Collected (%) Genera Collected Collected (%)
Ferns 35 11 31 95 14 15
Gymnosperms 7 6 86 9 6 67
Monocots 47 23 49 494 84 17
Dicots 204 150 74 2069 898 43
Total 293 190 65 2667 1002 38

of them. Therefore, given that collecting has been restricted to five countries in tropical
Africa, the fact that 13 families of ferns, 1 gymnosperm family, 10 monocot families, and
34 families of dicots with only a single genus in the area remain uncollected is not surprising.

Of the 103 families that have not been collected for the NCI program, if the 25 pterido-
phyte families, the 20 aquatic families, and 32 monogeneric families are removed, only
26 families remain. The vast majority of these are small families of herbaceous plants and
only eight (Table 3.5) have five or more genera present in tropical Africa. All eight of these
larger unsampled families are composed of small herbaceous plants. Examination of col-
lecting rates of the major taxonomic groups of plants (Table 3.6) confirms this pattern.
Gymnosperms, which are entirely woody, have been very thoroughly sampled, and ferns,
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which are small, herbaceous plants, remain largely uncollected. Dicots account for the vast
majority of samples collected and 74% of the families have been sampled as have 43% of
the genera. In contrast, only 49% of monocot families and 17% of monocot genera have
been collected. This low rate for monocots can be explained by a much greater percentage
of aquatic families (23% of monocot families as compared with 3.4% for dicots) and an
almost exclusively herbaceous growth habit. In fact, the few woody monocot families have
had their genera sampled at rates more similar to those expected for dicots (e.g., Aga-
vaceae, 100%, and Arecaceae, 40%).

3.5 Conclusions

These results clearly indicate that woody plants that are major structural elements of tropical
forests have been sampled at a much greater rate than small, herbaceous taxa. Dicots have
been sampled at a much greater rate than monocots, and gymnosperms have been sampled
at a much greater rate than ferns and their allies. Ferns have been seriously undersampled,
probably because their small size and scattered populations do not lend themselves to the
collection of adequate material for screening. Submerged and floating aquatics have been
ignored for similar reasons, but their situation has probably been further complicated by
difficulties collecting and processing aquatic plants. Families that are represented in tropi-
cal Africa by only a single genus were also underrepresented in the NCI program. How-
ever, this is probably the result of narrow geographic distribution, and, in fact, botanists
seem to do a good job of collecting the uncommon taxa that they do encounter.

From these results, it is clear that, even with strong taxonomic guidance, random collect-
ing efforts are not generating an even cross-section of the botanical diversity that exists in
an area. This analysis would indicate that sampling could be improved with greater atten-
tion to rare plants, special attention to ferns and aquatics, and provisions to allow for
smaller samples to be collected for certain taxa. With a target of collecting at least 400 g dry
weight for each sample, it is clear that some families will never be sampled. Screening uses
only a small portion of these samples and the majority of material is of use secondarily to
confirm activity and for isolation and characterization of active compounds. As modern
screening methods can accommodate very small samples, the major impact of collecting
small samples, when necessary, would result in greater recollection expenses and would
slow isolation and structure elucidation. However, it may be these very species, which are
excluded from almost every screening program because of their small size, that are most
likely to yield previously unknown compounds simply because they remain completely
unstudied.
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4.1 Introduction

This chapter describes the background and rationale and some of the results from the first
4 years of an International Cooperative Biodiversity Group (ICBG) working in the South
American nation of Suriname. Although the major focus will be on the chemistry that was
carried out, the cooperative nature of the project and the importance of the results achieved
in other areas demand that some account of the work of other members of the group be
included. Before describing the research that was done, it will be helpful to review the over-
all rationale for this work.

4.2 Natural Products as Pharmaceuticals

The importance of natural products, and particularly of plant-derived natural products, as
a source of molecular diversity for drug discovery research and development may appear
to be self-evident, but it is nevertheless worthwhile to review briefly the major reasons nat-
ural products are so important.
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4.2.1 There Is a Strong Biological and Ecological Rationale for Plants
to Produce Novel Bioactive Secondary Metabolites

The importance of plants as a source of novel compounds is probably related in large mea-
sure to the fact that they are not mobile, and hence must defend themselves by deterring
or killing predators, whether insects, microorganisms, animals, or even other plants. Plants
have thus evolved a complex chemical defense system, and this can involve the production
of a large number of chemically diverse compounds; it has been stated by one expert that
“all natural products have evolved under the pressure of natural selection to bind to spe-
cific receptors.”! As an example of the diversity inherent in natural products, a recent pub-
lication from the Xenova Company indicated that 37% of their bioactive isolates were
structurally novel, having novel skeletons as opposed to new compounds that were simply
variations of previously known structural types.? Although the Xenova figures include
both plants and microorganisms, the chemical diversity yielded by plants is probably also
in the 30 to 40% range.

4.2.2 Natural Products Have Historically Provided Many Major New Drugs

Several recent reviews have provided data to document the importance of natural products
as a source of bioactive compounds. Thus, Shu?® lists over 50 natural product or natural
product-derived drugs, although not all of the substances listed are in clinical use yet.

In the cardiovascular area, mevastatin (compactin) (1), isolated from a culture of Penicil-
lium sp.,* and its analogs, lovastatin and simvastatin, have made an enormous impact in
the treatment of hyperlipoproteinemia. In the anti-infective area, treatment is dominated
by natural products and natural product analogs such as the penicillins, the cephalospor-
ins, and the vancomycins. Quinine (2) is still an effective antimalarial drug, and many syn-
thetic antimalarial agents are quinine analogs. The plant-derived natural product
artemisinin (3) and its analogs are promising new antimalarial agents.”

In the immunological area, the microbial products cyclosporin and rapamycin are both
important immunosuppressive agents, while in the CNS area the modified alkaloids cab-
ergoline and terguride have been approved as inhibitors of prolactin secretion, and the
alkaloid huperzine, isolated from the club moss Huperzia serrata,® has promising activity
against cholinergic-related neurodegenerative disorders such as Alzheimer’s disease.

In the anticancer area, the use of natural products as direct agents or as novel lead com-
pounds for the generation of synthetic or semisynthetic analogs has proved remarkably
productive, and a recent survey showed that 62% of new anticancer agents over the last
10 years have been natural products or agents based on natural product models.” Examples
of clinically important plant-derived natural products are the vinca alkaloids vinblastine
(4) and vincristine (5), the podophyllotoxin analogs etoposide (6) and teniposide (7), the
diterpenoid paclitaxel (Taxol™) (8), and the camptothecin-derivative topotecan (9).

4.2.3 Natural Products Provide Drugs That Would Be Inaccessible
By Other Routes

A major advantage of the natural products approach to drug discovery is that it is capable
of providing complex molecules that would not be accessible by other routes. Compounds
such as paclitaxel (Taxol, 8) or rapamycin (10) would never be prepared by standard
“medicinal chemistry” approaches to drug discovery, even including the newer methods
of combinatorial chemistry. Likewise, the new approach of combinatorial biosynthesis,
although an important one, is unlikely in the near future to yield new compounds of the
complexity of paclitaxel and camptothecin.
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Natural Products
"Nature's
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Biosynthetic "unnatural natural products"
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including combinatorial libraries

FIGURE 4.1
Diagram showing the interrelationship of natural products, synthetics, and biosynthetic products as sources of
new pharmaceuticals.

The interrelatedness of the various approaches to drug discovery can be illustrated by
Figure 4.1, where each circle represents the structures accessible by a particular approach.
Although the size of each circle is drawn arbitrarily, it is nevertheless a plain fact that there
are significant areas of nonoverlap, and that all three approaches are needed to ensure the
discovery of as many new pharmaceuticals as possible.

4.2.4 Natural Products Can Provide Templates for Future Drug Design

In many cases the isolated natural product may not be an effective drug for any of several
possible reasons, but it may nevertheless have a novel pharmacophore. In such cases chem-
ical modification of the natural product structure, either by direct modification of the nat-
ural product (semisynthesis) or by total synthesis, can often yield clinically useful drugs.
Examples of this from the anticancer area are the drugs etoposide, teniposide, and topote-
can, derived from the lead compounds podophyllotoxin and campothecin.

In summary, the approach to drug discovery from plants thus has both a historical justi-
fication (it has yielded many important new anticancer agents) and a biochemical rationale
(the position of plants in the ecosystem demands that they produce defense substances,
and many of these have a novel phenotype).

4.3 Practical Considerations for the Natural Products Approach

If the natural products approach to drug discovery is to be applied effectively, certain con-
ditions must be met. In the first place, it is crucial that appropriate and selective bioasssays
be available to test the extracts; this condition can be met in various ways, for example, by
the use of selective yeast-based assays.® In the pharmaceutical industry, bioassays have a
short lifetime, and are changed every 3 to 6 months in many cases, and a given extract may
be tested in 30 or 40 different assays before it is dropped or selected for further study. Biol-
ogists have made enormous advances in bioassay technology, and the assays available
today are highly selective for biological receptors or other potential targets.

The second requirement for an effective natural products drug discovery program, and
the one of primary interest here, stems directly from the fact that the bioassays used are
necessarily highly selective. Because of this, the “hit rate” can be extremely small, and it
may thus be necessary to screen thousands of extracts to find a potent “hit” in a given assay.
Putting this in a different language, finding a highly potent extract with a novel pharma-
cophore can be likened to kissing a frog and finding that it turns into a prince. In drug dis-
covery (by almost any approach) you have to kiss an awful lot of frogs to find a prince.
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4.4 The Problem of Biodiversity Loss

As noted above, the discovery of new drugs from plants requires the screening of many
thousands of plant extracts, and thus requires continued access to the vast plant biodiver-
sity of the Earth, much of which is located in tropical rain forests. Tropical forests cover
only 7% of Earth surface, but they are thought to contain at least one half of all plant spe-
cies. In these forests, deforestation is proceeding at a rate of 20 million ha/year, resulting
in the loss of species at rates estimated to be 100 to 1000 times greater than background
extinction. The tragedy of this is well stated in the introduction to the Request for Applica-
tions (RFA) for the recent competition for the ICBG awards:

The terrible irony is that as advances in biology expand our ability to use genetic diver-
sity to combat these diseases, the raw material is being lost to extinction. Perhaps even
more urgent than the losses of genetic and chemical diversity as sources of potential
pharmaceutical and agricultural protection agents are the immediate repercussions of
biodiversity loss in many developing countries where herbal remedies from diverse bio-
ta are a primary source of health care. Simultaneous with these biological losses to extinc-
tion are accelerating losses of traditional knowledge associated with the biota. This
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knowledge of the identity and utility of specific organisms for medicinal and other uses
has intrinsic value as part of our cultural patrimony, is currently important as a source of
health care for many people, and may offer important leads for future treatments of nu-
merous human ailments.

The underlying causes of biodiversity loss are many and complex, and involve inter-
woven social, economic, and political elements. It is clear, however, that poverty, unem-
ployment, and lack of economic opportunities are significant contributing factors. In
developing countries struggling to meet the most basic human needs, efforts to protect
biological diversity will succeed only if implemented in the context of promoting sus-
tained economic growth. Likewise, to be effective, efforts to protect biological diversity
must include the active participation of affected local communities, which ultimately will
determine the success or failure of those efforts. Biological resources must benefit local
populations if the resources are to be conserved. Consequently, the sustainable economic
potential of biological resources, such as developing pharmaceuticals from natural prod-
ucts, can be used to promote biodiversity conservation by providing an economic return
from sustainable use of the resources while improving quality of life through better hu-
man health. Experience suggests that the development of significant conservation incen-
tives is most likely when both near and long-term benefits accrue to stakeholders.’

The importance of the search for new paradigms for biodiversity conservation and new
approaches to the discovery of drugs from the rain forest have been described in several
recent publications, as well as in the RFA referred to above, and need not be discussed fur-
ther here. The reader interested in more information is referred to any of the recent publi-
cations in this area.!*-1¢

The response of the U.S. government and academic scientific communities to this situation
was a farsighted one, and resulted in the creation of the ICBG program in 1992, with the
goals of promoting biodiversity conservation, economic development, and drug discovery.
A fundamental tenet of this program, which predated the Rio Treaty on Biodiversity, was
that economic benefits in the form of royalty payments and other payments should flow
back to the host country. Five groups were funded under this program to conduct research
and development aimed at the threefold goals. The present group, consisting of the Mis-
souri Botanical Garden (MBG), Conservation International (CI), Bedrijf Geneesmiddelen
Voorziening Suriname (BGVS), Bristol-Myers Squibb Pharmaceutical Research Institute
(BMS), and Virginia Polytechnic Institute and State University (Virginia Tech), was fortu-
nate in being successful in that competition, and has conducted a successful program in
Suriname over the past 4 years.

4.5 Why Suriname?

The Republic of Suriname (the former Dutch Guiana) was selected as the site of our initial
ICBG work for several compelling reasons, which are as follows.

4.5.1 Large Area of Undisturbed Neotropical
Amazonian Forest

The interior of Suriname, with an area of approximately 150,000 km?, is largely uninhabited
and covered with undisturbed neotropical Amazonian forest, making Suriname one of the
largest places anywhere for conservation of this biome.!” Although some logging has
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occurred in the interior in recent years, this has so far been of limited scope, and Suriname
remains a prime site for conservation efforts. It is listed as a “Group 2” country by the
World Conservation Monitoring Centre, which places it in the top 50 countries in the world
in richness of biodiversity.!®

4.5.2 Diverse Flora and Fauna

Although small in size, Suriname is rich in wildlife, including 674 species of birds, 200 spe-
cies of mammals, 130 species of reptiles, 99 species of amphibians, and roughly 5000 spe-
cies of plants. It also has a higher percentage of intact, close-cover forest remaining than
any other South American country." Indeed, 14,855,000 ha of tropical forest give Suriname
nine times the forest cover of Costa Rica, slightly more than Ecuador, 75% of the total forest
cover in all of Central America, and more tropical forest than all but four African countries.

4.5.3 Unique Culture

Surinamese culture is unique and very different from the rest of South America. In addition
to the native Amerindian population (2.6%) and the Bushnegroes (10.3%), which represent
the only intact communities descended from runaway slaves remaining in the New World,
the population includes Creoles (30.8%), Hindustani (37.0%), Javanese (15.3%), Chinese
(1.7%), and Dutch and a variety of other small groups of European origin (2.3%). Ethnobo-
tanically, Suriname is quite significant. The interior is home to seven different Amerindian
tribes and six Bushnegro tribes, all of which possess an intimate knowledge of the value of
forest plants as foods, fibers, medicines,and other useful products.?? However, as in most
parts of South America, cultural change is taking place in the interior and most of the older
men possessing ethnobotanical knowledge (shamans) do not have apprentices. Conse-
quently, this knowledge would soon be lost if it were not documented.

4.5.4 Excellent Relationships with Group Members

Work in Suriname has been greatly facilitated by the presence of an office of CI (Conserva-
tion International-Suriname) in the capital city of Paramaribo. This office played a major
role in negotiating agreements and coordinating activities in Suriname. In addition, the
group includes BGVS, and this organization has also played a major role in government
relations as well as its role in carrying out extractions and data-handling operations.

4.5.5 Politically Stable

In contrast to some tropical countries with a rich biodiversity, Suriname has had a stable
democratic government for the past several years and recently held peaceful elections for
the election of a new government.

4.6 Project Overview

As noted above, the overall goals of the Suriname ICBG program were to promote bio-
diversity conservation, economic development, and drug discovery in Suriname, and this
description will be framed in terms of these three goals.
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4.6.1 Biodiversity Conservation

Primary responsibility for the biodiversity conservation aspects of this work was assumed
by MBG and CI. MBG had the goal of contributing to a comprehensive botanical inventory
of Suriname, while CI focused on strengthening the capabilities of Suriname to plan and
implement sustainable use policies and on enhancing the value of biodiversity to local
communities through benefit-sharing arrangements, educational programs, and other
approaches.

4.6.2 Economic Development

The economic development aspects of the overall work were a primary focus of the CI pro-
gram. Work on the near-term benefits of the program consisted primarily of small-scale
development projects, assistance with the start-up of microbusinesses, and similar projects;
this work was concentrated in the areas in and around the plant collection sites. Cl is very
experienced in this work, having carried out a number of such developments in Suriname
and worldwide, and was well able to conduct negotiations with the Saramaka Maroons
and other stakeholders. Long-term benefits to Suriname were planned to accrue both by
the accumulated effect of many short-term benefits and, it is hoped, by the revenue stream
that would accrue in the event of the development of a successful drug.

The MBG Associate Program focused its economic development activities on the prob-
lem of inadequate research capabilities in Suriname. Some direct support was provided for
development of the National Herbarium, but the main focus has been on training Suri-
namese botanists both through collaborative research in the field and through herbarium
management in St Louis.

4.6.3 Drug Discovery

A successful natural products drug discovery program requires several key components:

1. A continuing collection of new and preferably unique plants at a rate sufficient
to generate several good leads per year.

2. A selective and effective set of bioassays to detect which plant extracts contain
bioactive constituents.

3. An effective way of dereplicating known or otherwise uninteresting compounds.

4. An efficient fractionation and structure determination program to isolate and
identify the bioactive products.

In Suriname, plant collections were carried out primarily by botanists from MBG in a tax-
onomically driven collection program, and also by ethnobotanists from CI in an ethnobo-
tanically driven program. This apparent duplication of collection programs was deliberate,
since it enabled us in principle to compare the effectiveness of “random” vs. “ethnobotan-
ical” collecting strategies. Extracts were prepared at BGVS, which also carried out bioas-
says for antimicrobial activity; extracts were shipped for further bioassay to BMS or to
Virginia Tech. Those extracts identified as active by any of the screening groups were pre-
pared by BGVS in larger quantity and shipped to the appropriate fractionation laboratory
for isolation and structure elucidation.
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4.7 Biodiversity Conservation

4.7.1 Biodiversity Inventory

Although approximately 5100 species have been reported for Suriname, the country
remains poorly collected and many parts have yet to be visited by botanists. A complete
botanical survey has so far not proved possible, but there have been numerous botanical
discoveries among the vouchers for samples collected for screening. These include 17 spe-
cies reported from Suriname for the first time, 6 of which are new to the Guianas, including
the first report of the genus Guateriella.

MBG bryologists have also visited Suriname; collecting took place in five districts, a total
of approximately 2000 collections were made, and among the collections identified to date
were five rare species that were new distributional records within Suriname, and Philonotis
hastata (Duby & Moritzi) Wijk & Margadant, new to the country. The project is thus making
an important contribution to building Suriname’s national botanical inventory and increas-
ing botanical knowledge of certain areas of the interior. Several of the plants collected in this
project have been species which were previously unrepresented in the National Herbarium.

4.7.2 Impact on Conservation of Biodiversity

The Suriname project has increased the knowledge of the flora of the region (as noted
above), helped prevent the loss of traditional knowledge of plant-derived medicines, pro-
vided educational opportunities for Surinamese scientists and students that emphasize the
benefits of intact forest ecosystems, and promoted sustainable economic development in
Suriname’s interior. A growing interest and support within the national government is also
apparent, as can be seen by the recent rejection of large-scale timber concessions. The fol-
lowing specific achievements have been made in the area of biodiversity conservation.

4.7.2.1  Ensuring Conservation in Plant Collections Techniques

While the ICBG project has as one of its primary objectives the conservation of biodiversity, it
is important to ensure that the bioprospecting activities themselves do not threaten the envi-
ronment. Thus, only flowering plants which were known not to be endangered were collected,
and plant collectors only collected plants of which there were a sufficient number present.

4.7.2.2  Policy Development

If a pharmaceutical does result from the project, there could be major interest in further
exploration and exploitation of Suriname’s forests. For that reason, it was important for
Suriname to update its forestry legislation and develop clear guidelines about how to man-
age genetic resources, and there is currently a working group within the government to
draft a national biodiversity strategy that will address these issues. The observations, infor-
mation, and experience gained through the ICBG project have helped the government to
formulate a national strategy on biodiversity. Also, because of heightened awareness cre-
ated by this project, Suriname became a party to the Convention on Biodiversity as well as
to the Climate Change Convention during the project period, and a small grant program
administered by the United Nations Development Program (UNDP) under the Global
Environment Facility (GEF) was introduced.
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4.7.2.3  GIS/Biodiversity Database Development

The CI Associate Program on ethnobotany and conservation was responsible for the GIS
component of the ICBG project. Using data from an atlas of Suriname, CI created maps
with data on the country as a whole, including rivers, rainfall, protected areas, and forest
concessions. Then, with the data collected by the bioprospecting teams, smaller regional
maps of the specific areas in which CI worked have been made, marking cultivated areas,
soil types, and locations of specific kinds of plants collected. A second table includes bio-
graphical information about the shamans involved in the project, including their therapeu-
tic specialties. The Surinamese government has requested the use of the GIS to plan their
strategy for the sustainable development of the interior.

4.7.2.4  Public Awareness on Bioprospecting, Ethnobotany, and the ICBG

Numerous public presentations and panel discussions about ethnobotany, medicinal
plants, and bioprospecting were hosted by CI-Suriname in Paramaribo. During the sum-
mer of 1997, a management course for community-based NGOs was held in three villages.
In cooperation with the National Museum of Suriname and the Rainforest Medical Foun-
dation from the Netherlands, an exhibit on the Bioprospecting Research Project was cre-
ated. A mobile exhibition depicting the components of the project was set up in Asindopo,
Botopasi, Pelelutepu, and Kwamalasemutu. The field-exhibition comprised photographs,
slides, and videos with interactive oral presentations and discussions in the tribal lan-
guages. CI-Suriname also participated in the annual Tourism Fair in Paramaribo, provid-
ing information about the ICBG project, the importance of maintaining traditional
knowledge of medicinal plants, and ecotourism opportunities for villages participating in
the project. CI also sponsored workshops for Forest Service and other government agencies.

4.8 Economic Development

4.8.1 Training

The pace of economic development in any country is related to many factors, including
political stability, appropriate incentives for development, the availability of natural and
financial resources, and the availability of a trained and productive workforce. Most of the
factors listed above were beyond the scope of this project, but the issue of a trained work-
force is one that could be addressed, at least in a small way, by providing appropriate train-
ing to Surinamese nationals in various areas. Throughout the program, every effort was
made to conduct project activities in a manner that would provide support for the devel-
opment of research capacity in Suriname and to provide research and training opportuni-
ties for Surinamese nationals. Thus, although the development of a drug takes up to
10 years, benefits from the activities of the group have already been realized by local com-
munities and by the country as a whole.

4.8.1.1  Perpetuating Traditional Knowledge

While the project has raised the overall community awareness and interest in the value of
its ethnobotanical knowledge, the Shaman’s Apprentice Program specifically addressed
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the preservation of their practices. The program matched young Surinamese to train with
shamans and learn their ethnobotanical knowledge. The shamans and their apprentices
were also invited to participate in various training sessions, for example, in plant collect-
ing, pressing, and drying techniques. The project brought a new pride and interest in this
medicinal heritage among the youth of the communities and a desire to preserve cultural
traditions.

4.8.1.2  Formal Training Courses and Workshops

Training courses were offered by CI in ethnobotany, plant collection techniques, and pre-
paring herbarium specimens, and workshops were offered in basic organization and man-
agement skills. A series of curatorial workshops were conducted by MBG in St. Louis, MO,
in an effort to help train botanists from the National Herbarium of Suriname in herbarium
curation and botanical research. Two botanical technicians from the National Herbarium
and one additional Surinamese botanist participated in curatorial training that included
instruction and hands-on experience in specimen processing, botanical databases and
specimen label production, specimen mounting, collection organization, pest manage-
ment, and recordkeeping for herbarium maintenance. Training in botanical research was
also part of each workshop and included instruction in specimen and field book prepara-
tion, identification of specimens, and an overview of library and herbarium resources
available to support identification of plants. Finally, research training in bioassay proce-
dures was given to two Surinamese nationals at Virginia Tech.

4.8.2 Direct Economic Benefits of The ICBG Program

There have been many direct benefits to the communities that are involved in the bio-
prospecting, including employment and equipment purchases. Among these benefits were
jobs and regular incomes for shamans, field collectors, and other support staff for the col-
lecting teams when they were based in the village.

4.8.2.1  Material Support

Direct project support was provided to the National Herbarium of Suriname to allow
improvement of the facilities and also to provide some support for regular operations.
Improvements made include air conditioner replacement, roof repair, and provision of
additional office and storage space and basic supplies, including computers, books, journal
subscriptions, and herbarium supplies. BGVS received significant material support
through its participation as an Associate Program in the ICBG; this has enabled it to
upgrade its facilities by the purchase of a biosafety hood, rotary evaporators, plant grind-
ers, and other appropriate equipment. In addition, BMS has donated used but refurbished
scientific equipment (primarily an HPLC unit) to the value of approximately $20,000.

4.8.2.2  Development of Nontimber Forest Products

The ICBG in Suriname is focusing on the identification of products that can be used as the
base for small, extractive industries at the community and family level. Through its ethno-
botanical research, CI has been identifying other nontimber forest products such as nuts,
oils, resins, fibers, crafts, ornamental plants, and natural insecticides. Potential products
will be analyzed in detail to determine their viability as part of a sustainable marketing
project.
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4.8.2.3  Benefits from the Forest Peoples Fund

The Forest Peoples Fund (FPF) was established to ensure that tribal communities would
benefit immediately from the access granted to their forest resources. The FPF was estab-
lished in 1994 with a $50,000 contribution from BMS, followed by another $10,000 donation
in 1996.

The FPF supports local communities in the interior of Suriname in projects involving
community development, biodiversity conservation, and healthcare. To date, the FPF has
funded five major projects. The first organized by Afinga (a community NGO in Asindopo)
was a transport project, designed to transport people and goods bound for Paramaribo by
boat to Atjoni, the farthest village accessible by road from Paramaribo. This project facili-
tated travel for people living in the interior while avoiding the creation of new roads, which
cause serious environmental damage in the forest. A sewing project acquired sewing
machines and material to make clothes, and an agricultural project helped to buy machetes,
pickaxes, and chain saws. In addition, CI provided training in leadership and organiza-
tional skills as well as in equipment use.

Another FPF project involved a visit of tribal leaders from Suriname, both Maroon and
Amerindian, to Belem, Brazil, to observe various types of community-based development
projects. In 1995, Maroon and Amerindian tribal leaders met in Asindopo, the first time in
Suriname’s history that all the tribal leaders had gathered together. The fifth FPF-spon-
sored project was a 1996 meeting of Amerindian leaders held to work out problems among
the various communities. Most recently, the FPF supported the purchase of new sports
equipment for one of the villages.

4.8.3 Future Economic Benefits through Revenue Sharing

A major goal of the project has been to develop future economic development through
sharing of the revenue from license fees and royalties on drugs developed from Surinamese
plants. The progress that has been made in the drug discovery area is summarized in
Section 4.9, but another aspect of the program has been the development of appropriate
mechanisms for benefit sharing of the royalties or other advance payments.

4.8.3.1  Benefit Sharing

The appropriate design of mechanisms for benefit sharing is perhaps the single most
important factor to the success of the project. The benefit-sharing mechanisms in the Suri-
name ICBG project include a long-term Research Agreement which controls the owner-
ship, licensing, and royalty fee structure for any potential drug developments; a
“Statement of Understanding” which further defines the parties” intentions regarding the
distribution of royalties among Surinamese institutions; the FPF described above capitalized
by up-front corporate payments; and technology transfer and other forms of nonmonetary
compensation given to Suriname. The long-term ICBG research agreement was developed
jointly between all the group members, and CI developed the FPF and the Statement of
Understanding.

4.8.3.2  The Statement of Understanding

A Statement of Understanding between the Granman, CI-Suriname, BGVS, and the gov-
ernment of Suriname details the division of future royalties allocated to Suriname. The
understanding consists of two payment structures according to whether the drug is derived
from ethnobotanical collections or from “random” collections. The various Surinamese
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institutions to receive royalty payments are the FPE, BGVS, the Foundation for Nature Pres-
ervation in Suriname (STINASU — a nonprofit organization), the National Herbarium, the
Forest Service, and CI-Suriname. In addition, a portion of money is set aside for future
institutions that evolve from the increased bioprospecting activities. For ethnobotanical
collections the distribution will be FPF 50%, BGVS 10%, STINASU 5%, National Herbarium
10%, Forest Service 5%, CI-Suriname 10%, future institutions 10%. For random collections,
the distribution will be FPF 30%, BGVS 10%, STINASU 10%, National Herbarium 10%, For-
est Service 10%, CI-Suriname 10%, future institutions 20%.

4.9 Drug Discovery

The process of drug discovery from plants involves several steps, from plant collection and
vouchering through the preparation of plant extracts to bioassay of the extracts and isola-
tion and structure elucidation of bioactive constituents. An important aspect of this project
was that it was conducted with the full informed consent not only of the government of
Suriname but also of the Saramaka Maroon tribal people of our collection sites. The way
this was done is important, as it sets a standard for future work of this type.

4.9.1 Preparation for Plant Collection

Although superficially it appears to be a relatively simple matter to collect plant samples
from the rain forest, this is in fact far from the case. This is so not only for any number of
practical reasons (such as “how do you dry plant samples in the rain forest?”), but also for
the very important ethical and legal reason that collection cannot take place without the
consent of both the national government and the indigenous peoples of the forest. Both
groups have rights to the forest, and thus both groups must be consulted and must share
in the benefits from the forest. In Suriname we have focused on collecting in forest areas
associated with the Saramaka Maroon people, and much effort went into developing a
cooperative agreement with these peoples, and an excellent working relationship has been
established with them. The relationship that CI-Suriname has developed with the Sara-
maka Maroons during this project has not only given CI-Suriname an appreciation for
local needs and problems, but has also enabled a bond of trust to develop between the tribe
and CI staff members. As environmental and development concerns arise in the tribal com-
munity, the Saramaka people have sought advice and assistance from CI-Suriname. Fur-
ther, as a result of the success of this project and a number of other of smaller conservation
projects instituted by CI, the Saramaka Tribe has indicated an interest in formulating a
larger, more comprehensive program to promote development while ensuring the conser-
vation of the forests.

The participation of the Saramaka Tribes in this project was formally requested in 1994,
when a “gran Krutu” (important meeting) was held in the village of Asindopo, residence
of the Paramount Chief, or Granman, of the Saramaka Tribe. Representatives at the meeting
included the Paramount Chief, tribal captains of the various Saramaka villages, represen-
tatives of CI-Suriname, and the district commissioner and district secretary of the
Sipalewini District. During the meeting, the aims, duration, and focus of the ICBG project
were fully explained and discussed. Initially, many community members were hesitant,
but after days of discussion and negotiations, the Paramount Chief developed and signed
a letter of intent to participate in the project for a trial period of 1 year.
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A month later, CI returned to Asindopo and held a series of meetings with the village
leaders. During these meetings, the elders chose the initial eight participating shamans. At
the same time, on-site interviews were conducted with tribal communities, traditional
healers, and the academic community to gain local input on the form of a royalty structure
which would fairly compensate each of them and most effectively provide incentives for
the preservation of biological diversity and sustainable growth. A year later, on July 4th,
1995, the Paramount Chief and village captains agreed to continue the project and signed
a cooperative agreement permitting CI-Suriname to collect exclusively for 10 years.

4.9.2 Plant Collection

Through the end of year 4 of the present ICBG, a total of 1163 samples had been collected
on a “random” basis by MBG. Collecting by CI was carried out on an ethnobotanical basis,
and a total of 890 samples had been collected during the same time period. Initially, 500 g
of roots, bark, twigs, and leaves of each plant were collected, but it was later determined
that smaller samples would be sufficient for the extraction process and at present 100 g is
being collected. After drying, specimens are placed in cotton bags and sent in coded form
to the BGVS laboratory for extraction and distribution to ICBG partners in the U.S.

4.9.3 Ethnobotanical Collection

As noted above, CI has been collecting plant samples on an ethnobotanical basis, working
with a number of tribal shamans to guide the collection of plants used in traditional med-
icine. All ethnobotanical collections under this project took place with the Saramaka
Maroon tribe located along the Suriname River. All field operations were coordinated by
Surinamese ethnobotanists trained under this project and were assisted by community
members who had also been trained in ethnobotany.

Over the course of the last 4 years, CI-Suriname collecting teams have traveled to the
Saramaka region every other month, for approximately 3 weeks at a time. At the onset of
each expedition, the Granman must be updated on the project and grant permission to con-
tinue the ethnobotanical research. The collectors then contact the shaman with whom they
will be working on that particular expedition and formally request permission to work
with him or her. To date, 24 shamans have been involved in this project.

Each shaman has his or her own medicinal “garden” outside of the village. Within this
“garden” and in the forest surrounding the villages, the shaman directs the collecting team
to specific plants and describes their various medicinal uses. Using a field collection form
developed specifically for the project, the team records information about the area where
the sample was found, the portions of the plant utilized, and the habitat, soil, visibility,
abundance, and local names of the plant. Also recorded is detailed ethnobotanical informa-
tion including biographical data on the shaman, which diseases the plant is used to treat,
how the medicine is prepared, and the dosage, method of application, and side effects of
its use. All information collected is input into a conservation database and GIS at the
CI-Suriname office in Paramaribo.

4.9.4 Plant Extraction

Plant extraction has been carried out under the auspices of BGVS, the “in-country” mem-
ber of the group. To date, a total of 3352 extracts have been prepared from 2053 plant sam-
ples (two extracts per sample). The extraction procedure used has been to first make an
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TABLE 4.1
Extracts Provided by BGVS

Samples Received Extracts Resupplies

by Program Shipped Resupply Shipped

Year CI MBG Total BMS  VPISU Total Requests Total CI MBG
1993/4 159 209 368 592 592 1184 — — — —
1994/5 270 428 698 1194 1194 2388 7 18 23 6
1995/6 76 202 278 726 810 1536 7 21 25 28
1996/7 386 324 533 756 756 756 32 21 53 40
Period totals 890 1163 1877 3168 3352 6520 46 60 106 74

Note: VPISU = Virginia Tech.

ethyl acetate extract, and then to extract the residual plant material with methanol to pre-
pare a methanol extract. A summary of the extracts provided by BGVS is given in Table 4.1.

4.9.5 Sample Recollection

Requests for re-collection of samples are, by definition, made a significant time after the
original collections so, at the present time, re-collections have been requested only from the
first 3 years of collections. To date, a total of 55 re-collections has been made of 48 species
by MBG and 47 re-collections of an as yet to be determined number of species by CI (the
determination of the exact number of ethnobotanically selected species is hampered by the
sterile status of some of them). Most of these re-collections were from collections made in
the first 2 years of the project and it is anticipated that re-collection requests will continue
for 1 to 2 years after the sample collecting ends. An expedition in early December 1997 has
completed an additional 11 re-collections that were requested early in year 5 of the project.

4.9.6 Bioassay of Plant Extracts

Bioassay of the plant extracts has been carried out both at BMS and at Virginia Tech. At
BMS more than 3000 extracts during the reporting period were put into 32 high throughput
screens in 6 different therapeutic areas: infectious diseases (10 screens), oncology
(5 screens), cardiovascular (5 screens), central nervous system (6 screens), dermatology
(1 screen), and immunology (5 screens).

The high-throughput screening at BMS is an ongoing effort in drug discovery to identify
active extracts and to request resupply samples from BGVS for further study. Upon receiv-
ing a resupply sample, the Biomolecular Screening Department at BMS retests the extract.
If the previously observed activity is confirmed, the extract is subjected to dereplication,
and samples failing to dereplicate are subjected to profiling studies by the Biomolecular
Screening and the Natural Products Chemistry Departments, respectively; these protocols
aim at providing an early indication of novel active chemotype(s) responsible for the activ-
ity. Finally, BMS natural product chemists pursue large-scale bioassay-guided fractionation
on extracts which have passed the profiling criteria. The aim of this effort is to isolate and
characterize the active entity.

At Virginia Tech bioassays were carried out using four different yeast strains, obtained
from BMS Pharmaceutical Research Institute, and designed to detect potential anticancer
agents that act as inhibitors of the enzymes topoisomerase I or topoisomerase II, or as cyto-
toxic agents by some other mechanism. Because of the use of yeasts as the assay organism,
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the assays also automatically screen for antifungal activity. Over 3300 extracts have been
received in the course of the program, and some 14,000 bioassays have been run. To date,
a total of 78 extracts have been found to have reproducible activity in these assay systems,
and recollection requests have been submitted to BGVS for all these extracts.

Bioassays are also being carried out at BGVS for antimicrobial activity, although this
work is more recent and complete results are not yet available.

4.9.7 Comparison of Ethnobotanical and Random Collecting Strategies

One of the initial goals of this ICBG was to make a scientific comparison of the relative ben-
efits of the two collection strategies used. Does the ethnobotanical strategy, for example,
yield a higher “hit rate” than the “random” strategy? If it does, is the difference significant
enough to offset the higher costs of collecting by this strategy? These are important ques-
tions, and the answers could have wide implications beyond the scope of this particular
ICBG program.

Regrettably, it has not proved possible to reach a final conclusion on this question at this
time for two reasons that were unanticipated when the study was proposed. The first rea-
son is related to the reluctance of the Saramaka people to allow access to their ethnobotan-
ical knowledge. Because of this, the plant names of most of the “ethnobotanical” samples
are still unknown to all except Stan Malone of CI-Suriname, who has been entrusted with
them by the tribal peoples. It thus has not been possible to sort through the plant collection
data and remove duplicate samples and other artifacts which might affect the overall eval-
uation process. In addition, because of the coding system used, it has not proved possible
to eliminate duplicate samples from the same plant, since, for example, roots and stems
and leaves from one plant might be coded differently. It is hoped that this problem can be
overcome in the future, but at present we must respect and work to overcome the concerns
of our informants.

The second reason has to do with the nature of the screens run at BMS. The development
of new screens is an active enterprise at BMS, as at all major pharmaceutical companies,
and the average lifetime of a screen is between 3 and 6 months. It thus is impossible to com-
pare hit rates of samples from two sources, because almost no two sets of extracts will have
been tested in the exact same set of screens.

In spite of these problems, some approximate comparisons have been possible. The
screens at Virginia Tech have remained stable through the life of the project, and so a lim-
ited comparison of the hit rate of extracts from both sources in these screens is possible. The
78 extracts requested for resupply over the life of the project represent 63 different plant
samples, although not necessarily 63 different plant species because of the possibility of
multiple samples from one plant. Of these 63 different samples, 60 are identified as to ori-
gin (ethnobotanical or “random”) in the records at Virginia Tech. Of these 60 samples,
33 (2.8% of the total collected) were from plants collected on a random basis, and 27 (3.8%
of the total collected) were from plants collected on an ethnobotanical basis. It thus appears
from these limited data that the ethnobotanical approach gives a slightly higher hit rate, at
least as far as bioactivity in the yeast assays is concerned, but that the random approach
gives a slightly higher absolute number of hits. A more-detailed analysis of the data is
planned to validate these conclusions once the sample decoding has taken place.

4.9.8 Isolation and Structure Elucidation

Approximately 50 active extracts have been resupplied, and 15 bioactive compounds have
been isolated. The results on a plant-by-plant basis are given below.
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4.9.8.1 Renealmia alpinia (Rott) Maas (Zingiberaceae)

This plant is used in traditional medicine in Suriname, and was detected as an active using
the Sc-7 yeast screen. Bioassay-guided fractionation led to the isolation of the three bioac-
tive labdane diterpenoids 11 to 13, of which the most active compound 11 is a new com-
pound. The stereochemistry of 11 at the C-position was determined by its reduction and
derivatization to the Mosher triesters 15 and determination of their nuclear magnetic reso-
nance (NMR) spectra; the use of the methoxyphenyl acetic acid (MPA) Mosher esters rather
than the more common methoxy (trifluoromethyl) phenyl acetic acid (MPTA) esters was
selected based on recent literature reports that MPA esters give more reliable results.”! The
dialdehyde 16 was also formed by ozonolysis of 12, and its circular dichroism (CD) spec-
trum confirmed the absolute stereochemistry shown. The enhanced cytotoxicity of 11 as
compared with 12 and 13 suggested that the hemiacetal linkage might be important; con-
sistent with this hypothesis, the reduced analog 14 was less active than 11.2

4.9.8.2  Eclipta alba (L.) Hassk

Bioassay-directed fractionation of this plant led to the isolation of the known alkaloid verazine
(16) and eight related compounds (six of them newly reported) as the bioactive constituents;
alkaloids 17 and 18 are examples of the new compounds isolated. The relative stereochemistry
of the new alkaloids was established by careful 1D- and 2D-NMR experiments.

Since there appeared to be no obvious reason other than the imino group why verazine
should show a significant activity in the 1138 yeast assay, we prepared a number of simple
analogs 21a to 21d continuing this group from the cyclicimide 19 through the intermediate
ketocarbamates 20a to 20d (Scheme 4.1). To date none of them has shown as much activity
as verazine, indicating that the steroid portion of the molecule is necessary for activity. The
fact that an imino group is not required for activity was later shown by the isolation of alka-
loid 17, which lacks the imino group but is more active than verazine.
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19 20a-dR = n-CgHyg, n-CsHo, CGHS’ p-ClCgH4

SCHEME 4.1 b,c
. s ’ 21a-d R=n-CgH

Synthesis of cyclic imines 21a to 21d. /Ej -Gk Cobe” jglC H
(a) RMgBr; (b) TFA, 3 h; (c) NaOH. RN 37 ety Penis

The activity of the alkaloids in the 1138 yeast assay suggested that they might have
potential as antifungal agents, and they thus were evaluated at BMS for this purpose. Alka-
loid 18 had a promisingly good minimum inhibitory concentration (MIC) value of less than
3.1 ug/ml against Candida albicans (for comparison, the MIC value of amphotericin against
the same organism is 1.6 ug/ml), but its weak cytotoxicity indicated that it was not suitable
for development as a drug.

4.9.8.3  Himatanthus fallax (Muell. Arg.) Plumel and Allamanda

cathartica L. (Apocynaceae)
Fractionation of Allamanda cathartica yielded the toxic iridoids plumericin (22) and
isoplumericin (23) as the active constituents, while a similar fractionation of Himatanthus
fallax gave the same two iridoids together with the novel but inactive lignan 24. This is the
first reported isolation of lignan derivatives from a Himatanthus species.?
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4.9.8.4  Miconia lepidota DC (Melastomataceae)

The plant Miconia lepidota yielded the alkyl benzoquinones 25 and 26 as bioactive constitu-
ents. Since the activity of these quinones was greatest for the one with the longest alkyl
chain, we prepared some additional analogs by synthesis using a literature procedure.?’
The analog 27, with a significantly longer alkyl chain, was the most active compound of
those tested, while the benzyl analog 28 was much less active.

15 RCO = PhCH(OCH3)CO

22 Plumericin 23 Isoplumericin
1C45 74pg/mL I1C12 42ug/mL
o) OH OH OH OH 0
CH30 CHg CH30 CHO CH30 CHgO. CH30
n R R R
RMgBr/THF Ho/Pd Fremy's salt
O 25n=1 0
26n=
n=3 27 R = CyoHgs
28 R = CgHs

4.9.8.5 BGVS M940363

This as yet unidentified plant has yielded five triterpenoid glycosides with moderate activ-
ity against the 1138 yeast strain, together with two other as yet unidentified active com-
pounds. The major glycoside has been identified as having structure 29.

4.9.8.6 BGVS M950167

This as yet unidentified plant has yielded a small amount of a potently active compound in
the 1138 yeast bioassay; this has been submitted to the National Cancer Institute for bioassay
in the 60-cell line assay. The active material has been identified as the known alkaloid cryp-
tolepine (30); cryptolepine had an IC;, value of 5.8 ug/ml in the M109 cytotoxicity assay.
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4.9.8.7 Eschweilera coriacea

This collection has yielded several known flavans and ellagic acid derivatives, together
with three novel ellagic acid derivatives, two of which are active. One of the active com-
pounds against the Sc-7 yeast strain is the new ellagic acid derivative 31, and a second
active compound is a rhamnosyl glycoside of a bisdeoxyellagic acid.?

4.10 Conclusion

The work that has been described above represents one approach to the complex issue of
biodiversity conservation and drug discovery. It is a good approach, involving as it does both
a major pharmaceutical company and tribal peoples in the interior of Suriname, and it has
produced many benefits both scientifically and to the people of Suriname. It must be recog-
nized, however, that there is one major limitation from the perspective of the government of
Suriname, and that is that any financial benefits from drug discovery, while potentially very
large, are both uncertain and also in the distant future on the political timescale. A program
such as this, in and of itself, will not necessarily provide sufficient incentive to governments
to halt or reduce the destruction of their rain forests, particularly since selling logging conces-
sions is a seemingly easy short term way for a government to raise money. The ICBG
approach thus needs to be combined with other incentives to provide powerful and compel-
ling reasons for governments to halt or reduce the destruction of their rain forests.
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5.1 Introduction

As natural products chemists, we are actively engaged in the synthesis of biologically
active agrochemicals and pharmaceuticals as well as the isolation of new compounds.
Since other participants in this symposium have included our preparation of various anti-
fungal agents in their presentations, we have decided to present the following three facets
of our research program: the modification of plant growth regulatory agents, efforts
directed towards the synthesis of duclauxin, and the synthesis of three diterpene quinone
pigments.

5.2 The Modification of Plant Growth Regulatory Agents

In 1989 Cutler et al.! Teported the isolation of 3,7-dimethyl-8-hydroxy-6-methoxyisochro-
man (1) from Penicillium corylophilum and demonstrated that it inhibited etiolated wheat
coleoptiles at 10-* and 10* M, as did the acetoxy (2) and methoxy (3) derivatives
(Figure 5.1).2 The parent compound had originally been isolated from moldy millet hay
implicated in the death of cattle,® but the metabolite had not been tested in plants. Because
of the encouraging results obtained in the wheat coleoptile bioassay, isochromans 1, 2, and
3 were assayed on greenhouse-grown bean, corn, and tobacco plants. The methyl ether
exhibited the greatest herbicidal activity in all the plants treated, while the parent and its
acetoxy derivative were active only on corn.
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R=H; R =CHjz (1)
=Ac; R'=CHj (2)
= CHy; R'=CHj (3)
=CHs R'=H (3)

FIGURE 5.1
Isochroman 1, its acetate and methyl ether derivatives, and isochroman 4. (From Cutler, H. G., Majetich, G., Tian,
X., and Spearing, P., . Agric. Food Chem., 1997, 45, 1422. With permission.)

Since the acetoxy and methoxy synthetic derivatives exhibited herbicidal activity, we
were curious whether this also occurred with other esters and ether derivatives of 1 and its
isomer, 3,7-dimethyl-6-hydroxy-8-methoxyisochroman (4). We reasoned that 3,7-dimethyl-
6,8-dimethoxyisochroman (3) represents a logical precursor for the systematic preparation
of the desired ester and ether analogs of isochromans 1 and 4. To test this conjecture, we
needed both an efficient synthesis of bis-ether 3 and a practical way to demethylate the C(6)
or C(8) ethers selectively.

While numerous synthetic routes are known for the preparation of the isochroman skel-
eton,*4 we chose to modify the synthetic strategies reported by Deady et al.* and Steyn
and Holzapfel.*! Accordingly, our synthesis of 3 began with commerically available 3,5-
hydroxy-4-methylbenzoic acid (5) [Aldrich], which was exhaustively methylated to pro-
vide ester 6 (Scheme 5.1). Reduction of ester 6 with lithium aluminum hydride (LiAlH,),
followed by bromination of the benzylic alcohol (7) with phosphorus tribromide, furnished
bromide 8 in good overall yield. Subsequent treatment of bromide 8 with vinylmagnesium
bromide in the presence of a catalytic amount of copper(I) iodide produced olefin 9.
Oxymercuration-demercuration of 9 gave secondary alcohol 10, along with some unreacted
starting material. Upon treatment with sodium hydride and chloromethyl methyl ether in
refluxing tetrahydrofuran, alcohol 10 generated the methoxymethyl ether in situ, which
cyclized under these reaction conditions to produce isochroman 3 in high yield.

With a practical synthesis of isochroman 3 in hand, its demethylation was then
attempted. Methyl phenyl ethers can be easily deprotected using strong mineral acid® or
iodotrimethylsilane (TMSI).® We were concerned, however, that acidic reagents known to
effect demethylation might compromise the “A” ring of the isochroman. This led us to
employ nucleophilic reagents, such as sodium ethyl thiolate, to effect deprotection.” Treat-
ment of 3 with excess sodium ethyl thiolate (NaSEt) in hot dimethylformamide gave only
isochroman 4 in 72% yield, in which the less sterically hindered C(6) methoxy group was
selectively demethylated. We were able to prepare the ether and ester derivatives 11
through 26 from isochroman 4 without problems.

Aryl phenylthiomethyl ethers are stable to most nucleophiles.? This led us to protect iso-
chroman derivative 4 as a phenylthiomethyl ether (Scheme 5.2). Treatment of 27 with
NaSEt selectively removed the C(8) methyl ether, leaving the C(6) phenylthiomethyl ether
intact (cf. 28). Desulfurization of 28 with W-2 Raney-nickel’ converted the phenylthio-
methyl ether protecting group into a methyl ether, thereby furnishing isochroman 1. Esters
29 through 36 could be prepared from 1 as shown in Scheme 5.2. Extensive work established
that ethers 38 through 45 could be prepared in high overall yield if phenol 28 was alkylated
prior to desulfurization of the phenylthiomethyl ether group, i.e., 28 — 37 — 38 to 45.
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(95%)
5 R=0H (7)
=Br (8)
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o
OCHs NaH, OAC)
CH3OCH,CI
CHZ0 OCH; |-—L% OCHs M oo OCH,
(68%)
9
65 °Cl (91%)
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NaSEt,
@ DMF at 150 °C
CH30O OCH3 (72°/o 8 OCH3
3 4 \R'COOH
Nar 2x \\DCC '
R = CH,CH R = CHy (19)
- (CH,) 8H3 (12) o o - CH,CHs (20)
=(CH2)3CH3 (13) = (CH3)oCH3 (21)
= (CH5)4,CH3 (14) 0 = (CH3)3CH4 522)
=(CH2;5CH3 (15) P Y = (CH5);CH3 (23)
=(CH)sCH3 (16) RO OCH, R™ ™o OCH; =(CH2;5CH3 (24)
= (CH)7CH3 (17) = (CH,)sCH3 (25)
= (CH,)gCHz (18) = (CHp);CH; (26)

SCHEME 5.1
The synthesis of 3,7-dimetyhl-6-hydroxy-8-methoxyisochroman (4) and its ester and ether derivatives. (From
Cutler, H. G., Majetich, G., Tian, X., and Spearing, P., |. Agric. Food Chem., 1997, 45, 1422. With permission.)

Etiolated wheat coleoptiles were used to determine the biological activity of the com-
pounds.!® Wheat seed (Triticum aestivum L., cv. Wakeland) was germinated on vermiculite
at 22 + 1°C for 4 days in the dark. The seedlings were individually picked and fed into a
Van der Weij guillotine, the apical 2 mm was cut and discarded, and the next 4 mm from
each coleoptile was saved for bioassay. Ten 4-mm sections were placed in each test tube
with phosphate-citrate buffer at pH 5.6 containing 2% sucrose and the compound to be
tested, in a dilution series, from 1073 to 10-° M. Acetone (10 ul) was added to each test tube
prior to addition of the sucrose buffer to aid in formulating the materials, and controls were
treated in the same manner. The test tubes were placed in a roller tube apparatus for 18 h
at 22°C; then the coleoptiles were removed from the tubes, blotted dry, and their images
were magnified three times and recorded. All data were statistically analyzed and the bio-
assay experiments were duplicated.!! We were delighted to find that all the synthetic deriv-
atives of isochromans 1 and 4 exhibited significant activity in the wheat coleoptile assay,
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R'COOH W-2| Raney-
bDeC nickel
=CH,3 (29) = CH,CH, (38)
=CH2CH3 (30) = (CH5)oCHj; (39) o
) = (CH5)o,CH; (31) = (CH,)3CH5 (40)
= (CH,)3CH3 (32) = (CH,)4CH; (41)
= (CH2)4CH3 (33) = (CHZ)SCH3 (42)
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= (CH);CH; (36) = (CHp)gCH; (45)

SCHEME 5.2
The synthesis of 3,7-dimetyhl-8-hydroxy-6-methoxyisochroman (1) and its ester and ether derivatives. (From
Cutler, H. G., Majetich, G., Tian, X., and Spearing, P, J. Agric. Food Chem., 1997, 45, 1422. With permission.)

with some of the derivatives even more active than the parent (Tables 5.1 and 5.2). Because
of these promising results, the University of Georgia intends to carry out small-scale field
trials to assess the potential economic value of these compounds.

5.3 Efforts Directed Toward Synthesis of Duclauxin

Duclauxin (46), isolated from either Penicillium herquei, P. duclauxii, or P. stipitatum,'? con-
sists of a heptacyclic system, containing an isocoumarin and a dihydroisocoumarin nucleus
(Scheme 5.3). It is an excellent candidate as a antitumor agent having demonstrated effec-
tiveness against Ehrlich’s ascites carcinoma cells, lymphadenoma L-5178, HeLa cells,
tumor cells of the line P 388, and murine leukemia L1210 culture cells.’ In light of this sig-
nificant biological activity, we sought to synthesize duclauxin. Our retrosynthetic analysis
is simplicity itself: breaking the two indicated bonds generates two identical fragments
(i.e., 47). We anticipate that this monomer can be dimerized later on (cf. 47 + 47 — 48) and
the seventh and final ring reassembled (cf. 49). Thus, our first goal is to devise a synthesis
of the isocoumarin nucleus.
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TABLE 5.1

The Effects of the Ether and Ester Derivatives of 3,7-Dimethyl-6-

65

Hydroxy-8-Methoxyisochroman on the Growth of Etiolated Wheat
Coleoptiles (Triticum aestivum L., cv Wakeland)

RO

OCHj

Wheat Coleoptile Assay (mm x3), M

R 10- 10+ 10 10-¢
Ethyl (11) 13.02 14.52 170 171
Propyl (12) 13.12 145 172 172
Butyl (13) 12.02 14.1» 170 171
Pentyl (14) 12.02 13.12 17.1 17.1
Hexyl (15) 15.12 1512 170 171
Heptyl (16) 15.02 17.0 171 17.1
Octyl (17) 15.92 17.0 17.1 17.1
Nonyl (18) 17.1 17.1 17.1 17.1
Acetate (19) 12.02 14.5 171 17.1
Propanoate (20) 1200 151 170 172
Butanoate (21) 12.02 14.02 17.1 17.1
Pentanoate (22) 12.12 14.02 17.1 17.1
Hexanoate (23) 13.22 14.52 17.1 17.0
Heptanoate (24) 13.02 15.82 17.1 17.1
Octanoate (25) 13.12 13.92 17.0 17.1
Nonanoate (26) 17.0 17.0 171 17.1

Note: Controls: 17.1 mm (x3). Initial length of coleoptides: 12.0 mm (x3).

2 Significant Inhibition (p < 0.01).
Source: Cutler, H.G., Majetich, G., Tian, X., and Spearing, P., J. Agric. Food
Chem., 45, 1422, 1997. With permission.

TABLE 5.2

The Effects of the Ether and Ester Derivatives of 3,7-Dimethyl-8-Hydroxy-
6-Methoxyisochroman on the Growth of Etiolated Wheat Coleoptiles
(Triticum aestivum L., cv Wakeland)

CH;0

OR

Wheat Coleoptile Assay (mm x3), M

R 10- 10+ 10° 10
Ethyl (29) 12.00  13.72 170 172
Propyl (30) 12.00  135* 171 170
Butyl (31) 12.02 1352 170 17.0
Pentyl (32) 12.00 1522 171 170
Hexyl (33) 1522 17.0 171 171
Heptyl (34) 15.02 17.0 170 171
Octyl (35) 171 17.0 171 171
Nonyl (36) 1472 17.0 171 171
Acetate (38) 12.00 151 170 171
Propanoate (39) 12.02 1432 171 170
Butanoate (40) 12.02 148 171 171
Pentanoate (41) 12.02 1322 170 171
Hexanoate (42) 13.02 1432 170 17.0
Heptanoate (43) 17.0 17.0 171 170
Octanoate (44) 17.1 17.1 171 171
Nonanoate (45) 17.0 17.1 171 171

Note: Controls: 17.1 mm (x3). Initial length of coleoptides: 12.0 mm (x3).
2 Significant Inhibition (p < 0.01).
Source: Cutler, H.G., Majetich, G., Tian, X., and Spearing, P., ]. Agric. Food Chem.,

45, 1422, 1997. With permission.
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SCHEME 5.3
Our retrosynthetic analysis for duclauxin.

CO,EL CHO

N/I.:\S\ 1) LiAlHg; 2) PCC N//_\S\
s N

(80% overall) °©

50 51
ethyl acetoacetate,
piperidine
CH30,C COzEt
/
N. CO,CH3
H +
OH
CH30,C
I, NaOCH3
e
(65%) A\
N CO,CH3
53

SCHEME 5.4
The first transformations toward duclauxin.

Our synthesis started with ethyl 5-methyl-4-isoxazole carboxylate (50), prepared from
ethyl acetoacetate and DMF dimethyl acetal (Scheme 5.4).!* Ester 50 was reduced with
LiAIH, and the resulting alcohol was oxidized to afford aldehyde 51. Enone 52 was
obtained from aldehyde 51 using conditions developed by McCurry and Singh."> The next
step was the aromatization of the cyclohexane ring of 52 to produce the aromatic “A” ring
of the monomer. Treatment of enone 52 with iodine in the presence of sodium ethoxide pro-
duced phenol 53.1¢
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CH;0,C CH5O,C
5 NH;
l ©
N. oA CO:CHa T COLHs

l 90% AcOH

at 100 °C
(40%)
[¢] OH
various
reagentsand O
conditions ~
1 COLCH
o 2CH3
55

SCHEME 5.5
The synthesis of a potential monomer of duclauxin.

With an efficient route to prepare a functionalized “A” ring, the next task was to form the
“B” and “C” rings of the monomer. This required the opening of the isoxazole ring
(Scheme 5.5). Although several known procedures were tried, isoxazole 53 reacted only
with excess molybdenum hexacarbonyl to furnish enamine 54.17 Ydrolysm of 54 with hot
acetic acid achieved not only the desired hydrolysis of the enamine to an enol but also the
formation of the “C” ring enol-lactone (cf. 55). Because six-membered rings are easy to form
by condensing a ketone with an ester, we were confident that ketone 55 would condense to
form the “C” ring. However, this seemingly trivial synthetic transformation eludes us
despite relentless effort. Thus, the preparation of bicyclic keto-ester 55 represents our most-
advanced synthetic intermediate toward a synthesis of duclauxin. Completing this synthe-
sis remains a major objective of our research program.

5.4 Synthesis of Three Diterpene Quinone Pigments'®

The wild herb Tanshen (Salvia miltiorrhiza Bunge) has been used in traditional Chinese
medicine because of its sedative and tranquilizing effects'®* and is also being used to treat
coronary heart disease and insomnia.!*® A Wide range of diterpenoid quinones and
quinone precursors have been isolated from Tanshen, including miltirone (56), also known
as rosmariquinone, one of the antioxidant components of rosemary (Figure 5.2).20

We have found that intramolecular Friedel-Crafts alkylations of conjugated dienones
permit the efficient preparation of functionalized hydrophenanthrenes (Equation 5.1).%
Since this represents a new strategy for the synthesis of 6,6,6-fused tricycles, we sought to
demonstrate its utility through the total syntheses of miltirone (56) and two closely related
diterpenoids: sageone (57), which possesses significant antiviral activity,” and arucadiol
(58).%

Coupling our own methodology with research developed by Wender et al.”® allowed us
to devise a five-step sequence for the preparation of the cyclialkylation precursor 63
(Scheme 5.6). In the first step, the organolithium species 60 derived from isopropyl-
veratrole* was used to prepare cyclohexenone 61 through reaction with epoxide 59.% The
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miltirone (56) sageone (57)
OH
HO,
¥
arucadiol (58)
FIGURE 5.2

The structures of miltirone, sageone, and arucadiol. (From Majetich, G., Liu, S., Fang, J., Siesel, D., and Zhang, Y.,
J. Org. Chem., 1997, 62, 6928. With permission.)

OCH34

BF3 - E1,0 o O
(5 equiv.) (5'1)
CSH121 reflux 24 h ‘ ‘

(60%)

EQUATION 5.1
An intramolecular Friedel-Crafts alkylation to prepare functionalized hydrophenanthrenes. (From Majetich, G.,
Liu, S, Fang, J., Siesel, D., and Zhang, Y., J. Org. Chem., 1997, 62, 6928. With permission.)

two additional alkyl substituents at C(6) were introduced using known procedures. Previ-
ously, we have found that 3-vinyl-2-cycloalkenones (cf. 63) can be prepared from 2-cyclo-
alkenones (cf. 62) in good yield by oxidizing the intermediate bis-allylic tertiary alcohol
with pyridinium dichromate (PDC).% Indeed, treatment of enone 62 with vinylmagnesium
bromide produced a tertiary alcohol in high yield. The oxidation of this alcohol produced
conjugated dienone 63 in 59% overall yield. Cyclialkylation using excess boron trifluoride
etherate gave the expected cyclization product 64 in good yield. Treatment of 64 with boron
tribromide produced sageone (57) in excellent yield.

Since arucadiol and miltirone both have an aromatic “B” ring, enone 64 served as a com-
mon intermediate for both of these quinone pigments. The aromatization of 64 was readily
achieved using 2,3-dicyano-5,6-dichloro-1,4-quinone (DDQ) (Equation 5.2). With substrate
65 in hand, only demethylation of the ethers was required to complete a synthesis of aruca-
diol (58). This transformation was accomplished in nearly quantitative yield using boron
tribromide. Our synthetic arcudiol was spectrally identical with the natural material.

The three-step sequence used to convert enone 65 to miltirone (56) is shown in Scheme 5.7
and consists of, first, a Wolff-Kishner reduction to convert the C(5) carbonyl moiety into a
methylene, followed by deprotection of the aryl methyl ethers and oxidation to an ortho-
quinone using ceric ammonium nitrate. The physical and spectroscopic data of our syn-
thetic miltirone are identical with those reported for the natural material.

In this proceeding we have described the preparation of 32 plant growth regulators, three
diterpenes, and an ongong effect to synthesize a structurally complex antitumor agent.
Only time will determine whether any of these natural products and their derivatives
become important pharmaceutical agents.

©2000 by CRC Press LLC



69

CH30
CH;0
)
@\ j©)/\H *
o (60)

_—

59 SiCHg)s  (71%) 6 61
1) | LDA/CHgl
2) | LDA/CHyl

(71% overal!)

N/ MgBr/ H*

2) PDC
63 (59% overall)
BF3-Et20

CCly, 6h

reflux (64%)

CH3O OH
CH40, HO,
e} O
BBrj
sodik e
(57)

64

SCHEME 5.6
The synthesis of sageone. (From Majetich, G., Liu, S., Fang, J., Siesel, D., and Zhang, Y., J. Org. Chem., 1997, 62,

6928. With permission.)
CH40
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HO
HO,
(58)
EQUATION 5.2

The synthesis of arucadiol from intermediate (65). (From Majetich, G., Liu, S., Fang, J., Siesel, D., and Zhang, Y.,
J. Org. Chem., 1997, 62, 6928. With permission.)
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NH,NHTSs /

NaCNBH;
65 (52%)

SCHEME 5.7
The synthesis of miltirone from intermediate (65). (From Majetich, G., Liu, S., Fang, J., Siesel, D., and Zhang, Y.,
J. Org. Chem., 1997, 62, 6928. With permission.)
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6.1 Introduction

This chapter will focus on various classes of compounds that possess potent antitumor, anti-
HIV, and antifungal activity recently discovered in my laboratory. These compounds were
obtained by bioactivity- and mechanism of action-directed isolation and characterization

* Antitumor Agents 188.
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coupled with rational drug design-based modification and analog synthesis. Research
highlights include GL331, which is currently in anticancer clinical trials, the antifungal 1,4-
bis-(2,3-epoxypropylamino)-9,10-anthracenedione, and the anti-HIV coumarin DCK and
the triterpene DSB as well as their analogs.

The preclinical development of bioactive natural products and their analogs as chemo-
therapeutic agents is a major objective of my research programs.! Historically, numerous
useful drugs have been developed from lead compounds originally discovered from
medicinal plants. Three main research approaches are used in my drug discovery and
development process: (1) bioactivity- or mechanism of action-directed isolation and char-
acterization of active compounds, (2) rational drug design-based modification and analog
synthesis, and (3) mechanism of action studies. Traditional medicines including Chinese
herbal formulations can serve as the source of a potential new drug with the initial research
focusing on the isolation of bioactive lead compound(s). Next, chemical modification is
aimed at increasing activity, decreasing toxicity, or improving other pharmacological pro-
files. Preclinical screening in the National Cancer Institute (NCI) in vitro human cell line
panels and selected in vivo xenograft testing then identifies the most promising drug devel-
opment targets. Four types of studies help refine the active structure:

1. Structure-activity relationship (SAR) studies including qualitative and quanti-
tative SAR.

2. Mechanism of action studies including drug receptor interactions and specific
enzyme inhibitions.

3. Drug metabolism studies including identification of bioactive metabolites and
blocking of metabolic inactivation.

4. Molecular modeling studies including determination of three-dimensional phar-
macophores.

Drug development then addresses toxicological, production, and formulation concerns
before clinical trials can begin.

The following sections describe the research of my laboratory in the development of vari-
ous anticancer, antifungal, and anti-HIV lead compounds. In the first section, the develop-
ment of etoposide-related anticancer compounds details efforts to enhance activity by
synthesizing new derivatives based on active pharmacophore models; to overcome drug
resistance, solubility, and metabolic limitations by appropriate molecular modifications; and
to combine other functional groups or molecules to add new biological properties or mecha-
nisms of action. The clinical trials of GL331, an etoposide analog, attest to the feasibility and
success of this strategy. Following this discussion, other leads from Chinese medicinal herbs
indicate the wealth of opportunity found in bioactive natural products, including other cyto-
toxic, antifungal, and antiviral agents. The chapter concludes with two recent and ongoing
projects in the area of anti-AIDS agents. Conventional modification of two naturally occur-
ring compounds has resulted in extremely promising anti-HIV derivatives (DSB and DSD
from the triterpene betulinic acid) and coumarin (DCK from the coumarin suksdorfin).

6.2 Antitumor Agents — Novel Plant Cytotoxic Antitumor Principles
and Analogs

Since 1961, nine plant-derived compounds have been approved for use as anticancer drugs
in the U.S.: vinblastine (Velban), vincristine (Oncovin), etoposide (VP-16, 1), teniposide
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(VM-26, 2), Taxol (paclitaxel), navelbine (Vinorelbine), taxotere (Docetaxel), topotecan

(Hycamtin), and irinotecan (Camptosar). The last three drugs were approved by the Food
and Drug Administration in 1996.

6.2.1 Novel Antitumor Etoposide Analogs

The synthesis and biological evaluation of etoposide derivatives has been a primary
research focus of my laboratory for many years. Some highlights of this research follow,
and this work illustrates several aspects of the drug development process as described in
the introduction.

Etoposide (1) and its thiophene analog teniposide (2) are used clinically to treat small-cell
lung cancer, testicular cancer, leukemias, lymphomas, and other cancers??; however, prob-
lems such as myelosuppression, drug resistance, and poor bioavailability limit their use
and necessitate further structural modification.® Etoposide is structurally related to the nat-
ural product podophyllotoxin (3), a bioactive component of Podophyllum peltatum, P. emodi,
and P. pleianthum, but is glycosylated with the opposite stereochemistry at C-4 and has a
phenolic instead of a methoxy group at C-4'. The two compounds also vary in mechanism
of action. Podophyllotoxin, but not etoposide, binds reversibly to tubulin and inhibits
microtubule assembly.” Etoposide inhibits the enzyme DNA topoisomerase II (topo II) and,
subsequently, increases DNA cleavage.” Furthermore, with 1, bio-oxidation to an E-ring
ortho-quinone results in covalent binding to proteins,®® and hydroxy radicals formed by
metal-etoposide complexes cause metal- and photoinduced cleavage of DNA.10

6.2.1.1 4-Amino-Epipodophyllotoxin Derivatives Including GL331

My laboratory has synthesized several series of 4-alkylamino and 4-arylamino epipodo-
phyllotoxin analogs starting from the natural product podophyllotoxin (3)."! Computer
modeling studies show that the amino group does not significantly alter the molecular con-
formation and that bulky groups are tolerated in the C-4 position. Compared with etoposide
(1), several compounds showed similar or increased % inhibition of DNA topo II activity
and % cellular protein-DNA complex formation (DNA breakage) (Table 6.1). However, the
most exciting finding is the increased cytotoxicity of these derivatives in 1-resistant cell lines
(Table 6.2). GL331 (4),'2 which contains a p-nitroanilino moiety at the 48 position of 1, has
emerged as an excellent drug candidate. It has been patented by Genelabs Technologies, Inc.
and has completed Phase I clinical trials as an anticancer drug at the M.D. Anderson Cancer
Center. Like 1, GL331 functions as a topo Il inhibitor, causing DNA double-strand breakage
and G2-phase arrest. GL331 and 1 cause apoptotic cell death inhibiting protein tyrosine
kinase activity (both compounds) and by stimulating protein tyrosine phosphatase activity
and apoptotic DNA formation (GL331).1* Compared with 1, GL331 has several advantages:
(1) it shows greater activity both in vitro and in vivo, (2) its synthesis requires fewer steps
leading to easier manufacture, and (3) it can overcome multidrug resistance in many cancer
cell lines (KB/VP-16, KB/VCR, P388/ADR, MCFE-7/ADR, L1210/ ADR, HL60/ADR, and
HL60/VCR)."? Formulated GL331 shows desirable stability and biocompatability and simi-
lar pharmacokinetic profiles to those of 1.4 Initial results from Phase I clinical trials* in four
tumor types (nonsmall- and small-cell lung, colon, and head /neck cancers) showed marked
antitumor efficacy. Side effects were minimal with cytopenias being the major toxicity. Max-
imum tolerated dose (MTD) was declared at 300 mg/m?. In summary, GL331 is an exciting
chemotherapeutic candidate with a novel mechanism of action, predictable and tolerable
toxicity, and evidence of activity in refractory tumors. A Phase Ila clinical trial against gas-
tric carcinoma has been initiated. This compound is one illustration of successful preclinical
drug development from my research program.
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TABLE 6.1
Mechanistic Screening Assays
ID,, (nM) % Inhibition % ICy, (nM)
Tubulin of Tubulin at  Protein-Linked  for Maximal
Compound AM Polymerization 100 nM DNA Breaks DNA Breaks
Etoposide (1) >100 0 100 10
«HCI
HN_©_NH2 10 88 100 2
!
M
o HT—@—CN >100 34 125 6
{ o)
o] i
z O 4
HI?—@—N%( ) >100 35 140 2
H3CO OCH3
OH
HT—@—F 50 60 141 5
Hlil‘@‘cozEt 100 50 131 5
@
HT _@ o 5 86 110 6
Podophyllotoxin (3) 0.5 100 ND ND
ND: Not determined.
TABLE 6.2
Cytotoxicity Assays against KB Cells and Resistant Variants
Compound 1D, (uM)
AM KB ATCC KBIC KB7D KB50
Etoposide (1) 0.60 34.8 77.5 28.7
«HCl
HN_©_NH2 0.59 35 76 220
l
M
o HN—@—CN 0.61 2.7 5.0 4.0
€ o '
o] > '"«(O
A HT—@—NOQ C)) 0.49 6.1 7.7 3.0
H3CO/©\OCH3
OH
HT—O—F 0.67 4.0 8.3 7.2
HT—@—COﬁt 0.84 2.6 7.0 33
0.68 0.5 1.0 1.6
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FIGURE 6.1
Metabolism of etoposide to inactive species.

6.2.1.2 y-Lactone Ring-Modified 4-Amino Etoposide Analogs

Metabolism of etoposide (1, Figure 6.1) causes its inactivation by hydrolysis to the inactive
cis- (5) and trans- (6) hydroxy acids and epimerization to the cis-picro-lactone (7). To over-
come this deficiency, we replaced the lactone carbonyl with a methylene group, generating
new y-lactone ring-modified 4-amino epipodophyllotoxins.!> The unsubstituted- (8) and
p-fluoro- (9) anilino compounds showed topo II inhibition (ID5, = 50 p1M) and DNA break-
age (125 and 139%, respectively, at 20 pM) equal to and greater than those of 1 (50 pM and
100%, respectively).'®

6.2.1.3 Podophenazine Derivatives as Novel Topo Il Inhibitors

Another area of modification is the methylenedioxy ring of etoposide (1). MacDonald
et al.'