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Dedication

I wish to dedicate this book to honor Professor Arnold L. Demain’s
60 years experience as a pioneer and a mentor in the field of natural
product-based drug discovery. In 1954, he received his PhD from the
University of California, Davis and Berkeley, in Microbiology, and
joined Merck and Co. as a research microbiologist. By 1965, he had
become the Founder and Head of the Department of Fermentation
Microbiology at Merck. In 1969, he became a full Professor at MIT.
He was elected to the National Academy of Sciences in 1994. Arny is
one of the world’s leading industrial microbiologists and a pioneer in
research on the elucidation and regulation of the biosynthetic path-
ways leading to penicillins and cephalosporins. He has led the way to
the development of the B-lactam industry. His current interests are in
the area of industrial microbiology and biotechnology, including industrial fermentation,
antibiotics, enzymes, secondary metabolism, biofuels, and bioconversions. During his ten-
ure, Arny trained a group of visiting scholars, postdocs, and students from all over the world,
which is now internationally renowned as “Arny’s Army.” Approximately every 2 years,
there is a unique scientific symposium, bringing together key academic and industrial pro-
fessionals in industrial microbiology and biotechnology, called “A Celebration of Arny’s
Army & Friends.” Continuing the success of the four previous meetings (in 1995 in Cam-
bridge, Massachusetts; in 1997 in Nara, Japan; in 1999 in Gent, Belgium; and in 2001 in
Merida, Mexico), the fifth symposium will be held in Shanghai, China on June 27-29, 2005.

Arny is a tireless advocate who would use every possible opportunity to promote natural
product-based drug discovery. His vision, inspiration, and leadership contributed signifi-
cantly to the soon-to-come renaissance of natural products. As we reflect on the history, it is
abundantly clear that we benefit from his wisdom to this day.
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Preface

It seems appropriate to emphasize the topic of natural products at a time when new com-
pounds are desperately needed to combat the current problems of antibiotic resistance, emer-
gence of new diseases, continued presence of old, unconquered diseases, and the toxicity of
certain present-day medical products. Despite such needs, today’s output from the pharmaceu-
tical industry has decreased markedly as a result of mega-mergers among the large pharmaceu-
tical companies, and the downgrading of natural-product discovery efforts in favor of high
throughput screening of synthetic compounds made by combinatorial chemistry. The latter may
appear surprising because at least half of the antibiotics and antitumor agents approved by the
FDA have been natural products, derivatives of natural products, or synthetic compounds
inspired by natural product chemistry. However, it is a matter of economics. The extremely
high costs to the large companies of purchasing or developing genomics, proteomics, and bio-
informatics have left little funding available for the more tedious screening of natural products.
Even so, there is some hope. The continuing success of biopharmaceutical products from the
biotechnology industry points to the ever-increasing success of natural compounds, albeit that
of large molecules. Some of these smaller companies are directing part of their efforts toward
small-molecule natural-product screening. A few are emphasizing biodiversity by either har-
nessing environmental DNA in the metagenomic effort or discovering means of growing the
uncultured microbes of the past and learning how to induce secondary metabolism in these
organisms. Other companies are emphasizing combinatorial biosynthesis to yield new deriva-
tives or DNA shuffling to rapidly increase the levels of production. Future success is not a
matter of the old vs the new; it is dependent on learning how to apply the exciting methodolo-
gies of genomics, proteomics, combinatorial chemistry, DNA shuffling, combinatorial biosyn-
thesis, biodiversity, bioinformatics, and high-throughput screening to rapidly evaluate the
activities in extracts as well as purified components derived from microbes, plants, and marine
organisms.

There have been concomitant advances and an explosion of information in the field of natu-
ral products and it is therefore timely to review both basic and applied aspects. Natural Prod-
ucts: Drug Discovery and Therapeutic Medicine addresses historical aspects of natural products
and the integration of approaches to their discovery, microbial diversity, specific groups of
products (Chinese herbal drugs, antitumor drugs from microbes and plants, terpenoids, and
arsenic compounds), specific sources (the sea, rainforest endophytes, and Ecuadorian
biodiversity), and methodology (high-performance liquid chromatography profiling, combina-
torial biosynthesis, genomics, bioinformatics, and strain improvement by modern genetic ma-
nipulations). We consider past successes, the excitement of the present, and our thoughts on the
future. We hope that this book will inspire industrial and academic researchers, practitioners,
and developers, as well as administrators, to look again at Nature for the future gifts that will
solve unmet medical needs and make the world a safer place in which to live.

Lixin Zhang, php
Arnold L. Demain, phD
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Natural Products and Drug Discovery

Arnold L. Demain and Lixin Zhang

Summary

For more than 50 yr, natural products have served us well in combating infectious bacteria and
fungi. During the 20th century, microbial and plant secondary metabolites helped to double our life
span, reduced pain and suffering, and revolutionized medicine. The increased development of resis-
tance to older antibacterial, antifungal, and antitumor drugs has been challenged by (1) newly discov-
ered antibiotics (e.g., candins, epothilones); (2) new semisynthetic versions of old antibiotics (e.g.,
ketolides, glycylcyclines); (3) older underutilized antibiotics (e.g., teicoplainin); and (4) new deriva-
tives of previously undeveloped narrow-spectrum antibiotics (e.g., streptogramins). In addition, many
antibiotics are used commercially, or are potentially useful in medicine for purposes other than their
antimicrobial action. They are used as antitumor agents, enzyme inhibitors including powerful
hypocholesterolemic agents, immunosuppressive agents, antimigraine agents, and so on. A number
of these products were first discovered as antibiotics that failed in their development as such, or as
mycotoxins.

It is unfortunate that the pharmaceutical industry has downgraded natural products just at the
time that new assays are available and major improvements have been made in detection, character-
ization, and purification of small molecules. With the advent of combinatorial biosynthesis, thou-
sands of new des4ceatives can now be made by a biological technique complementary to combinatorial
chemistry. Furthermore, only a minor proportion of bacteria and fungi, i.e., 0.1-5%, have thus far
been examined for secondary metabolite production. New methods are being developed to cultivate
the so-called unculturable microbes from the soil and the sea. High-throughput screening (HTS) of
combinatorial chemicals has not provided the numbers of high-quality leads that were anticipated. It
has virtually eliminated the most unique source of chemical diversity, i.e., natural products, from the
playing field, in favor of combinatorial chemistry. Combinatorial chemistry mainly yields minor
modifications of present-day drugs and absolutely requires new scaffolds on which to build. Although
comparative genomics is capable of disclosing new targets for drugs, the number of targets is so large
that it requires tremendous investments of time and money to set up all the screens necessary to exploit
this resource. This can be handled only by HTS methodology, which demands libraries of millions
of chemical entities. Although such targets would be excellent for screening natural products, the
industry has failed to exploit this unique opportunity and has opted to save funds by eliminating
natural-product departments or decreasing their relevance in the hunt for new drugs. It is clear that
the future success of the pharmaceutical industry depends on the combining of complementary tech-
nologies such as natural product discovery, HTS, integrative and systems biology, combinatorial
biosynthesis, and combinatorial chemistry.

Key Words: Antibiotics; antitumor; immunosuppressants; hypocholesterolemics; enzyme
inhibitors; drug discovery; natural products; combinatorial biosynthesis.

From: Natural Products: Drug Discovery and Therapeutic Medicine
Edited by: L. Zhang and A. L. Demain © Humana Press Inc., Totowa, NJ
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4 Demain and Zhang

1. Introduction

Natural products have been an overwhelming success in our society (Fig. 1). They
have reduced pain and suffering, and revolutionized medicine by facilitating the
transplantation of organs. Natural products are the most important anticancer and anti-
infective agents. More than 60% of approved and pre-new drug application (NDA) can-
didates are either natural products or related to them, not including biologicals such as
vaccines and monoclonal antibodies (/).

Many natural products have reached the market without chemical modification, a
testimony to the remarkable ability of microorganisms to produce small, drug-like mol-
ecules. Indeed, the potential to commercialize a compound without chemical modifica-
tion distinguishes natural products from all other sources of chemical diversity and
fuels efforts to discover new compounds. Nature apparently optimizes certain com-
pounds through many centuries of evolution. In these cases, production of the product
directly by microbial fermentation is much more economical than using synthetic chem-
istry, e.g., steroids, B-lactams, erythromycin. In other cases, the natural molecule was
not used itself but served as a lead molecule for manipulation by chemical or genetic
means, e.g., cephalosporins, rifampicin. In these instances, the natural product pre-
sented important structural motifs and pharmacophores, which were then optimized
via “semi-synthesis” to yield drugs with improved properties.

Secondary metabolism has evolved in nature in response to needs and challenges of the
natural environment. Nature has been continually carrying out its own version of combina-
torial chemistry (2) for the over 3 billion years during which bacteria have inhabited the
earth (3). During that time, there has been an evolutionary process going on in which pro-
ducers of secondary metabolites evolved according to their local environments. If the metab-
olites were useful to the organism, the biosynthetic genes were retained, and genetic
modifications further improved the process. Combinatorial chemistry practiced by nature is
much more sophisticated than that in the laboratory, yielding exotic structures rich in stere-
ochemistry, concatenated rings, and reactive functional groups (2). As a result, an amazing
variety and number of products have been found in nature. The total number of natural
products produced by plants has been estimated to be over 500,000 (4). One-hundred sixty-
thousand natural products have been identified (5), a value growing by 10,000 per year (6).
About 100,000 secondary metabolites of molecular weight less than 2500 have been char-
acterized, half from microbes and the other half from plants (7-9).

It is not generally appreciated that a number of synthetic products of wide medical
use have a natural origin from microbial, plant, and even animal systems. The prede-
cessor of aspirin has been known since the fifth century Bc, at which time it was
extracted from willow tree bark by Hippocrates. It probably was used even earlier in
Egypt and Babylonia for fever, pain, and childbirth (/0). Salicylic acid derivatives
have been found in plants such as white willow, wintergreen, and meadowsweet. Syn-
thetic salicylates were produced on a large scale in 1874 by the Bayer Company in
Germany. In 1897, Arthur Eichengrun at Bayer discovered that its acetyl derivative
was able to reduce its acidity, bad taste, and stomach irritation (//); thus was born
aspirin, of which 50 billion tablets are consumed each year. The drugs Acyclovir
(ZoviraxR) used against herpes virus and Cytarabine (Cytostar®) for non-Hodgkin’s
lymphoma were originally isolated from a sponge (/2). Drugs inhibiting human immu-
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Rapamycin

Lovastatin

Fig. 1. Structures of some important natural products not used as antibiotics.

nodeficiency virus (HIV) reverse-transcriptase and protease were derived from natural
product leads screened at the National Cancer Institute (/3). Angiotensin-converting
enzyme (ACE) inhibitors, widely used for hypertension and congestive heart failure,
are chemicals based on peptides isolated from snake venom (/4,15).

In the last decade, some large pharmaceutical companies, emphasizing combinato-
rial chemistry, left natural products and attempted to fill the void with large numbers of
synthetic molecules. Unfortunately, the chemistry employed did not create sufficiently
diverse or pharmacologically active molecules. Fortunately, some small biotechnology
companies have revitalized the interest in natural products. Approaches such as diver-
sity-oriented synthesis, which mimics the structures of natural products, are emerging
for drug discovery (/5a).

Highly diverse and selective synthetic compounds resulting from these efforts could
be useful for chemical genomics and chemical genetics, to uncover disease-relevant
protein targets and to understand critical biological pathways (/5b). Such information
could push biology forward toward an understanding of the initiation and progression
of diseases, and shed light on new therapeutic intervention.
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More natural product research is needed due to: unmet medical needs; remarkable
diversity of structures and activities; utility as biochemical probes; novel and sensitive
assay methods; improvements in isolation, purification, and characterization; and new
production methods (/6).

The enormous diversity of microorganisms is a factor that must be kept in mind for
future drug development. Bacteria have existed on earth for over 3-billion years, and
eukaryotes have been around for 1 billion years. Because 95-99.9% of organisms exist-
ing in nature have not yet been cultured, only a minor proportion of bacteria and fungi
have thus far been examined for secondary metabolite production. It has been estimated
that 1 g of soil contains 1000 to 10,000 species of undiscovered prokaryotes (/7).

Estimates of the number of described fungal species vary from about 65,000 to
250,000, but as many as 10 million might exist in nature (/8). Their total weight is
thought to be higher than that of humans. Of the fungal species that have been described,
only about 16% have been cultured. The use of fungal ecology in the search for new
drugs is extremely important. The estimated number of fungal species is more than five
times the predicted number of plant species and fifty times the estimated number of
bacterial species. Some previously unrecognized and uncultivated microbes can be iso-
lated from the environment by encapsulating cells in gel microdroplets under low nutri-
ent flux conditions and detecting microcolonies by flow cytometry (/9). In addition to
new ways of culturing microbes, accessing the diversity of “environmental DNA” (also
called metagenomic DNA) is an exciting area of research (20).

The concept that microbial strains must be isolated from different geographical and
climatic locations around the world in order to insure diversity in collections still gath-
ers support (21,22).

2. Antibiotics for Human Therapy

The selective action exerted on pathogenic bacteria and fungi by microbial second-
ary metabolites ushered in the antibiotic era. For more than 50 yr, we have benefited
from this remarkable property of wonder drugs such as penicillins, cephalosporins,
tetracyclines, aminoglycosides, chloramphenicol, and macrolides. They have been cru-
cial in the increase in average life expectancy in the United States from 47 yr in 1900 to
74 yr for males and 80 yr for women in 2000 (2,23). Antibiotics have been virtually the
only drugs utilized for chemotherapy against pathogenic microorganisms. They are
defined as low-molecular-weight organic natural products (secondary metabolites, or
idiolites) made by microorganisms, which are active at a low concentration against
other microorganisms. Of the 12,000 antibiotics known in 1995, 55% were produced
by filamentous bacteria (actinomycetes) of the genus Streptomyces, 11% from other
actinomycetes, 12% from nonfilamentous bacteria, and 22% from filamentous fungi
(8,24). New bioactive products from microbes have been discovered at an amazing
pace: 200 to 300 per year in the late 1970s and increasing to 500 per year by 1997.
However, recently the number has dropped off as a result of the misguided loss of
interest by some large pharmaceutical companies in the discovery of new antibiotics
and even in natural products (discussed later).

More than 350 agents have reached the world market as antimicrobials (anti-
infectives [defined as antibiotics, both natural and semi-synthetic] plus strictly syn-
thetic chemicals) (25). The antibiotics include cephalosporins (45%), penicillins (15%),
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tetracyclines (6%), macrolides (5%), aminoglycosides, ansamycins, glycopeptides, and
polyenes (24). The synthetics include quinolones (11%) and the azoles. Of the 25 top-
selling drugs in 1997, 42% were natural products or derived from natural products
(22); of these, antibiotics contributed 67% of sales.

The worldwide market for antibiotics in 1996 was $24 billion (26) and today is
about $35 billion. Antimicrobials, including antibiotics, synthetics, and antiviral agents,
had sales of $55 billion in 2000. The market for cephalosporins was $9.9 billion (27);
sales of penicillins amounted to $8.2 billion and that of other B-lactams was $1.5 bil-
lion, making a total of $19.6 billion for B-lactam antibiotics. Markets for other groups
were $6.4 billion for quinolones (synthetic antibacterials), $5.2 billion for macrolides
(including $3.5 billion for erythromycins) (28), $4.2 billion for antifungals (including $2
billion for the synthetic azoles) (29) and antiparasitics, $1.8 billion for aminoglycosides,
and $1.4 billion for tetracyclines. The antiviral market was $10.2 billion (vaccines
excluded). All other antimicrobials had a market of $ 6.1 billion. It is expected that the
antimicrobial market will continue to grow as a result of (1) a worldwide aging popula-
tion; (2) increasing numbers of immunocompromised patients, mainly infected with
HIV, who often require longer courses of anti-infective treatment; and (3) increasing
microbial resistance worldwide.

Antimicrobials with markets over $1 billion include Augmentin ($2 billion); the
quinolones ciprofloxacin (Cipro; $1.8 billion) and levofloxacin/ofloxacin (Levaquin,
Floxin; $1.1 billion); the semi-synthetic erythromycins azithromycin (Zithromax; $1.5
billion) and clarithromycin (Biaxin; $1.2 billion); and the semi-synthetic cephalosporin
ceftriazone (Rocephin; $1.1 billion) (30). Augmentin is a combination of a semi-syn-
thetic penicillin and an inhibitor of penicillinase (clavulanic acid). Combined sales of
the glycopeptides vancomycin and teicoplanin were $1 billion per year (317).

Unfortunately, in 1969, US Surgeon General William H. Stewart stated to Congress:
“The time has come to close the book on infectious disease” (30). Companies began to
exit from the antibiotic area. There was great difficulty and a high cost of isolating
novel antibiotic structures and agents with new modes of action because the chance of
finding useful antibiotics from microbes was very low. The following are experiences
of workers in the field:

1. Only one in 10,000 to 150,000 compounds made it into medical practice (32-34).

2. Only 3 usable antibiotics were isolated from a 10-yr screen of 400,000 cultures of micro-
organisms (32).

3. Of 5000 compounds evaluated, 5 entered human clinical trials and of these, only 1 was
approved by the US Food and Drug Administration (FDA) (35).

4. Of 5000 to 10,000 compounds screened, 250 leads entered preclinical testing, 5 drug can-
didates entered phase I, 4 passed into phase Ila, 1.5 passed phase IIb, 1.2 passed phase III,
and 1 drug was approved by FDA (36).

Similar experiences were encountered with products from plants (37). Although
chemists had been successfully improving natural antibiotics by the technique of semi-
synthesis for many years, new screening techniques were sorely needed in 1970 to
isolate new bioactive molecules from nature. A few companies downgraded their
efforts in natural product discovery in favor of large investments in recombinant
DNA technology. Indeed, the number of anti-infective investigational new drugs
(INDs) declined by 50% from the 1960s to the late 1980s (38). Many felt that the
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golden era of antibiotic discovery was over, but this was far from the truth. Owing
mainly to the development of novel target-directed screening procedures by some for-
ward-thinking companies, important new antibiotics appeared on the scene and became
commercial successes in the 1970s and 1980s. These included cephamycins (e.g.,
cefoxitin) (39), fosfomycin (40), carbapenems (e.g., thienamycin) (4/), monobactams
(e.g., aztreonam), glycopeptides (e.g., vancomycin, teicoplanin), aminoglycosides (e.g.,
amikacin, sisomicin), as well as semisynthetic versions of cephalosporins and
macrolides.

Another factor limiting new antibiotic discovery is the shift by major pharmaceuti-
cal companies to pursue larger drug markets such as depression, heartburn, and erectile
dysfunction. This shift to lifestyle problems and chronic complaints is of major con-
cern to infectious-disease physicians. The hard fact is that there is not much economic
incentive to create new antibiotics. The market potential for a new antibiotic is esti-
mated to be $200 million to $400 million in sales per year. In contrast, drugs to treat
chronic conditions are often used by patients daily for the rest of their lives and are
much more likely to reach blockbuster status (over $1 billion/yr). The FDA approved
only two new antibiotics in 2003, and none was approved in 2002. Such numbers are
only a fraction of the numbers of antibiotics approved in the 1980s and early 1990s.
From 1983 to 1992, thirty new antibiotics won FDA approval. Over the next 10 years,
17 were approved. Serious medical consequences could result from this situation. Many
types of bacteria are developing resistance to existing classes of antibiotics (discussed
later). Nosocomial infections (infections acquired in hospitals) pose a particular threat
to ill patients. Governments must become involved in reversing the trend away from
antibiotic research and development.

Microbiologists have known for years that technology had not won the war against
infectious microorganisms due to resistance development in pathogenic microbes.
Indeed, technology will never win this war, and we must be satisfied to merely stay
one step ahead of the pathogens for a long time to come (42). Thus, the search for new
drugs must not be stopped. New antibiotics are continually needed because of the fol-
lowing:

1. Resistant pathogens are developing, e.g., enterococci resistant to all antibiotics (43).

2. New diseases are evolving, e.g., acquired immunodeficiency syndrome (AIDS), Hanta
virus, Ebola virus, Cryptospiridium, Legionnaire’s disease, Lyme disease, Escherichia
coli 0157:H7. The World Health Organization concluded that at least thirty new diseases
emerged in the 1980s and 1990s (44).

3. Naturally resistant bacteria exist, e.g., Pseudomonas aeruginosa, causing fatal wound infec-
tions, burn infections, and chronic and fatal infections of lungs in cystic fibrosis patients;
also Stenotrophomonas maltophilia, Enterococcus faecium, Burkholderia cepacia, and
Acinetobacter baumanni (45). Furthermore, tuberculosis had never been defeated.

4. Some of the compounds in use are relatively toxic (24).

The resistant bacteria that have developed over the years are generally uninhibited
by most commercial antibiotics (46). Enterococci resistant to all antibiotics have arisen
(43). Other organisms exist that are not normally virulent but do infect immunocom-
promised patients (47). In recent years, there has been great concern about resistance
development among Gram-positive pathogens, the so-called methicillin-resistant bac-
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teria. Clinical isolates of penicillin-resistant Streptococcus pneumoniae, the most com-
mon cause of bacterial pneumonia, increased 60-fold in the United States from 1987 to
1992 (48). Methicillin-resistant Staphylococcus aureus (MRSA) infections increased
to an alarming extent (49). Recently, the glycopeptide vancomycin has been the mol-
ecule of choice to treat infections caused by such organisms; however, vancomycin
resistance is developing, especially in the case of nosocomial Enterococcus infections.
Fortunately, some vancomycin-resistant enterococci (VRE) are treatable by the related
glycopeptide antibiotic teicoplanin. Of the three different resistance mechanisms in
different strains of VRE, two of these, Van B and Van D, are induced by vancomycin
but not by teicoplanin (50,51); Van A is induced by either antibiotic. Teicoplanin also
has fewer side effects than vancomycin, and a longer half-life in the body (52,53). A
major problem today is tuberculosis, which is infecting 2 billion people worldwide.
Each year, 9 million new cases are diagnosed and 2.6 million people die. Resistance is
developing to the combination treatment of isoniaizid and rifamycin (53a).

Exploitation of old and underutilized antibiotics is occurring via semi-synthesis of
drugs active against resistant bacteria. One group of useful narrow-spectrum com-
pounds are the streptogramins, which are synergistic pairs of antibiotics made by single
microbial strains. The pairs are constituted by a (group A) polyunsaturated macrolactone
containing an unusual oxazole ring and a dienylamide fragment, and a (group B) cyclic
hexadepsipeptide possessing a 3-hydroxypicolinoyl exocyclic fragment. Such strepto-
gramins include virginiamycin and pristinamycin (54). Pristinamycin, made by Strep-
tomyces pristinaespiralis, is a mixture of a cyclodepsipeptide (pristinamycin I) and a
polyunsaturated macrolactone (pristinamycin II). Although the natural streptogramins
are poorly water-soluble and cannot be used intravenously, new derivatives have been
made by semi-synthesis and mutational biosynthesis. Synercid (RP59500) is a mixture
of two water-soluble semisynthetic streptogramins, quinupristin (RP57669) and
dalfopristin (RP54476), developed by Rhone Poulenc-Rorer (now Aventis) (55), and
approved in 1999 for resistant bacterial infections (56). Synercid is useful against 3-
lactam-resistant S. pneumoniae (57). The two Synercid components synergistically
(100-fold) inhibit protein synthesis and are active against VRE and MRSA (58,59).
Synergistic action of the streptogramins is due to the fact that the B component blocks
binding of aminoacyl-tRNA complexes to the ribosome while the A component inhib-
its peptide bond formation and distorts the ribosome, promoting the binding of the B
component (60).

Semisynthetic tetracyclines, e.g., glycylcyclines, are being developed by Wyeth for
use against tetracycline-resistant bacteria (6/). The 9-¢-butylglycylamido derivative of
minocycline called GAR-936 is a novel glycylcycline (62). It is active in vitro and in
vivo (with mice) against resistant Gram-positive, Gram-negative, and anaerobic bacte-
ria possessing the ribosomal protection resistance mechanism or the active efflux
mechanism.

New vancomycin derivatives have also been made, which are active against vanco-
mycin-resistant Gram-negative bacteria (63). These have modified carbohydrate moi-
eties and are inhibitors of the transglycosidation reactions of peptidoglycan biosynthesis
without binding to p-ala-p-ala, the traditional mode of action of vancomycin. They not
only act on resistant bacteria but are more active than vancomycin on sensitive bacteria
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(64). They inhibit the earlier transglycosylation step of cell-wall synthesis rather than
the main vancomycin target, transpeptidation. Even the sugars themselves have anti-
bacterial activity. An exciting molecule in the new antibiotic arena is the lipoglyco-
depsipeptide ramoplanin, produced by Actinoplanes ATCC 33076 (65). Ramoplanin
inhibits cell-wall synthesis in Gram-positive bacteria by a new mechanism: binding to
lipid I and II intermediates at a site different from vancomycin’s target N-acyl-p-ala-p-ala
dipeptide. By binding to the lipid intermediates, these substrates are physically pre-
vented from being acted upon by the late peptidoglycan enzymes MurG and the
transglycosidases (66,67). Ramoplanin is 2- to 10-fold more active than vancomycin
and is active against MRSA, VRE, and pathogens resistant to ampicillin and erythro-
mycin (68).

Semisynthetic erythromycins have been very successful (69). Modified macrolides
include clarithromycin (Biaxin of Taisho), azithromycin (Zithromax of Pliva), and the
ketolide telithromycin (Ketek of Aventis). Whereas the first two showed improved
acid stability and bioavailability over erythromycin A, they showed no improvement
against resistant strains (70). On the other hand, the ketolides (third-generation semi-
synthetic erythromycins, 6-methyl-3-oxoerythromycin derivatives, i.e., polyketides
containing a 14-membered macrolide ring and a C-3 keto group in place of the C-3
cladinose in erythromycin A) act against macrolide-sensitive and macrolide-resistant
bacteria (7/-73). All of the above semisynthetic erythromycins are effective agents for
upper respiratory tract infections and can be given parenterally or orally. The ketolides
include telithromycin (Ketek of Aventis; formerly called HMR-3647) (74,75 ), which
has been approved, and ABT-773 (Abbott), which is in Phase II clinical development.
ABT-773 has broad-spectrum activity, including anaerobes and intracellular patho-
gens. It binds to its ribosomal target with 10- to 100-fold greater affinity than erythro-
mycin A, has increased uptake and/or reduced efflux, and is bactericidal. Ketolides are
also active against penicillin- and erythromycin-resistant S. pneumoniae and many
other bacteria, such as Hemophilus influenzae, group A streptococci, Legionella spp.,
Chlamydia spp., and Mycoplasma pneumoniae (76). They are produced semi-syntheti-
cally from erythromycin (77). Telithromycin is bacteriostatic, active orally, and of great
importance for community-acquired respiratory infections. Of great interest is its low
ability to select for resistance mutations and to induce cross-resistance. It does not
induce MLSy resistance, a problem with other macrolides.

A number of previously discovered compounds are now available for development
that were not previously exploited because of their narrow antibacterial spectrum,
which was restricted to Gram-positive bacteria. At that time (in the 1970s and 1980s),
breadth of spectrum was the commercial goal, but today, an important aim is to inhibit
resistant Gram-positive pathogens. An example is the lipopeptide daptomycin, pro-
duced by Streptomyces roseosporus, which acts on Gram-positive bacteria, including
VRE, MRSA, and penicillin-resistant S. pneumoniae (78). It kills by disrupting plasma
membrane function without penetrating into the cytoplasm. Daptomycin was discov-
ered by Eli Lilly and Co. in the early 1980s and licensed to Cubist Pharmaceuticals,
Inc., in 1997. It was approved in 2003.

Efforts are proceeding to screen for or design compounds that interfere with resis-
tance mechanisms (79). Such a strategy has long been successful with clavulanic acid,
a natural B-lactamase inhibitor. The plant natural product 5'-methoxyhydnocarpin has
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been found to inhibit the NorA multidrug-resistance pump and to potentiate norfloxacin
activity (80). A successful inhibitor of the multidrug-resistance pump could be of tre-
mendous help in combating resistant bacteria.

About 200 species of fungi are pathogenic to mammals. Most such infections are
self-limiting, but they can be deadly to immunocompromised patients; e.g., systemic
fungal infections are responsible for the deaths of 50% of leukemia patients. Fungal
infections are a real problem today, having doubled from the 1980s to the 1990s, with
bloodstream infections increasing fivefold, with an observed mortality of 55% (81).
There is an increasing incidence of candidiasis, cryptococcosis, and aspergillosis, espe-
cially in AIDS patients (82). Aspergillosis failure rates exceed 60%. Fungal infections
occur often after transplant operations: 5% for kidney, 15-35% for heart and lung, up
to 40% for liver transplants, usually (80%) by Candida and Aspergillus spp. (83).
Pulmonary aspergillosis is the main factor involved in deaths of recipients of bone-
marrow transplants, and Pneumocystis carinii is the number one cause of death in
patients with AIDS from Europe and North America (84).

The four classes of antifungal antibiotics in use today are the natural polyenes and
the synthetic azoles, allylamines, and fluoropyrimidines (85). The first three classes
target ergosterol, the major fungal sterol in the cell membrane. Polyene macrolides
selectively bind ergosterol and destabilize fungal membranes, leading to leakage of
cell components and subsequent cell death. Amphotericin B is a polyene macrolide
that was introduced in 1956 and has been the standard for antifungal therapy, since it
was the only effective agent against systemic fungal infection. Although highly active
against a wide range of fungi, it must be administered intravenously and is somewhat
toxic, producing a range of side effects. The azoles (e.g., fluconazole, itraconazole, and
ketoconazole) interfere with the biosynthesis of sterols and other membrane lipids that
comprise the fungal cell membrane. They do this by inhibiting cytochrome P450-
dependent lanosterol 14-o-demethylase, which is responsible for converting lanos-
terol to ergosterol. The lack of ergosterol in the cell membrane leads to cell permeability
and death. Each of the azoles has a different spectrum of effectiveness and defined
limitations. For example, fluconazole is highly effective against Cryptococcus, a seri-
ous infection common in AIDS patients, but is ineffective against Aspergillus and has
limited effectiveness against certain Candida species. Itraconazole has the broadest
range of activity and the fewest side effects among the azoles, but suffers from unpre-
dictable bioavailability, varying between patients, and frequent drug interactions.
Ketoconazole is the most effective azole against chronic, indolent forms of endemic
fungal infections, but is associated with clinically important toxic effects, including
hepatitis. Allylamines (e.g., terbinafine) inhibit squalene epoxidase, another enzyme
leading to ergosterol. Fluoropyrimidines (e.g., 5-fluorocytosine) are pyrimidine ana-
logs that are selectively converted by a fungal enzyme to its active nucleoside, which
interferes with DNA synthesis in fungi. Their spectrum of activity is fairly limited, and
drug resistance develops if they are used alone. For that reason, 5-fluorocytosine is
utilized in combination with amphotericin B or fluconazole. Toxicity is frequent, how-
ever, which includes mucositis and myelosuppression (85a). Usage of these antifungal
compounds is becoming limited especially due to development of resistance to the
azoles and toxicity of the polyenes.
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The cyclic lipopeptides, known as candins (or echinocandins or pneumocandins),
inhibit (1,3)-B-glucan synthase and thus the biosynthesis of the 1,3 glucan layer of the
Candida albicans cell wall; they are relatively nontoxic. Although the earlier discov-
ered papulocandins failed due to a spectrum restricted to Candida and lack of in vivo
activity, the parenteral semisynthetic caspofungin of Merck (also known as pneumo-
candin, L-743,872, MIC 991, or Cancidas) produced by Zalerion arboricola inhibits
the same enzyme and was approved in 2000 (86—88). It is active against many species
of Candida, including C. albicans, many species of Aspergillus, and Histoplasma, and
can be administered as an aerosol for prophylaxis against P. carinii, a major cause of
death in HIV patients (29). It is more active and less toxic than amphotericin B. Another
semisynthetic candin is micafungin (FK-463), which was recently approved in Japan.
Lilly’s anidulafungin (V-echinocandin, LY-303366A) produced by Aspergillus
nidulans var. echinulatus (89), was licensed to Versicor (now Vicuron Pharmaceuti-
cals) and is awaiting FDA approval. In contrast to the currently used azoles, which are
fungistatic, candins are fungicidal.

3. Novel Applications of Antibiotics

An extremely important concept for the further development of natural products is
that compounds that possess antibiotic activity also possess other activities. Some of
these activities had been quietly exploited in the past, and it became clear in the 1980s
that such a scope should be expanded. Thus, a broad screening of antibiotically active
molecules for antagonistic activity against organisms other than microorganisms, as
well as for activities useful for pharmacological or agricultural applications, was pro-
posed by Umezawa (90,91) in order to yield new and useful lives for “failed antibiot-
ics” (for a review, see ref. 92). This resulted in the development of a large number of
simple in vitro laboratory tests (e.g., enzyme inhibition screens) to detect, isolate, and
purify useful compounds. As a result, we entered a new era in which microbial metabo-
lites were applied to diseases heretofore only treated with synthetic compounds, i.e.,
diseases not caused by bacteria and fungi, and huge successes were achieved.

3.1. Anticancer Drugs

In 2000, 57% of all drugs in clinical trails for cancer were either natural products or
their derivatives (93). The drug cytarabine (Cytostar) for non-Hodgkin’s lymphoma
was originally isolated from a sponge (/2). Most of the important antitumor compounds
used for chemotherapy of tumors are microbially produced antibiotics (94,95). These
include actinomycin D, mitomycin, bleomycins, and the anthracyclines daunorubicin
and doxorubicin.

Metastatic testicular cancer, although rather uncommon (1% of male malignancies
in the United States; 80,000 in the year 2000 as compared to 190,000 cases of prostate
cancer), is the most common carcinoma in men aged 15 to 35 yr. It is of significance
that the cure rate for disseminated testicular cancer was 5% in 1974, whereas today it is
90%, mainly as a result of combination chemotherapy with the natural products
bleomycin and etoposide and the synthetic cisplatin (96).

The recent successful molecule Taxol (paclitaxel) was originally discovered in plants
(97) and later reported to be a fungal metabolite (98). It was approved for breast and
ovarian cancer, and is the only antitumor drug on the market that acts by blocking
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depolymerization of microtubules. In addition, taxol promotes tubulin polymerization
and inhibits rapidly dividing mammalian cancer cells (99). In 2000, taxol sales
amounted to over $1 billion and was Bristol Myers-Squibb’s third largest selling prod-
uct (100). Today, the sales have escalated to $9 billion (/01 ).Taxol has antifungal ac-
tivity by the same mechanism as above, especially against oomycetes (/02,/03). These
are water molds exemplified by plant pathogens such as Phytophthora, Pythium, and
Aphanomyces.

Epothilone was originally discovered as a myxobacterial product with weak antifun-
gal activity against rust fungi (/04). Later, it was shown to stabilize microtubules, the
same mechanism as possessed by taxol (/05), and to be active against taxol-resistant
tumor cells (/06). Epothilone polyketides are more water soluble than taxol. They are
produced by Sorangium cellulosum, which is a very slow growing bacterium (16 h
doubling time) and a low producer (20 pg/mL). The epithilone gene cluster has been
cloned, sequenced, characterized, and expressed in the faster growing Streptomyces
coelicolor (107,108). A number of derivatives are in clinical trials.

A very exciting development has been the attachment of the extremely potent but
extremely toxic enediyne antitumor drug calicheamicin to a humanized monoclonal
antibody. The conjugated product Mylotarg™ (orgemtuzumab, ozogamicin) of Wyeth
was approved for use against acute myeloid leukemia (AML) (/09). The monoclonal
antibody was designed to direct the antitumor agent to the CD-33 antigen, which is a
protein commonly expressed by myeloid leukemic cells.

3.2. Immunosuppressive Agents

Cyclosporin A was originally discovered as a narrow-spectrum antifungal peptide
produced by the mold Tolypocladium nivenum (previously Tolypocladium inflatum)
(110). Discovery of its immunosuppressive activity led to its use in heart, liver, and
kidney transplants, and to the overwhelming success of the organ transplant field. Sales
of cyclosporin A reached $1 billion in 1994 (111).

Although cyclosporin A was the only product on the market for many years, two
other products, produced by actinomycetes, have been very successful. These are FK-
506 (tacrolimus) (//2) and rapamycin (sirolimus) (//3), both narrow-spectrum
polyketide antifungal agents, which are 100-fold more potent than cyclosporin as
immunosuppressants, and less toxic. Tacrolimus and rapamycin have both received
FDA approval and are on the market. Tacrolimus was almost abandoned by the
Fujisawa Pharmaceutical Co. after initial animal studies showed dose-associated toxic-
ity. However, Thomas Starzl of the University of Pittsburgh, realizing that the immu-
nosuppressant was 30- to 100-fold more active than cyclosporin, tried lower doses,
which were very effective and nontoxic, thus saving the drug and many patients after
that, especially those that were not responding to cyclosporin (//4). Since its introduc-
tion (1993 in Japan; 1994 in the United States), tacrolimus has been used for trans-
plants of liver, kidney, heart, pancreas, lung, and intestines, and for prevention of
graft-vs-host disease. Wyeth’s sirolimus does not exhibit the nephrotoxicity of
cyclosporin A and tacrolimus, and is synergistic with both compounds in immunosup-
pressive action (//5). By combining sirolimus with either, kidney toxicity is markedly
reduced. Owing to a different mode of action, sirolimus has advantages over
cyclosporin and tacrolimus (//4). Although it has been reported that cyclosporin A
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promotes tumor growth and many transplant patients are killed by tumors, sirolimus
has the advantage of inhibiting tumor growth by interfering with angiogenesis (116).
Studies on the mode of action of these immunosuppressive agents have markedly
expanded current knowledge of T-cell activation and proliferation (//7). The
sirolimus analog everlimus also has immunosuppressive activity, and is in phase III
clinical trials. Another analog, CCI-779, is in phase II against tumors of the breast,
renal cell carcinoma, and non-Hodgkin’s lymphoma. Sirolimus has found a new use in
cardiology because sirolimus-impregnated stents are less prone to proliferation and
restenosis, which usually occur after treatment of coronary artery disease.

Yeasts and filamentous fungi are inhibited by cyclosporin A, tacrolimus, and
sirolimus. Susceptible fungi include Candida albicans, Cryptococcus neoformans,
Coccidiodes immitis, Aspergillus niger, A. fumigatus, and Neurospora crassa
(118,119). Two nonimmunosuppressive analogs of cyclosporin A are active against
C. neoformans (120). A nonimmunosuppressive tacrolimus derivative, a C18-hydroxy
C21-ethyl analog called L-685, 818, inhibits C. neoformans (121). Recently, a topical
preparation of tacrolimus was shown to be very active against atopic dermatitis, a wide-
spread skin disease. The ascomycins, structurally related to tacrolimus, have anti-
inflammatory action and are being clinically examined for topical treatment of atopic
dermatitis, allergic contact dermatitis, and psoriasis (/22). One ascomycin macrolactam
derivative, SDZ ASM 981, is in clinical studies. Sirolimus, cyclosporin A, and
tacrolimus are also able to reverse multidrug resistance to antitumor agents in mamma-
lian cells (123).

A very old broad-spectrum antibiotic compound, mycophenolic acid, has an amaz-
ing history. The unsung hero of the story is Bartolomeo Gosio (1863—1944), the Italian
physician who discovered the compound in 1893 (/24). Gosio isolated a fungus from
spoiled corn, which he named Penicillium glaucum, which was later reclassified as
Penicillium brevicompactum. He isolated crystals of the compound from culture fil-
trates in 1896 and found it to inhibit growth of Bacillus anthracis. This was the first
time an antibiotic had been crystallized and the first time that a pure compound had
ever been shown to have antibiotic activity. The work was forgotten, but fortunately
the compound was rediscovered by Alsberg and Black (/25) of the US Department of
Agriculture, and given the name mycophenolic acid. They used a strain originally iso-
lated from spoiled corn in Italy called Penicillium stoloniferum, a synonym of P.
brevicompactum. The chemical structure was elucidated many years later by Raistrick
and coworkers in England (/25a). Mycophenolic acid has antibacterial, antifungal,
antiviral, antitumor, antipsoriasis, and immunosuppressive activities. It was never com-
mercialized as an antibiotic because of its toxicity, but its 2-morpholinoethylester was
approved as a new immunosuppressant for kidney transplantation in 1995 and for heart
transplants in 1998 (/26). The ester derivative is called mycophenolate mofetil
(CellCept) and is a prodrug that is hydrolyzed to mycophenolic acid in the body.

3.3. Hypocholesterolemic Agents

High blood cholesterol leads to atherosclerosis, which is a causal factor in many
types of coronary heart disease and a leading cause of human death. Only 30% of the
cholesterol in the human body comes from the diet. The remaining 70% is synthesized
by the body, mainly in the liver (/27). Many people cannot control their cholesterol at
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a healthy level by diet alone, but must depend on hypocholesterolemic drugs. The
statins inhibit de novo production of cholesterol in the liver. These extremely success-
ful cholesterol-lowering agents are substituted hexahydronaphthalene lactones. They
also have antifungal activities, especially against yeasts. Brown et al. (/28) discovered
the first member of this group, compactin (ML-236B), as an antifungal product of P.
brevicompactum. Independently, Endo et al. (/29) discovered compactin in broths of
Penicillium citrinum as an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase, the regulatory and rate-limiting enzyme of cholesterol biosynthesis. Later, Endo
(130) and Alberts et al. (/31) reported on the independently discovered more active
methylated form of compactin known as lovastatin (monacolin K; mevinolin) in broths
of Monascus ruber and Aspergillus terreus respectively. Statins were a success because
they reduced total plasma cholesterol by 20—40%, whereas the previously used fibrates
reduced it by only 10-15% (132).

Lovastatin was approved by the FDA in 1987, when clinical tests in humans showed
a lowering of total blood cholesterol of 18 to 34%, a 19 to 39% decrease in low-density
lipoprotein cholesterol (“bad cholesterol™), and a slight increase in high-density lipo-
protein cholesterol (“good cholesterol”). Another successful derivative is pravastatin,
which is produced by hydroxylation of compactin using actinomycetes (/33,/34). The
market for the statins amounted to $19 billion in 2002 (135). Merck’s Zocor, a semi-
synthetic derivative of lovastatin, had sales of $7.2 billion in 2002, and Pfizer’s syn-
thetic statin Lipitor had a market of $8 billion, making it the world’s leading drug in
2002.

Natural statins are produced by many fungi: Aspergillus terreus and species of
Monascus, Penicillium, Doratomyces, Eupenicillium, Gymnoascus, Hypomyces,
Paecilomyces, Phoma, Trichoderma, and Pleurotis (136). Although pravastatin is com-
mercially made by bioconversion of compactin, certain strains of Aspergillus and
Monascus can produce pravastatin directly (/37,138). Statins are not only useful for
reduction in the risk of cardiovascular disease; they can also prevent stroke, reduce
development of peripheral vascular disease, and they have antithrombotic and anti-
inflammatory activities. Statins inhibit production of pro-inflammatory molecules and
are in clinical trials for multiple sclerosis (/39). They also may be of use in other
autoimmune diseases (140).

3.4. Enzyme Inhibitors

In addition to the enzyme inhibitors used to lower cholesterol, another antibiotic has
succeeded in the world of medicine. Clavulanic acid is a B-lactam with poor antibiotic
activity, produced by Streptomyces clavuligerus. It is an inhibitor of penicillinase, and
is thus included with penicillins in combination therapy of penicillin-resistant bacterial
infections (/41). Clavulanic acid is used as a combination product with amoxycillin
(Augmentin™) or ticarcillin (Timentin™), and has a market of over $1 billion (742).
Additional enzyme inhibitors with antibiotic activity are the candins (mentioned
previously).

3.5. Other Applications

A lantibiotic, epidermin, is used for treatment of acne (/43). Clindamycin, a semi-
synthetic derivative of the antibiotic lincomycin, is an effective antimalarial drug,
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especially when used with quinine (/44). Tetracyclines may be useful against prion
diseases by rendering prion aggregates susceptible to proteolytic attack (/45). Prion
diseases include scrapie of sheep, spongiform encephalopathy of cattle, Creutzfeldt—
Jakob disease, fatal insomnia, and Gerstmann—Straussler—Scheinker disease in humans
(146). Both tetracycline and doxycycline reduce infectivity of prions. Although a num-
ber of other agents are known (e.g., quinacrine, polyanions, polyene antibiotics,
anthracyclines [iododoxorubicin], chlorpromazine, Congo Red, tetrapyrroles,
polyamines, antibodies, and certain peptides), these are unable to pass the blood—
brain barrier and/or are toxic. The tetracyclines can pass through and are nontoxic.
Clinical trials are planned. Violacein, a toxic antibiotic known for many years as a
product of Chromobacterium violaceum, is being studied as an agent preventing gas-
tric ulcers when complexed with -cyclodextrin, which decreases its toxicity (/47).

4. Additional Enzyme Combounds

Desferal is a siderophore produced by Streptomyces pilosus (148). Its high level of
metal-binding activity has led to its use in iron-overload diseases (hemochromatosis),
and aluminum overload in kidney dialysis patients.

Acarbose is a pseudotetrasaccharide that is used as an inhibitor of intestinal o-glu-
cosidase in type I and type II diabetes and hyperlipoproteinemia. It is produced by
Actinoplanes sp. SE50 (149). Acarbose contains an aminocyclitol moiety, valienamine,
which is responsible for the inhibition of intestinal o-glucosidase and sucrase. The
resulting decrease in starch breakdown in the intestine is the basis for its medical use
against diabetes in humans.

Another enzyme inhibitor is lipstatin, which is used to combat obesity and diabetes
by interfering with gastrointestinal absorption of fat. Lipstatin is produced by Strepto-
myces toxytricini as a pancreatic lipase inhibitor. This lipase is involved in digestion of
fat (150). Orlistat, the commercial product, is tetrahydrolipstatin.

5. Mycotoxins As Sources of Useful Agents

It is difficult to accept the fact that even poisons can be harnessed as medically
useful drugs, yet this is the case with the ergot alkaloids. However, there is a philoso-
phy in Traditional Chinese Medicine (TCM) of “using poison against poison.” In the
18th century, Dr. William Withering found that one of his patients with dropsy (con-
gestive heart failure) improved remarkably after using a traditional herbal remedy. He
discovered the active ingredient digitoxin (digitalis) in the leaves of foxglove. In con-
temporary medicine, digitalis is used to strengthen cardiac diffusion and regulate heart
rhythm. Dr. Withering commented, “Poisons in small doses are the best medicine; and
the best medicines in too large doses are poisons” (/50a).

The mycotoxins (toxins produced by molds) were responsible for fatal poisoning of
humans and animals (ergotism) throughout the ages after consumption of bread made
from grain contaminated with species of Claviceps. In the Middle Ages, the ergot alka-
loids caused the disease known in Europe as “Holy Fire” or “St. Antony’s Fire.” This
widespread epidemic disease produced gangrene, cramps, convulsions, and hallucina-
tions. These early names of the disease relate to the care of patients by the monks of the
Antoniter Brotherhood. A major epidemic occurred in the USSR during the famine of
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1926-1927. It is amazing but true that these “poisons” are now used for angina pecto-
ris, hypertonia, migraine headache, cerebral circulatory disorder, uterine contraction,
hypertension, serotonin-related disturbances, inhibition of prolactin release in
agaloactorrhea, reduction in bleeding after childbirth, and for prevention of implanta-
tion in early pregnancy (/517,152). Among their physiological activities are the inhibi-
tion of action of adrenalin, noradrenalin, and serotonin, and the contraction of smooth
muscles of the uterus. Some of the ergot alkaloids possess antibiotic activity.

6. Combinatorial Biosynthesis

Many new products have been made by genetic methods involving modification or
exchange of genes between organisms to create hybrid molecules; the technique is
known as combinatorial biosynthesis (/53—155). Recombinant DNA (rDNA) methods
are used to introduce genes coding for natural product synthetases into producers of
other natural products or into nonproducing strains to obtain modified or hybrid antibi-
otics. The first demonstration of this involved gene transfer from a streptomycete strain
producing the isochromanequinone antibiotic actinorhodin into strains producing
granaticin, dihydrogranaticin, and mederomycin (which are also isochromanequinones).
This led to the discovery of two new antibiotic derivatives, mederrhodin A and
dihydrogranatirhodin. Since this breakthrough paper by Hopwood et al. (/56), many
hybrid antibiotics have been produced by rDNA technology. New antibiotics can also
be created by changing the order of the genes of an individual pathway in its native
host (1/57). Many clusters of natural product genes are modular and produce multifunc-
tional enzymes with a high degree of plasticity. By interchanging genes within these
clusters, hybrid enzymes can be produced that are capable of synthesizing “unnatural
natural products” (/57a).

Thousands of new antibiotics have been made, including erythromycins (28,/158—
164), spiramycins (165,166), tetracenomycins (/67,168), anthracyclines (169-172),
and nonribosomal peptides such as modified surfactins (/73).

7. Closing Remarks

Going from the three-dimensional crystal structure of a protein to designing of a
drug is very difficult, because many proteins with similar structures have entirely dif-
ferent functions (/74). For example, the three-dimensional structure of triosephosphate
isomerase, resembling a barrel or a bagel, is found in 1 out of every 10 enzymes that
catalyze very different reactions. Also many proteins having similar functions, e.g.,
L-aspartate aminotransaminase and p-amino acid aminotransferase, have no identity
of sequence and different folds of their peptide chains, yet they both use the cofactor
pyridoxal phosphate and catalyze transamination. Furthermore, one protein often cata-
lyzes several different reactions. These facts suggest that screening for new drugs is a
process that must continue into the foreseeable future.

Thirty-five years ago, there was a drop in interest in screening natural products as a
result of the difficulty in finding new antibiotics, lack of interest on the part of the
government to fund such work, and huge investments by the pharmaceutical industry
in the emerging area of rDNA. Fortunately, a few companies remained in the game,
wisely incorporating the newer knowledge of genetics with natural products screening.
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Not only were new antibiotics discovered and developed, but there was a broadening of
the search to include nonantibiotic applications of natural products. No longer were
microbial sources looked upon solely as potential solutions for infectious diseases, but
for other applications, such as cholesterol-lowering, immunosuppresion, enzyme inhi-
bition, and so on. The change in screening philosophy was accompanied by ingenious
applications of molecular biology to detect receptor antagonists and agonists, and other
agents inhibiting or enhancing cellular activities on a molecular level (175).

Natural products are unsurpassed in their ability to provide novelty and complexity
(22). With respect to the number of chirality centers, rings, bridges, and functional
groups in the molecule, natural products are spatially more complex than synthetic
compounds (6). Synthetic compounds highlighted via combinatorial chemistry and in
vitro high-throughput assays are based on small chemical changes to existing drugs,
and of the thousands, perhaps millions, of chemical “shapes” available to pharmaceuti-
cal researchers, only a few hundred are being explored (/76).

About $48 billion is spent annually on new drug development (177). Of this amount,
$14 billion is spent on the drug discovery phase. The total research and development
(R&D) annual spending of the top 50 pharmaceutical companies was $1.9 billion in
1978-80 and rose to $29 billion by 2000 (/78)! The industry as a whole was reported to
have spent $21 billion for R&D in 1998 and $32 billion in 2002 (179). However, an-
other report put the R&D spending of the top 20 pharmaceutical companies at $37
billion in 2001 (/80).

Clinical development time has doubled since 1982 to 5-2/3 years, and the total time
to get a drug on the market is 12—15 yr (/81,1/82). It may take even longer, as judged
from the following estimate: 2—10 yr for discovery, 4 yr for preclinical testing, 1 yr of
phase I (involving 20-30 healthy volunteers for safety and dosage), 1.5 yr for phase II
(100-300 patient volunteers for efficacy and side effects), 3.5 yr for phase III (1000—
5000 patient volunteers monitoring effects of long-term use), 1 yr of FDA review and
approval, and 1 yr of postmarketing testing (/83). The total time can thus be 14 to as
long as 22 yr. The time commitment has not changed since 1999, but the estimated cost
of doing this rose from $500-600 million to $900 million (/79). Two-thirds of the cost
is spent on leads that fail in the clinic (36). One-half of all potential drugs fail because
of adsorption, distribution, metabolism, excretion, or toxicity (ADME/TOX) problem:s.

A few years ago, it was thought that combinatorial chemistry and high-throughput
screening (HTS) would yield many new hits and leads, but the result has been disap-
pointing, despite the extraordinary amount of money spent (/84,185). After it was
developed in the early 1990s, HTS methods achieved speed and miniaturization but
discovery of new leads did not accelerate. HTS methods allowed 100,000 chemicals to
be assayed per day, and combinatorial and other chemical libraries of 1 million com-
pounds were available commercially. Despite this, no drugs had been approved that
resulted from HTS by 1999 (186). Since 1998, R&D spending by the top 20 pharma-
ceutical companies increased from $26 billion in 1998 to $37 billion in 2001, but the
number of NDAs decreased from 34 to 16. Whereas FDA drug applications (total of
NDAs, INDs, orphan drug applications, and so on) peaked at 131 in 1996, the number
dropped steadily to 78 in 2002 (/87). In 2001, there was a 20-yr low in the number of
new active substances approved by the FDA (/88). The number was 37, and was part
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of a continuous drop since 1997. During 1978-1980, the average number of new chemi-
cal entities launched by the pharmaceutical industry was 43; in 1998-2000, the num-
ber had dropped to 33. Only 17 drugs were approved in 2002, compared to 32 or more
per year in the late 1990s (/89).

The advent of combinatorial chemistry, HTS, genomics, and proteomics has “not
yet delivered the promised benefits” (/83). Investment in genomics and HTS has had
no effect on the number of products in preclinical development or phase I clinical
trials. The problems are that HTS has not been applied to natural product libraries, and
combinatorial chemistry has not been applied to natural product scaffolds (/90-192).
Natural product collections have a much higher hit rate in high-throughput screens
than do combinational libraries (/93 ). Breinbauer et al. (/94) pointed out that the num-
bers of compounds in a chemical library are not the important point; it is the biological
relevance, design, and diversity of the library, and that a scaffold from nature provides
viable, biologically validated starting points for the design of chemical libraries. Accord-
ing to Sam Danishefsky, prominent synthetic chemist at Memorial Sloan-Kettering Can-
cer Center in New York, it is appropriate “to critically examine the prevailing supposition
that synthesizing zillions of compounds at a time is necessarily going to cut the costs of
drug discovery or fill pharma pipelines with new drugs any time soon” (195).

Some companies have dropped the screening of their natural product libraries because
they considered that such extracts were not amenable to HTS (/86). Even worse, we hear
that combinatorial chemistry is replacing natural product efforts for discovery of new
drugs, and that most companies have even dropped their natural product programs to
support combinatorial chemistry efforts. This makes no sense, since the role of combi-
natorial chemistry, like those of structure—function drug design and recombinant DNA
technology two and three decades ago, is that of complementing and assisting natural
product discovery and development, not replacing them (/96 ). Instead of downgrading
natural product screening, there is real opportunity in combining it with HTS, combi-
natorial chemistry, genomics, proteomics, and new discoveries being made in
biodiversity.

Genomics will provide a huge group of new targets against which natural products
can be screened (/97). By 2003, there were 79 sequenced genomes of bacteria (/98).
Useful targets for antibacterial therapy revealed by genomics are (1) two-component
signal transduction systems, (2) FtsA-FtsZ interaction for cell-division inhibition, (3)
MurA for cell-wall synthesis inhibition, (4) chorismate biosynthesis, (5) isoprenoid
biosynthesis, and (6) fatty acid biosynthesis (/99). Additional new targets for further
discovery efforts include bacterial signal peptidases (200), non-3-lactam inhibitors of
B-lactamase, lipid A biosynthesis, tRNA synthetases (201 ), DNA replication (helicase,
encoded by dnaB; DNA gyrase subunit B, encoded by gyrB), enoyl-ACP reductase,
protein secretion, intermediary metabolism (dihydrofolate reductase encoded by folA;
UMP kinase encoded by pyrH), translation (methionyl-tRNA synthetase encoded by
metG; elongation factor Tu encoded by tufA/B]). E. coli strains with low levels of such
enzymes have been constructed; they are hypersusceptible to specific inhibitors of each
target and useful for whole-cell assays of new antibacterials (202).

A genomic comparison of the pathogenic Haemophilus influenzae with a nonpatho-
genic E. coli revealed 40 potential drug targets in the former (203). Similarly, a com-
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parison of genomes of Helicobacter pylori with E. coli and H. influenzae revealed 594
H. pylori-specific genes, of which 196 were known, 123 of the known genes being
involved in known host-pathogen interactions and 73 targets of novel potential (204).
Bacterial pathogens contain about 2700 genes, of which current antibiotics target less
than 25 (205). When the S. cerevisiae genome sequence was announced in 1996, the
functions of only one-third of its 6200 predicted genes were known (206). By 2002,
some 4400 yeast genes were characterized (207). Of the genes of the S. cerevisiae
genome, about a dozen are potential targets: chitin synthetase, 3-1,4-glucan synthetase,
tubulin, elongation factor 2, N-myristoyl transferase, acetyl-CoA carboxylase, inositol
phosphoryl ceramide synthase, membrane ATPase, mannosyl transferase, tRNA syn-
thetases, lanosterol dehydrogenase, and squalene epoxidase (208).

Although the performance of the pharmaceutical industry has been dismal recently
because of poor decisions, the biotechnology industry is doing very well. Between
1997 and 2002, 40% of the drugs introduced came from biotechnology companies.
The five largest pharmaceutical companies have in-licensed from 6 to 10 products
from biotechnology or specialty pharmaceutical companies, yielding 28—-80% of their
revenue. The biotechnology industry had two drug/vaccine approvals in 1982, none in
1983-1984, one in 1985, rising to 32 in 2000! The number of patents granted to bio-
technology companies rose from 1500 in 1985 to 9000 in 1999. Some biotechnology
companies are entering the area of natural product screening and, in the end, may save
this valuable resource from falling into obscurity.
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Integrated Approaches for Discovering Novel Drugs
From Microbial Natural Products

Lixin Zhang

Summary

Historically, nature has provided the source for the majority of the drugs in use today. This owes
in large part to their structural complexity and clinical specificity. However, only a small percentage
of known microbial secondary metabolites have been tested as natural-product drugs. Natural-prod-
uct programs need to become more efficient, starting with the collection of environmental samples,
selection of strains, metabolic expression, genetic exploitation, sample preparation and chemical
dereplication. A renaissance of natural products-based drug discovery is coming because of the trend
of combining the power of diversified but low-redundancy natural products with systems biology and
novel assays. This review will focus on integrated approaches for diversifying microbial natural-
product strains and extract libraries, while decreasing genetic and chemical redundancy. Increasing
the quality and quantity of different chemical compounds tested in diverse biological systems should
increase the chances of finding new leads for therapeutic agents.

Key Words: Diversity; microbial natural products; drug discovery; redundancy; dereplication;

synergy.
1. Introduction

The most well-known examples of natural product are antibiotics (/). The “Golden
Age of Antibiotics,” from the 1940s to the 1970s, was sparked by the serendipitous
discovery of penicillin by Alexander Fleming in 1928 and its development by Chain
and Florey in the 1940s. Another remarkable milestone in the medicinal use of micro-
bial metabolites and their derivatives was the introduction of the immunosuppressants
cyclosporin A, FK-506 (2), and rapamycin (2,3). Other examples are the commercial-
ization of the antihyperlipidemic lovastatin and the recent discovery of guggulsterone
(4). Microbial natural products have also been developed as antidiabetic drugs, hor-
mone (ion-channel or receptor) antagonists, anticancer drugs, and agricultural and phar-
maceutical agents (5). Microorganisms not only produce secondary metabolites that
affect cell growth, but also accumulate bioactive compounds that interact with valu-
able targets of cell metabolism and signaling that are not directly correlated with cell
death (6).

Drug discovery strategies for pharmaceutical and agrochemical applications are in a
revolutionary period (7). The completion of the Human Genome Project and the eluci-
dation of dozens of microbial pathogens genomes have provided thousands of disease-
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related targets for screening. Automated instrument systems, robots, high-throughput
screening (HTS) platforms, and high-throughput chemistry have provided powerful
tools for screening large compound libraries in a cost-effective manner. Combinatorial
chemical, synthetic chemical, and natural-product libraries provide abundant resources
for target-based screening. The success and failure of drug discovery is coupled to the
novelty and meaningfulness of the applied biological test systems as well as the amount
and structural diversity of the test compounds available (§).

In the early to mid-1990s, combi-chem companies attempted to fill the void with
large numbers of new molecules. Unfortunately, it appears that the chemistry employed
did not create sufficiently diverse or pharmacologically active molecules. It is clear
that the future success of the pharmaceutical industry depends on the combining of
complementary technologies such as natural-product discovery, HTS, genomics and
proteomics, combinatorial biosynthesis, and combinatorial chemistry. The process of
drug discovery for therapeutic and preventive medicines is facilitated by increasing
knowledge of biological mechanisms, such as treatment efficiency, potential side effects,
and the growing threat of drug resistance. A large amount of disease-relevant protein
targets have been identified and validated from genomics, proteomics, and systems/
computational biology approaches. Novel targets and novel HTS assays and measure-
ment systems are emerging to allow more sensitive, reliable, and low-background
searches for new potential drugs among natural products.

The advantages and challenges of natural product-based drug discovery as com-
pared to its synthetic chemistry counterpart are summarized as follows:

Advantages:

e Natural products offer unmatched chemical diversity with structural complexity and bio-
logical potency (9).

e Natural products have been selected by nature for specific biological interactions. They
have evolved to bind to proteins and have drug-like properties.

¢ Natural products are a main source of pharmacophores. Drugs such as cyclosporin A and
FK-506 are not only active as immunosuppressants but also as antiviral, antifungal, and
antiparasitic agents.

e Natural-product resources are largely unexplored. Novel discovery strategies will lead to
novel bioactive compounds. Natural-product extracts are complementary to synthetic and
combinatorial libraries. About 40% of natural-product diversity is not represented in syn-
thetic compounds libraries.

e Natural products can guide the design of synthetic compounds (/0).

e Research on natural products has led to the discovery of novel mechanisms of action—for
example, those of immunosuppressants and guggulsterone (4).

e Natural products are powerful biochemical tools; they serve as “pathfinders” for molecu-
lar biology and chemistry, and in the investigations of cellular functions.

Main challenges:

e The lack of systematic exploitation of ecosystems for the discovery of novel microbial
compounds had resulted in random sampling and has missed the true potential of many
regions (11).

« Little effort has focused on the isolation and cultivation of less culturable microorgan-
isms. The discrepancy between the number of microbes detected by molecular methods
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and the number of strains in culture, demonstrates that there remains a relatively untapped
source of novel strains in all ecosystems (/2).

e The selection of strains has traditionally been based on morphology, rather than on the
more powerful approaches of chemical diversity and genotype (13).

e Lack of dereplication has resulted in a redundancy of strains and compounds within many
natural-product extract libraries (/4).

e The characterization and isolation of active compounds from natural-product extracts are
extremely labor intensive and time consuming (/15).

e The production of adequate quantities of the active compound needed for drug profiling
may require extensive media optimization and scale-up (/6).

This review concentrates on the challenges of efficiently diversifying a library of
microbial compounds, and does not deal with other problems such as preparation of
samples, scale-up, chemical identification, and so on. Systematic approaches to maxi-
mize the biodiversity of microorganisms within a natural-product library are discussed
from the following three perspectives: (1) isolation and selection of samples from
diverse ecosystems; (2) manipulating microbial physiology to activate microbial
natural-product biosynthetic machinery; and (3) genetically modifying strains for pro-
duction of unnatural microbial natural products. By manipulating all three of these
approaches, the diversity of an extract collection can be maximized, and in doing so,
the chance of finding a “hit” can be increased. The quality of a microbial natural-
product library is built on the dynamic equilibrium between diversification and reduc-
ing redundancy of microbial natural products. Therefore, strategies for obtaining high
quality of a microbial natural-product library are discussed here.

2. Sample Collection and Selection From Diversified Ecosystems

Existing microbial natural-product drugs were originally isolated from all over the
Earth. Microbes can sense, adapt, and respond to their environment quickly and help
compete for defense and survival by generating unique secondary metabolites. These
compounds are produced in response to stress. In diversifying microbial natural-prod-
uct extract libraries, the greatest influence will undoubtedly be the genetic diversity of
strains. By maximizing the types of samples collected and diversifying the isolation
strategies, a highly diverse microbial collection can be generated.

2.1. Ecosystem Rationale

Collecting environmental samples for isolation of interesting microorganisms has
often been conducted without defined strategies (/7). Such programs need to take into
consideration the biogeography of ecosystems, number of samples collected, and iso-
lation procedures. It is important to increase the number and diversity of sampling sites
(18), and it is especially important to look at underrepresented sites. Diverse regions
such as the deep subsurface, the deep sea, and sites that have extreme temperature,
salinity, or pH often generate novel microorganisms and therefore provide the poten-
tial for novel compounds (/9). Temperate ecosystems should not be excluded, because
they also have the potential to provide many novel species, especially when novel iso-
lation strategies are used. Cyclosporins, rapamycin, penicillin, and rifamycin, among
others, were isolated from microorganisms collected in temperate regions.
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It is still debated whether most microorganisms are cosmopolitan or endemic to
specific geographic areas. There is a lack of detailed information in the field of geo-
graphical distribution of microorganisms (/9). In some cases, the presence of an endemic
species can be detected; for example, several groups of bacteria appeared to be endemic
to an ice microbial community (20). However, the definition of a microbial species is
difficult, especially for prokaryotes, which exchange parts of their genomes with suffi-
cient ease to make difficult the biologically meaningful definition of a species (2/). In
order to increase the chance of constructing a library of microorganisms with high
diversity, the first step is to consider different geographic areas, including biodiversity
hot spots (22). There are more compounds in nature than possible molecular targets.
One should concentrate on sampling in regions with different climates, fauna, and flora.

It is important to analyze properly the various ecosystems of a region. For example
in Massachusetts, there are 13 eco-regions, from the Berkshire Highlands to the coastal
regions of Cape Cod (http://www.state.ma.us/mgis/eco-reg.html), each of which has
various subecosystems. Microbiologists should work closely with botanists and ecolo-
gists to obtain as many different samples and microorganisms as possible from one
ecosystem to maximize the likelihood of finding novel strains and in turn novel chemi-
cals. In almost all ecosystems, no matter how harsh, a group of organisms will grow
and thrive. In these unique sites, we can expect to find unique metabolic pathways that
have evolved to allow microorganisms to adapt and survive.

With the discovery that microbial symbionts were driving the metabolism of
tubeworms in deep-sea hydrothermal vents, it was realized that an oasis of rich diver-
sity could be found even in areas that were thought to be devoid of life. The deep sea,
one such ecosystem, is actually a rainforest with a diversity of more than 10 million
species, more than 60% of which are unknown (23). In addition to the open ocean,
there are diverse and dynamic areas such as mangroves, coral reefs, hydrothermal vents,
and deep-sea sediments in which to search for microbes. Natural products have been
isolated from marine invertebrates such as sponges, tunicates, mollusks, and bryozoans
(24). This not only demonstrates the numerous opportunities the oceans provide for
discovering new compounds, but also validates the pharmacological value of exploring
the oceans for novel compounds. There are some concerns about the isolation of marine
microbes. Some researchers claim that this resource is not thoroughly explored because
these organisms are hard to maintain in the laboratory environment. However, one suc-
cessful case was the recent discovery of a new genus of actinomycetes found only in
the marine environment, i.e., Salinospora (25). One isolate produces salinosporamide
A, a potent anticancer agent. Thus, the oceans can no longer be ignored (26). Other
regions that warrant further study are locations with extremes of pH, temperature, and
salinity.

A defined sampling strategy must be adopted. To comprehensively explore a par-
ticular site, multiple discrete locations within the site must be sampled. Many types of
samples should be selected in one ecosystem—e.g., soils, sediments, organic material,
dung, dead animals, plants, and lichens. Soil still remains an important source because
it carries higher populations of microbes than any other habitat (27). DNA community
analysis has proven that the number of types of organisms found within a microbial
community is much higher than previously thought. One analysis of the reassociation
kinetics of total bacterial DNA in a 30-g soil sample suggested that it contained more
than 500,000 species (21).
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Plants and lichens offer niches for interaction between microorganisms and eukary-
otic cells. Many natural products initially isolated from plants and animals were actu-
ally produced by microbial symbionts found within the tissue of the host (23). In some
incidences where the microorganism or symbiont could not be cultured axenically,
the genes responsible for the production of the active compounds were attributed to
the microorganism (28).

Endophytes are microorganisms including unicellular bacteria (29), actinomycetes
(30), and fungi (3/) that spend part or all of their life cycle colonizing, either inter- or
intracellularly, the healthy tissue of a plant (32). Almost all vascular plants and mosses
examined so far have endophytic bacteria or fungi within their tissues (29). The num-
ber of strains found within the plant tissue can vary from a few to several hundred per
plant. This relationship between the microorganism and the plant can range from mildly
phytopathogenic to symbiotic. Endophytes produce a range of compounds (/6), some
of which help the plant to survive and thrive in its ecosystem and some that help it fight
off infection (33). Plants therefore provide an obvious source for isolation of microor-
ganisms that could potentially produce novel natural products. Of special interest are
the large number of alkaloids and taxol produced by endophytic fungi (16).

Lichens, symbiosis between fungi and cyanobacteria, are another source of microor-
ganisms living in a unique and competitive environment. In each lichen sample, the
fungus forms a thallus or lichenized stoma (34,35). Furthermore, in addition to the
symbiotic fungal strains, other fungi and bacteria live as endophytes inside the lichens,
or as epiphytes on the lichens. The fungi within the lichen often produce unique sec-
ondary metabolites. Over 800 lichen secondary metabolites have been collected so far.

2.2. Isolation Strategies

Microbial diversity in the environment is far greater than reflected in most strain
collections, due to the number of organisms that cannot be cultured using standard
culture conditions (36). Therefore, a vast majority of microorganisms in many samples
remain unexplored. Molecular techniques allow detection of organisms that were
missed using culture-dependent methods. Culture-independent methods, such as DNA
clone libraries, have allowed identification of vast numbers of new organisms that are
different from anything previously cultured. It is estimated that as few as 0.1-1% of the
organisms living in the biosphere have been cultured and characterized in the labora-
tory setting. In one study, approx 107 bacteria were counted in 1 g of soil (37), but as
few as 0.1% were culturable using standard culture techniques. The other 99.9 % of the
population may represent novel genetic diversity (/4 ), and may produce novel natural
compounds. In 1987, when Dr. Carl Woese (116) proposed the five-kingdom phyloge-
netic tree, the bacteria were divided into twelve groups. The initial evaluation was done
primarily with bacteria in culture. By 2000, the number of groups had expanded to 36,
of which 13 do not have a representative in culture (38). Approximately 6000 bacterial
species have been described, but the number of bacteria that exist in nature is predicted
to be as high as 600,000 (39). The situation may even be more extreme for fungi. The
currently accepted number of described species of fungi is 72,000, but the estimated
figure of fungi that exist in nature is 1.5 million. This suggests that there are diverse
novel microorganisms in the natural environment that could be used as sources for
drug discovery. The argument against putting effort into culturing less-culturable
organisms is that it is very time consuming and the techniques used for one organism
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may not be applicable to others. With this in mind, several biotech organizations are
now seeking means to harness the potential of these less-culturable strains.

Microbial community analysis has revealed that the microorganisms in culture not
only represent a small part of the population, but may not be the most prevalent in the
natural environment (/2). It is expected that one of the largest efforts in the next decade
will be exploring means to culture less-culturable organisms. It is thought that the rea-
son for the enormous discrepancy between the total viable cell counts and those of
culturable cells may be due to the following: (a) cell damage by oxidative stress, (b)
formation of viable but nonculturable cells, (c) inhibition by high substrate concentra-
tions, (d) induction of lysogenic phages upon starvation, and (e) lack of cell-to-cell
communication in laboratory media (4/). Two main approaches have been used to
enhance the resuscitation of less-culturable strains. The first is the addition of cell-
signaling molecules and the second is the use of oligotrophic isolation media.

Microorganisms use pheromones to communicate with each other, both within and
across species (42). Microorganisms may require signaling from other organisms in
order to grow, even if provided with the appropriate nutrients. The addition of growth
factors to culture medium has been used successfully to increase the resuscitation of
greater numbers of microorganisms and thus higher microbial diversity. The addition
of pyruvate or catalase to reduce oxidative stress during isolation can increase the num-
bers and diversity of strains isolated (43). The addition of cyclic AMP (44) and N-acyl-
homoserine lactones have both been shown to increase the resuscitation of starved
cultures under laboratory conditions (4/). In enterobacteria, cAMP is involved in the
regulation of the majority of the genes expressed under starvation, including those
coding for high-affinity sugar-transport systems (45).

A second approach for increasing the resuscitation of less-culturable strains is the
use of oligotrophic isolation media. It has been well documented that conventional
media have extremely high concentrations of complex organic compounds compared
with those present in the natural environment. Most isolation media allow for growth
of only a selected group of strains and inhibit the majority of the natural population.
Oligotrophic media not only allow the growth of less-culturable microorganisms but
also prevent the overgrowth of fast-growing “microbial weeds” (46). Using unamended
site water as a growth medium, unique populations of microorganisms have been cul-
tured (47). A variation of this method is encapsulation of single cells within gel
microdrops that contain low-nutrient media (46) or within specialized growth cham-
bers incubated in site water (42).

One argument against applying less-culturable strains to a drug-discovery program
has been that they could not be cultured at a high enough cell density. The argument for
including them is that although they may initially require the addition of growth factors
or oligotrophic growth conditions, there is evidence that once cultured, the organisms
can be grown out in nutrient-rich media. Using 960 cells cultured in microdrops, 67%
of the cultures were able to grow to densities of >107 cells/mL (46). This allows the
cells to be cultured in a manner that could be easily applied to drug-discovery plat-
forms.

An alternate approach to access unculturable microorganisms is to clone the DNA
directly from uncultured microorganisms (see Subheading 3.1.).



Discovering Novel Drugs 39

3. Manipulating Microbial Physiology to Activate Microbial
Natural-Product Machinery

In order to exploit the true potential of microorganisms, the physiological growth
conditions used for generating extracts need to be diversified. And microbial metabo-
lism can be influenced to produce qualitatively and quantitatively different chemical
compounds. The physiology of secondary metabolism has often been neglected. Very
few of the regulatory features of secondary metabolism have been elucidated (48). The
global situation in physiological regulation is very complex, as a result of the variety of
microbes, the variety of biosynthetic pathways, and the variety of controls. Environ-
mental conditions remain, however, a key element in the discovery and production of
secondary metabolites. Strategies have to be developed in order to exploit the full meta-
bolic potential of each microorganism in order to maximize chemical diversity. Bio-
chemical pathways, induction, and regulation of secondary metabolism by internal
molecules (such as the autoregulators) have been reviewed previously (49,50).

3.1. Various Optima

The optimal conditions for biosynthesis of secondary metabolites are usually not
identical to the ones for growth. In general, the optimal zones are narrower for second-
ary metabolite production. Physiological regulations vary with different microorgan-
isms and different metabolic pathways. The qualitative and quantitative aspects for
secondary metabolite production must be taken into consideration.

There are usually differences between the optimal carbon sources for growth and
those that are good for secondary metabolism (57). For example, glucose is an excel-
lent carbon source for growth in most cases, but depresses the production of a series of
secondary metabolites such as actinomycin, cephalosporin, ergot alkaloids, and tylosin.
However, glucose does not interfere with the production of aflatoxin, aminoglycosides,
or chloramphenicol (52), and the production of anticapsin by Streptomyces griseoplanus
is maximal at a concentration of glucose as high as 100 g/L (53).

Secondary metabolic pathways are often negatively affected by nitrogen sources
favorable to rapid growth. For example, ammonium salts inhibit the production of
cephamycin, fusidin, and rifamycin (54 ); however, some biosynthetic pathways are not
affected, such as that for pyrroindomycins in Streptomyces rugosporus (55). Optimal
production of gibberellic acid by Gibberella fujikuroi in a defined medium requires a
concentration of 22.5 mM ammonium sulfate. Complex natural sources of nitrogen
such as soybeans and casamino acids are also good. The influence of amino acids on
secondary metabolite production is very variable and can depend on the precursor or
the natural inducer. Inorganic phosphate suppresses the synthesis of many secondary
metabolites. Thus, the optimal phosphate concentration needed for production of sec-
ondary metabolites is generally lower than that required for growth. However, the
optimal concentration can vary drastically between strains. The concentration can be
as low as 0.08 mM for the synthesis of bacitracin by Bacillus licheniformis, or as high
as 8 mM for the production of novobiocin by Streptomyces griseus (56). In some inci-
dences, high phosphate concentrations can even induce the biosynthesis of some metabo-
lites (57). Secondary metabolism often requires trace elements such as iron, zinc, and
manganese. Once again, the optimal concentrations vary from process to process, but
often range from less than 0.1 to 1 x 103 M (58).



40 Zhang

Optimal temperatures for the production of secondary metabolites are, in general,
lower than for growth, but can vary considerably. For example, a temperature of 21°C
is optimal for biosynthesis of cyclosporin by Tolypocladium inflatum, 25°C is optimal
for the synthesis of streptomycin by Streptomyces griseus, and 28°C is best for
nebramycin formation by Streptomyces tenebrarius. Most of the known secondary
metabolites are produced under standard aeration conditions, but some require lower
and some higher dissolved oxygen concentrations (59). Extremely high aeration is
required for optimal production of secondary metabolites by Streptosporangium (60).

Incubation time is another key point and is dependent on the growth characteristics
of the microorganism and the culture conditions. For example, actinomycetes can vary
from 3 d for the maximum production of arylomycins by a strain of Streptomyces (61)
to 12 d for maximum production of pramicidin S by a strain of Actinomadura (62). The
addition of adsorbents such as XAD-16 resin to liquid cultures can also enhance the
concentration of secondary metabolites produced (63). Most programs for the discov-
ery of novel metabolites from microorganisms use liquid shaken cultures for cultiva-
tion of microorganisms. This provides an easy and well-controlled system. Solid-phase
fermentation allows the biosynthesis of other metabolites, mainly related to the sporu-
lation process (64). Both types can be scaled up effectively (65).

3.2. Selection of Culture Conditions

The optimal conditions for secondary metabolite production vary from microbe to
microbe. The composition of media and the culture conditions have a great impact on
the production of secondary metabolites. In a discovery program, one is working with
a large series of unique and ubiquitous microorganisms. Multiple conditions are neces-
sary in order to allow the expression of secondary metabolites. Both static and shaken
liquid cultures should be incorporated. Different incubation temperatures must be cho-
sen. Addition of elicitor compounds such as heavy metals, oils (66), microbial or fun-
gal cell-wall components, and dimethyl sulfoxide (DMSO) (67) can increase the
biosynthesis of certain secondary metabolites. The media can include carbon and nitro-
gen sources at different concentrations, as well as other nutrients such as phosphate
and trace elements or elicitors at various levels, and using a Greco-Latin square format.
The goal is to have a good ratio between the number of strains (genetic diversity) and
the number of culture conditions (metabolic expression) for each microbe in one col-
lection.

Another powerful tool is the preselection of strains based upon growth in a series of
media in microcultures or in small vials (68). A standard format that is amenable to
automation allows more than 20 media to be easily tested with each microorganism, at
different temperatures, and in liquid as well as on solid media. This allows the selec-
tion of the best conditions for each strain, which can then be used to scale up to get
larger volumes required for initial structure determination. This system is also adequate
for a quick optimization program.

For each group of strains, a series of conditions can be chosen incorporating both
shaken liquid cultures and stationary solid cultures. Typically, five media types are
used for each batch of cultures, and three to five incubation conditions are chosen to
include various temperatures. In order to enhance the chance of success in such a ran-
dom process, the conditions used for one group must be rotated. The results of chemi-
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cal profiling and scores in screening should be constantly analyzed in order to improve
the system.

3.3. Physiological Exploitation of Talented Strains

Some microorganisms are able to produce a variety of compounds from different
chemical families and are termed metabolically talented (69). Most of the recently
described microbial compounds are produced by actinomycetes, mostly Streptomyces
strains, and by saprophytic filamentous fungi. One metabolically talented microorgan-
ism, Streptomyces sp. strain Go.40/10, synthesizes at least 30 different secondary
metabolites, many of which are new compounds (70). Some strains can synthesize
more than 50 compounds, which can be detected only by classical chemical methods.
Myxobacteria and fungi are also considered to be talented microbes (71).

The genomes of actinomycetes (8 Mb) (72), fungi (13—42 Mb) (73 ), and myxobacteria
(12 Mb) (74) are much larger than needed for all basic functions. Therefore, it is widely
thought that part of the genome may contain genes for alternative metabolic pathways.
For example, Streptomyces coelicolor A(3)2 is designated as a potent producer of sec-
ondary metabolites. It produces methylenomycin, prodigiosin, actinorhodin, and a cal-
cium-dependent antibiotic. In addition, several formerly unknown gene clusters
(polyketide syntheses type I and II, nonribosomal peptide synthases) have been found
in its genome (75). In Streptomyces avermitilis ATCC 31267, the producer of
avermectin, 24 additional gene clusters have been sequenced (76). Genomic data have
suggested that the myxobacterium Stigmatella aurantiaca DW4/3-1 has a much
broader capacity to produce a much broader group of natural products than those iso-
lated to date from this organism (77). Genes responsible for production of many com-
pounds can be found in the genomes of nonproducing strains. The questions arise: Are
these genes nonfunctional? Are the detection methods not powerful enough? Are these
genes not expressed under standard growth conditions? Do the genes require external
signaling to turn them on? More efficient detection methods, biochemical assays such
as capillary electrophoresis (78), or chemical methods will allow the discovery of large
numbers of novel compounds (79). As briefly described in Subheading 3.1. small
changes in the culture conditions can have a major influence in the spectrum of sec-
ondary metabolites synthesized. For example, the fungal strain Sphaeropsidales strain
F-24"707 is a producer of the antifungal compound cladospirone bisepoxide. When
this strain was grown in a combination of different media and cultivation types, eight
new spiro naphthalenes were isolated. There were previously only six known members
of this class of compounds. The addition of inhibitors, such as tricyclazole, inhibited
some pathways and therefore allowed the production of other compounds, such as two
new spirobisnaphthalenes and a rare macrolide, mutolide (79).

Many microorganisms do not readily express natural-product gene clusters when
grown in the laboratory (75). We have to find the right physiological signal to stimu-
late the molecular machinery. A systematic fermentation program should be conducted
with “talented” strains and with representative strains of poorly known genera in order
to maximize the number of compounds produced by each strain. Such an approach
should include:

e Cultures grown in shaken liquid vessels and on solid media.
e Cultures grown with media of different composition
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e Incubation at two or more temperatures.

¢ Incubation at two or more shaker speeds.

¢ Incubation for at least two different time periods.

e Media with at least two pH levels.

e Absorbents, enzyme inhibitors, elicitors, precursors, precursor analogs, and high concen-
tration of salts should be added to the most productive fermentation media.

After selection of one or two potent media, the influence of the other factors can be
analyzed using an experimental design, such as fractionated factorial or Plackett—Bur-
man design (80).

3.4. Co-Cultivation

Microbial communities also hold potential for the production of novel compounds.
In nature, microorganisms do not exist alone; they are part of tiny ecosystems. There is
expected to be diverse signaling and cross-feeding going on between organisms that
will elicit production of novel compounds. Although the longstanding argument against
this type of research has been that getting a stable mixed culture is almost impossible,
it may provide a means for exploiting the true potential of the consortia as a whole. An
example of using co-cultivation of two microorganisms producing related products has
been suggested as a suitable way towards diversification of microbial structures (87).

4. Genetically Modifying Strains to Produce “Unnatural Microbial
Natural Products”

4.1. Expressing the Heterologous Metagenome in a Surrogate Host

Culturable organisms provide only a finite pool of secondary metabolites (82). One
approach to maximize the diversity of natural-product extract libraries has been to access
the DNA directly from uncultured microorganisms. DNA can be isolated directly from
an environmental sample, digested into large fragments with restriction enzymes, and
cloned into an artificial vector (/4). The vector is then transformed into a surrogate
host (83). Environmental DNA libraries can be prepared with large fragments of DNA
from a wide range of uncultivated bacteria within an environmental sample (36). This
is described as screening the metagenome, the genomes of the total microbiota in an
environmental sample (84). The recombinant approach thus obviates the need for cul-
turing diverse microorganisms and provides a relatively unbiased sampling of the vast
untapped genetic diversity present in various microenvironments. As an additional
advantage, the genes encoding a product of interest are already isolated and can be
analyzed using the tools of bioinformatics, thus providing a potential boost to the efforts
of analytical chemists to identify the product. Furthermore, the possibility of regulating
the expression of isolated environmental gene clusters or combining them with genes
for other pathways to obtain new compounds could furnish a further advantage over
traditional natural-product discovery methodologies (//3). However, it must be noted
that these biosynthetic and regulatory genes could be dormant in the host, and optimal
induction conditions may be required for the production of novel natural products.

Advances in DNA-sequencing and bioinformatics technologies now make it pos-
sible to rapidly identify the clusters of genes that encode bioactive compounds and to
make computer predictions of chemical structure based on gene sequence information
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(85). A high-throughput genome-scanning method has recently been developed that
allows discovery of metabolic loci, independent of expression. Genome sequence tags
(GSTs) are genes involved in natural-product biosynthesis. These GSTs are used as
probes to screen for the presence of these genes within a clonal library. Any clone that
contains a GST can then be screened for novel natural-product gene clusters. More
than 450 natural-product clusters have been identified in this manner (85).

4.2. Gene Mixing (Combinatorial Biosynthesis)

The traditional way to diversify unnatural microbial natural products is by random
mutagenesis or by culturing microbes with nonnatural precursors. However, the dis-
covery in prokaryotes that the genes for natural products are usually clustered, made it
possible to clone an entire pathway into a vector (/4). Many natural-product genes are
modular and produce multifunctional enzymes. They have a high degree of plasticity.
By interchanging and moving around genes within these clusters, hybrid enzymes can
be produced that are capable of synthesizing an unlimited set of new molecules (82).

The modular nature of many secondary metabolite genes provides an ideal system to
genetically engineer formation of unnatural microbial natural products by incorporat-
ing genes from different pathways. An example of such an approach involves the
polyketide synthases (PKSs), which are large, multi-domain enzymes that produce
polyketides including antibacterials, immunosuppressants, and cholesterol-lowering
agents (86). PKSs are encoded by a cluster of continuous genes and have a linear modu-
lar organization of similar catalytic domains that build and modify a polyketide back-
bone (87). Microbial genes can be engineered to produce enzymes with novel catabolic
activities (82). The cloning of biosynthetic pathway genes from Streptomyces allowed
the production of novel compounds by mixing the antibiotic systems of different antibi-
otic-producing strains (72). Novel compounds were produced by gene transfer between
strains producing the isochromanquinone antibiotics actinorhodin, granaticin, and
medermycin (88). This pioneering work has been developed by many others for the
production of novel enzymes and unnatural natural products (83,89,90). These modu-
lar PKS clusters have been manipulated through introduction of different loading
domains that specify a branched chain or cyclic substrate and direct inactivation or
insertion of individual catalytic domains to produce new enzymes (87). Combinatorial
biosynthesis has also been used effectively to generate novel compounds and enzymes
in type I and type II PKS systems. This type of approach can be applied to many other
modular enzyme systems (97,92).

Genetic engineering and pathway modification will undoubtedly be important in
strain optimization in the future. These methods provide a targeted approach for con-
struction of novel pathways and in turn the potential of novel natural products (93).

5. Monitoring Diversity by Dereplicating Microbial Strains and Chemical
Extracts

The cost of screening microbial natural products is high, and false positives waste
the limited resources available for isolation and structural characterization. In order to
increase the output, it is important to spend more time upfront on the prescreening of
strains and extracts. In order to focus on the extracts of most interest as quickly as
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possible, and to avoid repeatedly isolating the same common natural products, efficient
dereplication process are of the utmost importance. One may argue that high-through-
put screening, in which thousands of extracts can be screened in little time, makes the
use of duplicate cultures redundant. However, we must consider that screening a more
diverse set of cultures will increase the diversity of the extract library and in turn increase
the chance of finding a “hit.” Dereplication of the extracts can be done either at the level
of the microorganism or the chemical extracts. Database-linking of microbial genetic
taxonomy with extract diversity is extremely important (Fig. 1). Cluster analysis of an
unknown sample and comparison of its taxonomy and extract chromatography to inter-
nal databases as well as published literature will provide valuable information to deter-
mine whether an extract and/or activity is novel or not.

5.1. Characterization and Selection of Microbial Strains

Ecopia BioSciences Inc. developed an automated genomics platform that predicts
the chemical structures of natural products by reading the sequences of the gene clus-
ters that direct their synthesis. By surveying the genome, all of the natural products that
a microorganism can make are identified before fermentation studies begin, and the
downstream production and purification strategies are specifically tailored to isolate
likely new chemical entities (NCEs) and avoid the re-isolation of known compounds.
The integration of new genomics technologies greatly increases the efficiency of dis-
covery and makes it possible to build a robust pipeline of NCEs from a small collection
of microorganisms, providing a new paradigm for natural-product discovery (85). They
scan the genomes of selected microorganisms that were reported to produce known,
structurally diverse natural products, to build a database of gene clusters covering the
full range of natural-product chemical diversity without sequencing entire genomes.
This enables a strategy to prescreen in mini-scale for one microbe of interest in many
more media and growth conditions, and look only for a specific compound property,
such as molecular weight, ultraviolet (UV) absorbance, and lipophilicity predicted by
the specific gene clusters. Then scale-up technologies could be used to identify and
purify the specific compounds. The knowledge of the biosynthetic pathway of the com-
pounds will guide rational design or mutagenesis to improve their yields.

Any library of microorganisms is likely to have a high number of duplicate strains.
Although identical strains from the same site may be excluded on isolation, many
strains of the same species may be collected over time from a wide range of collection
sites. Although these strains may be useful later in strain optimization, they are redun-
dant and costly in the initial screening phase and decrease the probability of finding
novel compounds. Thus, it is important to dereplicate the culture collection. However,
one must consider that strains of the same subspecies may produce different com-
pounds.

Many methods can be used to dereplicate cultures, but molecular techniques are
especially well suited to this type of analysis. However, bacterial taxonomists have not
yet reached a consensus for defining the fundamental criteria of biological diversity to
the species (94). Prokaryotes exchange chunks of their genomes too frequently to make
any meaningful species definition (2/). An accurate definition of a fungal species is
also problematic. Certainly, for all types of microbes, the basic unit is the “ecotype”
(94), also called the “geovar” (20). This is the reason why dereplication of strains has
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Fig. 1. Database linking microbial genetic taxonomy with extract diversity. The microbial
genetic tree is generated based on ribosomal RNA sequence analysis. Chemical extract chro-
matography is linked to the taxonomy data by a bio-informatics approach.

to be considered only within populations isolated from a particular geographical/eco-
logical region. A strain of Streptomyces hygroscopicus isolated from California is not
necessarily identical to one isolated from China. Indeed, more than 200 secondary
metabolites have been isolated from various Streptomyces hygroscopicus strains.

When building a library of microorganisms for use in HTS, thousands of strains are
isolated and have to be chosen and characterized. The first step is careful morphologi-
cal observation. This allows the cultures to be separated into taxonomic groups. Fur-
ther speciation can be done using molecular or biochemical methods. Biochemical
culture-dependent techniques such as fatty acid analysis, pyrolysis mass spectrometry
(95), and FT-IR analysis (96) were developed initially for clinical isolates and cannot
be easily applied to environmental samples that require prolonged growth periods.
Changes in the media, incubation temperature, and growth period can alter the profile
of the organism, and hence results can be compared efficiently to one another only
within one experiment. However, if the culture conditions can be standardized, the use
of pyrolysis mass spectrometry analysis can reflect similar clustering of taxonomic
groups as molecular methods (97).

The morphogenic groups can be separated further using molecular methods such as
restriction fragment length polymorphism (RFLP), which could differentiate strains to
the subspecies level (98—/00). Ribosomal genes, including the intragenic spacer regions,
have been used routinely to differentiate both fungal and actinomycete strains. Thou-
sands of sequences are available in GenBank and the Ribosomal Database Project that
can be used to phylogenetically identify interesting organisms. The pitfalls of relying
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on polymerase chain reaction (PCR)-based rRNA analysis as a measure of microbial
diversity in environmental samples have been emphasized (/01 ). Sequencing of other
molecular markers, although costly, does however allow identification to the species
level. When used in combination with RFLP, strains can be separated to the subspecies
level (100).

5.2. Characterization and Choice of Microbial Extracts

Strains of the same species may generate different chemistry in the same media. The
first physical characteristics of unknown natural products are determined during the
chemical extraction and concentration steps. Solvent-based and acid-base partitioning
experiments can help define hydrophobicity and types of functional groups of the natu-
ral-product structures.

The most effective selection method from the metabolic aspect is the chemical pro-
file analysis by high-performance liquid chromatography (HPLC) and thin-layer chro-
matography (TLC) data (/02). Identical HPLC retention time or TLC R; values may
not tell you whether two compounds are exactly the same, but different values defi-
nitely indicate they are different. Micro-scale extraction procedures have been devel-
oped (/03) and can be automated. The first selection criterion is the metabolic creativity
of strains, as the number of peaks revealed by HPLC with detectors of evaporative light
scattering detection (ELSD), vs photodiode array (PDA), chemiluminescent nitrogen
(CLND), and time-of-flight mass spectrometry (TOFMS) (/04). Nielsen et al. pro-
posed a method for identification and confirmation of chemical compound classifica-
tion based on single- or multiple-wavelength chromatographic profiles (/02).
Chromatographic matrices from analysis of previously identified samples are used for
generating reference chromatograms, and new samples are compared with all chro-
matograms by calculating resemblance indices (///). In addition, the method allows
identification of characteristic sample components by local similarity calculations:

http://www.esainc.com/products/HPLC/Optical_Detectors/esa_ChromaChem.html

Detection from ELSD is based on the universal ability of particles to cause photon
scattering when they traverse the path of a polychromatic beam of light. The liquid
effluent from HPLC is first nebulized, and the resultant aerosol mist containing the
analyte particles is directed through a light beam. A signal is generated that is propor-
tional to the mass present, and is independent of the presence or absence of chro-
mophores, fluorophores, or electroactive groups. Since essentially every compound
can be separated by HPLC or micro-HPLC and detected by ELSD, the ESA ChromaChem
is equipment that every chromatography laboratory should have. It is a mass-sensitive
device, which provides a response directly proportional to an analyte’s mass in the
sample. The presence of functional groups or chromophores is not necessary for detec-
tion. Relative amounts of compounds can be easily assessed by evaporative light-scat-
tering technology. Any nonvolatile analyte can be detected, and gradient elution can be
employed to optimize the separation. Aqueous as well as solvent-based mobile phases
can be used to detect compounds that are not generally “seen” by other detection tech-
niques. This detector can be used in conjunction with mass spectrometers to provide a
complete analysis of the sample. The ChromaChem’s unique nebulization system and
temperature-controlled drift tube provides sensitivity, reliability, and reproducibility.
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The unit’s small footprint requires a minimum of bench space, allowing use under
space-limited conditions.

The basic methods to compare microbial extracts are HPLC-DAD (diode-array
detection) and HPLC-MS. Researchers at Eli Lilly developed a rapid (about one
sample per min) surrogate measure of microbial secondary metabolite production com-
puted from the electrospray mass spectra of samples injected directly into a spectrom-
eter (105,100).

The development of a multi-channel mass-spectrometry interface has allowed analy-
sis at high-throughput level. In most cases, LC-MS (liquid chromatography-mass spec-
trometry) is the most sensitive method for obtaining dereplication information about a
compound. A recent development is an eight-way fully automated parallel LC-MS-
ELSD system for the analysis of natural products (/07). LC-NMR (liquid chromatog-
raphy nuclear magnetic resonance) should become operational in the near future,
allowing the on-line identification of organic molecules (/08,109). LC-NMR, although
it has lower sensitivity than LC-MS, provides a powerful tool for rapid identification of
known compounds and identification of structural classes of novel compounds. LC-
NMR is especially useful in instances where the data from LC-MS are incomplete or
do not allow confident identification of the active component of a sample.

For strains and chemical tracking, an in-house database has to be built to integrate
with commercially available ones such as Antibase database (Wiley Publishers, 2003)
or the Dictionary of Natural Compounds (Chapman & Hall, London). There is no single
technique that gives 100% confidence to differentiate any two natural-product chemi-
cal profiles, but computer-enhanced structural determination methods could integrate
various spectral data and raise confidence.

5.3. Chemical Dereplication to Prevent Repeated Discovery

Key elements in the success of a natural-product discovery program are quick iden-
tification of bioactive compounds, early elimination of known or unwanted metabo-
lites, and rapid determination of the structure of novel compounds. Dereplication
strategies use analytical techniques and database searching to determine the identity of
an active compound at an early stage. Dramatic improvements have been achieved
during the past years mainly due to the impact of combinatorial chemistry. Natural-
product chemistry has to take advantages of these recent developments. The final sepa-
ration-purification procedures are not discussed here since the procedures are complex
and depend on the characteristics of the targeted compounds; this is beyond the scope
of this chapter.

In the search for new microbial natural products, we have to consider the frequency
of re-isolation of already-described metabolites from microbial cultures. Rough esti-
mates suggest that we have isolated only a minute fraction of the compounds that exist
in nature. Full identification of a natural product should be done only after partial puri-
fication to determine whether this type of compound is already known or has potential
as a useful drug.

Natural-product samples need to be normalized by concentration or weight. Com-
mon “interfering” groups of compounds such as detergent-like or toxic compounds
should be removed. Samples should be grouped into related chemical classes and then
prioritized for further fractionation. The hit profile coupled with genetic and morpho-
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logical characterization of the strains will build an increasing level of confidence in a
putative structure.

The first physical characteristics of unknown natural products are determined dur-
ing the chemical extraction and concentration steps. Partitioning experiments with sol-
vents exhibiting a range of polarities and pH values will shed light on hydrophobicity
and charged functional groups of the natural products.

If the natural-product extract contains a reported commercially available compound,
the sample and the reference standard should be co-injected for TLC and HPLC. Iden-
tical retention times (HPLC) or Rf values (TLC) may not tell you that they are exactly
the same, but different values definitely indicate they are different. If a standard is not
available, the hypothesis could be tested by employing a physical test such as MS,
looking for ions of the same approximate molecular weight. The chromatographic be-
havior could also reveal the nature of the compounds of interest, such as logP, surface
area, and dipole moment.

Intelligent screening approaches towards microbial natural products are also required.
One of the major limiting factors in the drug-discovery industry is that pharmaceuticals
have been traditionally designed to target individual factors in a disease system, but dis-
eases are complex in nature and vulnerable at multiple attack points. Therefore, a system-
atic novel synergistic drug-screening approach based on a multifactorial principle is
urgently needed. Many drugs could be more effective at a reduced dosage if low dosages
of other synergistic compounds are introduced simultaneously. Many marketed tradi-
tional medicines have demonstrated great efficacy and safety profiles in their long his-
tory. However, when efforts were made to purify a single molecule, the activity often was
lost. SynerZ Pharmaceuticals Inc. has developed a drug-discovery approach consonant
with the systems biology framework, and complementary to the target-based approach.
Synergistic co-drugs from natural products will enable existing drugs to be more effec-
tive and contribute to our better understanding of multiple pathways to cure disease.

Ketoconazole is commonly used to treat Candida infections. However, at clinical
doses, ketoconazole is associated with important toxic side effects, including hepatitis.
In addition, resistant strains often emerge during long-term or prophylactic treatment
as a result of the necessarily high concentrations of drug required. The concentration of
ketoconazole alone at 0.01 pg/mL gave only about 20% inhibition of growth (Fig. 2).
When ketoconazole was tested at 1 pg/mL, it gave 90% inhibition of growth. However,
the combination of ketoconazole at 0.01X with F0101604 achieved about 95% inhibi-
tion (better than 100-fold the ketoconazole amount used here) and the mode of action
was cidal, showing a synergistic effect of the two components rather than an additive
effect. The natural product SNZ101 purified from FO101604 not only improved the
efficacy of a much reduced dosage of ketoconazole, but also broadened its spectrum on
drug-resistant strains and reduced its side effects (data not shown). It is clear that natu-
ral product FO101604 would be disregarded in conventional screening technology for
antifungal lead discovery, because by itself it failed to show any growth inhibition on
fungal pathogen Candida parapsilosis ATCC 22019.

6. Closing Remarks

One prerequisite to natural-product discovery that remains paramount is the range
and novelty of molecular diversity. Currently, natural products are going through a
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Fig. 2. Synergistic effect of F0101604 with a low dosage of ketoconazole (X = 1 pg/mL).
Equal amounts (10*/mL) of Candida parapsilosis ATCC 22019 are cultured in Mueller-Hinton
(MH) broth with Alamar Blue dye in the presence and absence of a subclinical concentration of
ketoconazole. Samples are treated as labeled in duplicate. Fluorescence reading after overnight
incubation at 35°C in a moist chamber is measured at Ex 544 nm and Em 590 nm, and con-
verted to percentage of growth inhibition.

phase of reduced interest in the drug-discovery field (//2). However, new develop-
ments may reverse this negative perception.

The systematic exploitation of selected ecosystems, combined with the develop-
ment of new techniques and media for isolation of novel microorganisms, will allow the
collection of representative strains from a large part of the micropopulation. This maxi-
mized biodiversity will deliver chemical diversity for an ecosystem.

The direct expression of environmental DNA in heterologous surrogate hosts is
progressing. There is aneed for rapid and sensitive detection and characterization of new
metabolites as well as their gene clusters.

Physiological manipulation should be based on experimental design and mea-
surement of secondary metabolism. Co-cultures will give novel insight into secondary
metabolism and require the development of new vessels for stable mixed-culture fer-
mentation.

Gene mixing coupled with the genetic engineering power of PKS, for example, will
allow the generation of hybrid or “unnatural microbial natural products.”

Total synthesis of natural products with interesting biological activities is paving
the way for preparation of new and improved analogs. Combinatorial chemistry permits
the selection of the best drug from a large number of candidates. Beyond synthesis and
evaluation of organic molecules, a number of new bioorganic methods are emerging on
the horizon.

In natural-product chemistry, the rapid and accurate differentiation of chemical
compound profiles is based on on-line measurement by LC-ELSD, DAD, MS, and
NMR. Automated comparisons of the metabolite profiles of microorganisms can be used
as a valuable method for building libraries of natural products for drug discovery (/14).

Today, more than 30,000 diseases are clinically described, but less than one-third of
these can be treated symptomatically, and only a few can be cured (//0). New chemi-
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cal entities as therapeutic agents are urgently desired. Natural products can play a main
role in drug discovery. New strategies for natural products-based drug discovery will
increase chemical diversity and reduce redundancy (//5). Maximizing the discovery
of new compounds and minimizing the re-evaluation of already known natural prod-
ucts will be crucial.
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Automated Analyses of HPLC Profiles
of Microbial Extracts

A New Tool for Drug Discovery Screening

José R. Tormo and Juan B. Garcia

Summary

Despite the fact that natural products have historically been a prolific source of new com-
pounds, pharmaceutical drug discovery programs have moved away from natural products in favor
of synthetic approaches. However, the abundance of synthetic compounds with similar functional
groups and, therefore, limited chemical diversity has renewed interest in nature as a good resource for
finding new ideas to be applied to the design of the next generation of drugs.

One of the main issues for drug discovery programs based on microbial natural products is how
to obtain the maximum potential from microbial strains in terms of chemical diversity of the metabo-
lites produced. Several approaches are now available for enhancing the production and diversity of
secondary metabolites from wild-type microorganisms. Automated comparisons of the metabolite
profiles of microorganisms can be used as a valuable method for building libraries of natural products
for drug discovery. Specific computer analyses of high-performance liquid chromatography chro-
matograms from organic extracts of fermented microorganisms can be used as a tool for increasing
chemical diversity of collections, media improvement, evaluation of natural products libraries, and
even determination of taxonomic correlations. Examples of what can be done using some of the new
generation of software tools to compare profiles of secondary metabolites include the evaluation of
extraction solvents and fermentation formats for the design of natural-product collections, and even
the determination of relationships among strains from different origins.

Key Words: HPLC; automation; metabolite profiles; chemical diversity; extraction solvent;
fermentation format; fermentation media; actinomycetes; fungi; taxonomy.

1. Learning from Experiences

In recent years, pharmaceutical companies have focused their efforts on finding new
leads from combinatorial synthetic libraries. The large number of compounds that can
be generated and tested is enticing, and there is a perceived incompatibility of natural
products with some of the refined detection techniques commonly used in modern high-
throughput screening (/). However, current evidence shows that combining small ele-
ments does not necessarily lead to new chemical entities or real diversity (2). Since
Nature has been creating new chemical structures in a very efficient manner over mil-
lions of years, the large variety of bioactive compounds obtained from microorganisms
actually makes them the most specialized synthetic laboratories in practice (3).

From: Natural Products: Drug Discovery and Therapeutic Medicine
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We should therefore learn from our experiences and give natural products another
chance. Why not approach natural-products discovery from a renewed and modern
perspective? For example, a variety of new and modern techniques have been devel-
oped, including recent initiatives that use natural products as the building blocks for
creating combinatorial libraries, and even using purified natural products for creating
such libraries (4,5). With the goal of benefiting from such new approaches, we ana-
lyzed and improved the capability of microorganisms to produce secondary metabo-
lites, incorporating lessons learned from past experiences in drug discovery. The efforts
of our laboratory resulted in the design of a high-quality natural-products library (HQ-
NPL), which we believe offers some clear advantages over traditional natural-products
libraries.

2. Development of the HPLC Studio Tool

The preparation of natural-products samples for drug discovery usually begins with
the fermentation of microorganisms. A historically accepted approach to increasing the
chances of finding new drugs has been to maximize chemical diversity by broadening
the biodiversity of the microbes, both geographically and taxonomically (6). In addi-
tion, it is well established that the production of secondary metabolites by microorgan-
isms is also highly dependent on the components of the fermentation media (7,8).
Theoretically, obtaining the maximum yield of secondary metabolites from a strain
would entail growing each microorganism in the maximum possible number of media.
The combination of source diversity multiplied by diversity of the fermentation condi-
tions should produce the largest number of secondary metabolites per strain. However,
increasing the number of sources, microorganisms, and the number of fermentations
per microorganism and/or the number of extracts per fermentation are all quite labor
intensive, and may be redundant. So the advantages gained thereby need to be balanced
against practical constraints.

Chemometrics, i.e., automated measurement of the chemical diversity of extracts
from fermentation broths, is a key tool with which to balance research and investment.
Automated measurement has been accomplished in our laboratory by creating a soft-
ware tool that, among other features, selects from a large array of small-scale fermen-
tation conditions those few conditions that provide maximum chemical diversity and
quantity of material (9,/0). The media selected from these analyses can be used to
grow each strain in large scale to generate material for creating a HQ-NPL.

In practice, the automated selection process includes four parts: fermentation of each
microorganism in a battery of small-scale production media, extraction of those fer-
mentations, chemical analyses, and final automated treatment of the data to select the
most appropriate components (see Fig. 1). The detailed process will be described in the
following subheadings. After this chemometric analysis and selection, each microor-
ganism is grown on a large scale to meet screening requirements. We can thus take
advantage of the ability of microorganisms to produce different secondary metabolites
depending on the nature of the fermentation medium. The selection of those media in
which broader chemical diversity is obtained is achieved through computer analyses of
the high-performance liquid chromatography (HPLC) chromatograms of extracts, ulti-
mately leading to an increase in the quality of a natural-products library for drug dis-
covery screening.



'$50001d 9} JO MITAIOAO [RISUAD) *T *SI

Buissasouid ejeq

ulel}s yoes 10} sainpasoud uoljoeuyxy
Uuol}o9|as pue uoljejuawidl
eIpa ——— m_mom.E:mWo_z
ommmm e juiod }o8y)
v ules}s yoea 1oy
sasAjeue sainpasoud suoljejuauwLiay

Y 1dH-AN € uonoenxg € jess-jewsg g}

W D0
s B



60 Tormo and Garcia

2.1. Prescreening a Small-Scale Microbial Fermentation

Fungi and actinomycetes were isolated from soil and plant samples collected in Costa
Rica, Mexico, Panama, South Africa, and Spain. Seed cultures were incubated at 220
rpm, 28°C and 70% relative humidity for 72 h (/7). A portion (0.5 mL) of each inocu-
lum was inoculated into ten glass tubes (25 X 150 mm) containing 10 mL of different
production media. The over 3000 fermentation tubes were incubated in racks at an
inclination of 35° in the same conditions for 21 d for fungal strains and 7 d for actino-
mycetes, before harvesting. Initially, we decided to obtain a reasonable number of
small-volume fermentation media per microorganism type, either fungal or actino-
mycete. The composition of the production media derived from prior experience with
different nutritional sources (/0,12). The range of media compositions included as
many different carbon and nitrogen sources as possible to amplify the scope of second-
ary metabolites produced. Glucose, lactose, fructose, maltose, dextrin, glycerol, soluble
starch, and the complex sources corn meal, wheat meal, millet meal, and cane molasses
were the carbon sources. Yeast extract, primary yeast, peptone, ardamine pH, NZ Soy
BL, pharmamedia, distiller-soluble peptonized milk, and meat extract were the nitro-
gen sources selected (see ref. 10 for media details). Extraction of the fermentations was
performed with 7 mL organic solvents (see Subheading 3.1. for details), stirring for 1
h at room temperature. Only the upper half of the organic layers was processed to avoid
interface interference during automation procedures. After drying under nitrogen, the
residues were dissolved in 1 mL HPLC-grade MeOH and filtered through 0.2-uym mem-
branes to obtain a final 7X concentration (see Fig. 2).

2.2. Select the Best Sets of Fermentation Conditions

An automated procedure was developed to analyze a large number of samples and
select the best sets of fermentation conditions. The HPLC vials were bar coded (Fig. 2)
by querying an internal database to reduce manipulation errors. Each label referred to a
database number, which identified the microorganism, the fermentation medium, and
the extraction procedure. This allowed the possibility of comparing different prepara-
tion methods such as extraction with methanol, acetone, or methylethylketone (MEK).
Each sequence of vials included extracts of unfermented media with which to establish
a control baseline. These samples, as well as blank methanol injections, were also used
for quality control and to normalize between different batches of microorganisms.

Sets included ten unfermented media, eight strains fermented in each of those fer-
mentation media (80 vials), and methanol blank samples (chemical blanks) for each
microorganism as a control for the process. Each one was identified by an HPLC batch
file, so that the software could identify how many samples were injected, the database
ID of each sample, blank control samples, corresponding blank media samples, and
where in the hard drive of the computer the analysis data files generated by the HPLC
ChemStation software were stored (/3 ). Moreover, the software can link the fermenta-
tion extracts with their corresponding blank media by querying databases, and include
the possibility of doing it manually for special nonlabeled samples if necessary. The
software also allows backups of the chromatograms in a portable computer, storing the
format for later processing if needed (9).
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Fig. 2. Small-volume sample management procedures.

2.3. Chemical Analyses

Analyses relied on HPLC reverse-phase gradient chromatography, as it provides
complex information about chemical diversity for comparing organic extracts. The
detector system was a diode-array HPLC detector, recording simultaneously at 210 nm
and 280 nm (/4). Diode-array HPLC gradient characterizations of the reconstituted
extracts were performed on a ZORBAX Rx-C8 4.6 mm X 250 mm column. A 10 to
100% gradient of acetonitrile in water with a flow-rate gradient of 0.9 to 1.2 mL/min
was programmed on an 1100 HP Agilent ChemStation, using a constant temperature of
20°C during each 20-min analysis. Trifluoracetic acid (TFA, 0.01%) was added for pH
control (see ref. 10 for more details).

The chemical data obtained for each organic extract, filed in an individual folder by
the ChemStation software, consisted of a graph at both 210 and 280 nm vs time (in
windows metafile format), and two tables of detected peaks at each of these wave-
lengths in MS-Excel file format. The Agilent ChemStation software determined the
presence of peaks according to standard parameters such as the line slope, described in
detail in the reference manual of the Agilent 1100 series of HPLC spectrometers (/3).

In the absence of a commercially available program with which to compare more
than two complex HPLC chromatograms, we initially relied on simple visual examina-
tion to devise the setup of the new software tool.
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2.4. HPLC Studio Software Generalities

An application created especially for the project was used for data processing. The
software allowed the combination of individual chromatograms and their comparison
with great versatility (9). For each strain, the application selected the media showing
both the highest chemical diversity (as measured by the number of peaks) and the high-
est uniqueness (as measured by the presence of peaks not found in other chromato-
grams) (see the automated prioritization of the 10 media where the encoded strain
F098,432 was fermented, in Fig. 3). This approach provided an automated way to com-
bine data from all the fermentation conditions obtained for a single strain and thereby
estimate its maximum chemical diversity (see Fig. 3, column 12 for cumulative data on
chemical diversity).

The chromatograms obtained for a particular microorganism could be processed
by the user by selecting the ID numbers from some or all of the fermentation condi-
tions in the injection sequence. In that way, different conditions of the same fermen-
tation medium, and any other data generated by the ChemStation software, could be
analyzed.

Assuming that each peak detected at 210 nm represented at least one metabolite,
other data processes were needed before the comparisons of different fermentation
media could be carried out. Initially, chromatograms from the fermented microorgan-
ism were compared with the ones from the nonfermented media in order to remove
background peaks caused by media components. Some degree of variability occurred
in the HPLC analysis of complex extracts due to several factors, such as the composi-
tion of the mixture, the quantity injected, the presence of compounds with very close
retention times, and the detector resolution. A resolution time value, determined by
visual comparison of different co-injections of mixtures of highly complex microbial
extracts, was evaluated for those as + 0.03 min (1.5 times the resolution of an Agilent
HPLC [0.02 min] and 0.065 min in absolute value) (10).

A peak detection threshold was chosen to avoid small peaks and baseline fluctuations.
This simplification reduced the data of the chromatogram template based on an absolute
area value or a percentage of the total area of the chromatogram. A relative 2% cut-off
value of the total area was used for the strains studied. Early-eluting solvent fronts and
late-eluting re-equilibration peaks were likewise eliminated from consideration.

The data processing creates a chromatogram for each strain, a so-called chromato-
gram template, obtained by sequentially combining the chromatograms for each strain.
For example, two chromatograms are combined, removing any two peaks with a differ-
ence in retention times smaller than the given resolution time (assumed identical). Fol-
lowing that, the software sequentially adds in the other chromatograms. We found that
the order in which the chromatograms were added into the template did not affect the
final result. All individual data were kept, and average retention times were calculated
each time with previously accumulated data. It should be noted that all the data needed
for characterizing the diversity in each fermentation medium were present in the chro-
matogram template: peaks present in only one medium appeared in the template as
they appeared in the original chromatogram (with retention times, areas, and extract of
origin), whereas peaks present in several media appeared in the template with their
mean retention times, all individual areas, and extracts of origin. Thus all peaks present
in the chromatogram of a given medium could be obtained from the chromatogram
template.
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3. HPLC Studio Applications

The processed data yielded information concerning the relative diversity and num-
ber of metabolites produced in each of the fermentations. These chemometric measure-
ments led us to choose which samples should be included in an HQ-NPL.

3.1. Selecting the Best Extraction Solvent

One of the first decisions in the design of a method for creating a library of natural
products is the selection of the extraction solvent. The most commonly used solvents in
our laboratory are methanol, acetone, and methyl-ethyl-ketone (MEK) (/5). We decided
to compare the differences among these three solvents in a study using 69 fungal and 77
actinomycete strains. Fermentations (50 mL) in AD,M, medium for fungi and DNPM
medium for actinomycetes were aliquoted (10 mL) and extracted in small volumes
with methanol (10 mL), acetone (10 mL), or MEK (14 mL) (see ref. 10 for media
components).

Just by counting the number of peaks between 4 and 19 min, the results indicated
that there were no significant differences between acetone and methanol, although
acetone yielded a slightly higher number of metabolites per isolate. Interestingly,
MEK was ultimately selected as the solvent producing the most complex extracts; in
fact it extracted compounds that were extracted by acetone or methanol as well as other
compounds with less polarity (Fig. 4). The HPLC Studio application was then used to
prioritize the extraction solvents for each strain, based simply on number of nonredundant
compounds extracted (see Fig. §5). MEK was the solvent of choice (greater number of
nonredundant peaks extracted) in about two-thirds of the cases, followed by acetone,
which was the best in just 20% of the cases.

With unknown mixtures, it is impossible to quantitate extracted compounds in an
absolute sense; nevertheless, we used total ultraviolet (UV) absorbance (intensity) to
estimate the extraction efficacy for each of the solvents. By this measure, MEK was the
least effective, while acetone performed well, particularly with actinomycetes (see
Fig. 6). If all three solvents had extracted the same amount of material, they would
each produce a balanced value of 33.3% of total area counts. However, MEK values
were about 22% for fungi and 15.6% for actinomycetes. This is not surprising, because
acetone and methanol are miscible with water, whereas an initial solid/liquid extrac-
tion and subsequent liquid/liquid partition occurs for MEK (inmiscible with water).
However, in a qualitative sense, MEK reduced the abundance of polar chemicals and
enriched the extracts with those of intermediate polarity. Given that the primary factor
to consider when creating an HQ-NPL is chemical diversity in samples, MEK is the
preferred solvent, even though it extracts a smaller amount of material. A quantitative
loss can be adjusted later by increasing the fermentation volume by 15%, or by concen-
trating samples.

3.2. Selecting the Best Fermentation Format

We also compared fermentations performed in different-sized vessels. Four systems
were examined: the classic 50-mL flasks, 10-mL colony tubes, 10-mL EPA vials, and
2.7-mL wells in 24-well plates. Twenty-two organisms (10 fungi in DNPM and 12
actinomycetes in AD,M, medium) were fermented in these four formats and extracted
with MEK. The results (Fig. 7) indicated that all fermentation formats performed
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Fig. 4. Average number of metabolites per strain determined for 10 fungal and 12 actino-
mycete strains as a function of extraction solvent. Data were based on comparing chemical
diversity observed by high-performance liquid chromatography analysis at 210 nm.

Solvent Prioritization (%) Acetone | MEK | MeOH

Fungi 1t selection 23 64 13
2nd selection 0 36 64
31 selection 77 0 23

Actinomycetes 1st selection 21 67 12
2nd selection 67 33 0
3rd selection 12 0 88

Fig. 5. Prioritization of the organic extraction solvents determined with the high-perfor-
mance liquid chromatography (HPLC) Studio tool for 69 fungal strains and 77 actinomycetes.
Data were based on prioritizing the chemical diversity observed by HPLC analysis at 210 nm.

equally well as measured by the average number of compounds produced. However, it
is possible to obtain extracts with the same number of secondary metabolites but with
different compositions.

In order to determine similarity coefficients of extracts based solely on retention
times, the commercial software BioNumerics™ was used for cluster analysis and rep-
resentation of the dendrograms. HPLC profiles were compared by neighbor-joining
analysis using the Dice similarity coefficient. The results indicated that, in a significant
number of cases, all or almost all the extracts from the same strain clustered within the
same group (results not shown).

As a measure of quality control, once the computer selected the three best media,
some isolates were re-fermented on a large scale, and the new extracts were compared
with the original ones (see Fig. 8). Identical chromatograms were observed in 95% of
the cases. The remainder showed only minor differences between small- and medium-
scale formats.
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Fig. 6. Relative Areas determined with the high-performance liquid chromatography (HPLC)
Studio tool for 69 fungal strains and 77 actinomycetes extracts vs the organic extraction sol-
vent. Data were based on prioritizing the area observed by 210 nm HPLC traces.
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Fig. 7. Average number of metabolites per strain determined for four different fermentation
formats obtained for 10 fungal strains and 12 actinomycete extracts. Data were based on com-
paring chemical diversity pairs observed by high-performance liquid chromatography analysis

at 210 nm.

Having confirmed reproducibility, we selected the EPA fermentation vials for the
fermentation format. Based on the easy extraction automation of the EPA vials, they
appeared to be the best choice overall for small-scale growth of microbial strains.

3.3. Determination of the Relative Chemical Diversity for a Fermentation

Condition

As mentioned earlier, HPLC analysis can be used to characterize the relative chemi-
cal diversity present in an organic extract obtained from microbial fermentations (/4).
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Fig. 8. Comparison between small- and medium-volume high-performance liquid chroma-
tography (HPLC) chromatograms for the three extracts selected by the HPLC Studio software
for the F-098432 strain.

The diversity characterization begins by having the HPLC Studio software select the
medium with the highest number of peaks. The number of peaks relative to the number
of peaks in the chromatogram template indicates its diversity as a percentage. Peaks
that are present in the best fermentation medium are then virtually removed from the
template prior to the second step. Peaks in each of the other media are counted only if
present in the partially depleted template, allowing the second-best medium (that which
contributes to most of the remaining peaks) to be determined. This process is repeated
until all the media are ranked, establishing a diversity characterization value for each
extract (see a practical example in ref. /0).
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3.4. Ensuring a Relative Extracted Quantity for a Fermentation
Condition

The overall objective was to select not only the fermentation medium resulting in
the highest chemical diversity, but also to ensure that sufficient quantity of material is
generated for an HQ-NPL. Thus the HPLC UV area was used in addition to the number
of peaks in creating the final prioritization list. The user can determine the relative
importance of this contribution for each comparison by deliberately selecting a 0 to
100 percentage. Each extract received a final ranking by combining both quantity and
chemical diversity.

Introducing a quantity parameter affected the order of prioritization that was obtained
solely based on characterization of diversity. As the accumulated diversity percentage is
also dependent on the order of accumulation, a recalculation of the diversity character-
ization percentages for the final order was needed when areas were incorporated in the
prioritization. That allowed us to determine the real percentage of the total of diversity
that was attained by performing the final prioritization, both for diversity and quantity
of accumulated values.

3.5. Selecting the Best Overall Fermentation Conditions for a Single
Strain

The computer report generated (see Fig. 3) can then be used as a guide for determin-
ing how many extracts would provide enough value to be included in an HQ-NPL. In
that way, we could measure whether the inclusion of any given medium would dra-
matically increase the total diversity. It is also possible to determine the number of
extracts needed to reach a predetermined level of relative diversity and/or quantity.

When ranking by the quantity parameter alone, six medium-scale fermentations were
needed per strain to reach a 75% value for diversity. When only the diversity parameter
was used, the number of medium-scale fermentations per strain decreased to four. On
the other hand, the accumulated areas (quantity values) showed that the first three to
four media prioritized covered half of the cumulative of the 10 fermentation conditions
(10).

With a prioritization balance set at diversity/quantity = 75/25, the difference achieved
between three and four media was not significant enough to justify four medium-scale
fermentations. Including more kinds of microorganisms in the medium-scale production
would be a preferred option to amplify chemical diversity (/0). Using only the first
three media prioritized by the HPLC Studio software in medium-scale for additional
microorganisms would be the most balanced choice. Such a selection would allow the
creation of an HQ-NPL with more strains instead of preparing more medium-scale
fermentations per microorganism.

3.6. Selecting the Best Overall Fermentation Conditions
for a Set of Strains

Chemometric data for each fermentation medium could also be used to determine its
usefulness for a specific set of microorganisms. With small populations of strains, the
fermentation conditions that resulted in the greatest diversity and the greatest quantity
for each strain did not overlap in most of the cases, and none of the media stood out in
terms of their selection frequency (10).



Automated Analyses of HPLC Profiles for Drug Discovery 69

Figure 9A,B shows, respectively, the selection frequencies for each of the 11 fer-
mentation media when used with a representative subset of 50 actinomycetes, and pri-
oritized either by the presence or absence of secondary metabolites (diversity) or by
their accumulated areas (quantity). Divergence from the 45° line indicates its differ-
ence from the average. The most productive media are above the line, the poorest ones,
below. From the graph, we can infer that for this set of strains, the best media in terms
of diversity were GOT, FR23, and MPG, whereas in terms of quantity the best media
were MH, MPG, and FR23. On the other hand, the poorest media in terms of diversity
were PV8 and RAM2, and clearly PVS8 in terms of quantity (/0). Such comparisons of
similar microorganisms can be used to select optimal fermentation conditions and estab-
lish a good panel of fermentation media for the preparation of an HQ-NPL.

In terms of taxonomy, a large part of our fermentation program was devoted to acti-
nomycetes. Therefore, we asked whether genera-specific responses to fermentations
could be recognized (/6). Several fermentation media were more frequently selected
for each family of strains, throughout the range of all fermentation conditions. Only the
families of Micromonosporaceae, Nocardiaceae, Pseudonocardiaceae, and Strepto-
mycetaceae were represented with statistically relevant numbers of strains. None of the
media selection frequencies observed for these four families reached 75%. The low
values indicated again that there was not a preferred medium for most of the strains of
these families, and confirmed the necessity of performing the prioritization study for
each strain or family of strains for maximum exploitation of metabolite production (10).

3.7. Comparing Secondary Metabolites Profiles vs Taxonomy

Historically, it has been widely accepted that increasing the chances of finding new
drugs relies on the phylogenetic diversity and exploitation of different environments
and geographic areas. Relying solely on taxonomy and strain origin is no guarantee of
uniqueness, however. It is well known that unrelated microorganisms can produce the
same compounds, and that closely related strains do not always produce a similar pat-
tern of secondary metabolites (/7).

Microbial isolation and selection has traditionally relied on the expertise of the
microbiologist to recognize, on the basis of morphological and genetic characteris-
tics, the uniqueness of new strains obtained from the environment. In the last four
decades, thousands of strains have been tested in industrial screening programs, and
scientists inevitably test many repeats. According to the new philosophy of natural-
products screening, the prioritization of strains to be included in an HQ-NPL is a key
factor for the success of a screening effort. A number of approaches have been adopted
to avoid screening duplicates: standardized chemotaxonomical analyses, molecular
fingerprinting, DNA sequencing of marker regions, and metabolic profiling (/8,19).
According to our methodologies, by combining the metabolites of a given strain in a
large variety of fermentation media, virtual chromatograms obtained with the HPLC
Studio tool give scientists a good representation of its metabolic potential.

Figure 10 shows the average number of secondary metabolites (in terms of different
retention times) obtained for 20 representative actinomycete strains, classified accord-
ing to their country of origin. Strains from different geographical origins behaved simi-
larly. The degree of overlap among secondary metabolites produced by several strains
was unpredictable. The number of different compounds obtained by combining all the
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Fig. 10. Average number of different metabolites obtained from 20 random actinomycete
strains from each country of origin.

strains of a region was determined in order to evaluate the overall metabolic potential
diversity for each geographic location. When a subset of 20 randomly selected strains
from each country were added, no significant differences in total number of metabo-
lites per strain were observed among countries (approx 500 different secondary metabo-
lites were detected in each case by the HPLC Studio tool). BioNumerics™ software was
also used for cluster analysis of the HPLC chromatograms and graphical representation
of dendrograms. For these phenetic analyses, HPLC data matrices generated with the
HPLC Studio software were compared with BioNumerics™ in a pairwise manner using
the Dice similarity coefficient and UPGMA (20).

Three groups of 20 strains from three different countries (Mexico, Spain, and South
Africa) were selected to see whether we could recognize correlations between taxo-
nomic affiliation and metabolic profiles (Fig. 11A—C). Dendrograms generated after
cluster analyses showed that, in general, strains belonging to the same genus clustered
together with a high percentage of similarity, indicating that taxonomically related
strains may have some degree of similarity in their metabolic pathways. However, in
some cases, certain strains were unique in their metabolic profile, as they failed to
cluster with the other representatives of the same taxon. That was the case, for instance,
for the Saccharothrix strain F095473, isolated from a Mexican soil (Fig. 11A), or for
four Actinoplanes isolates from South Africa that clustered separately with the other
Actinoplanes (Fig. 11C).

3.8. Comparing Secondary Metabolite Profiles vs Geographical Origin

We also wanted to examine the metabolic diversity of microorganisms isolated from
different countries. To address the question of whether increasing the geographical
diversity of the strains results in a parallel increase of the overall chemical diversity,
we performed a cluster analysis of the HPLC chromatograms produced by strains of
Streptomyces and Nocardioform isolated from different countries (Fig. 12A, B, respec-
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Fig. 12. Dendrograms showing the relationships between some Streptomyces and Nocardioform
isolates from Panama, Costa Rica, and Spain, on the basis of their high-performance liquid chroma-
tography profiles (UPGMA, Dice >50%Mean).

tively). We observed that several cultures of the same taxon clustered together with a
high percentage of similarity, suggesting that identical or similar profiles were pro-
duced by these strains, independently of their origin. This result confirmed the well-
known fact that many types of strains are ubiquitous, especially within the genus
Streptomyces, and can be found in very different environments. There are also many
similar secondary metabolite pathways present in phylogenetically unrelated strains
(17). However, it was observed that not all the strains were found within a cluster at the
established cut-off point, and some strains of a given taxon also showed unique meta-
bolic profiles.

4. Conclusions

This study shows that the number and quantity of secondary metabolites obtained
from microorganisms is measurable, and that the number of medium-scale fermenta-
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tion conditions needed to encompass suitable chemical diversity can be estimated. The
development of a new computational tool, the HPLC Studio software, gave us a valu-
able instrument with which to attempt the rational design of a collection of natural
products, allowing us to focus on and direct the efforts needed to reach a certain thresh-
old of quantity and chemical diversity in a natural-products library.

Likewise, we were able to set a numerical value on the ability of newly isolated
strains to produce a range of different secondary metabolites. Some limited correla-
tions were observed between taxonomy and metabolite production. Phylogenetically
related strains were grouped into clusters according to their metabolite production,
regardless of their country of origin.

All these data were treated by computer-assisted statistical software. Integrating such
a tool in the design of a library of natural products derived from microorganisms pro-
vided us with additional criteria for the analysis of the metabolites obtained, and hence
gave us rational criteria for the design of high-quality natural-products libraries with
increased possibilities for finding new biologically active and pharmacologically rel-
evant compounds.
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Manipulating Microbial Metabolites for Drug Discovery
and Production

C. Richard Hutchinson

Summary

Kosan Biosciences was founded on the principle that the chemical diversity of microbial metabo-
lites, which for decades have been a rich source of natural-product drug leads and therapeutically
important drugs, can be increased by altering the function of the genes and enzymes that govern the
production of these metabolites. In particular, the predictable relationship between the structure and
function of the modular type of microbial polyketide synthases has enabled genetic manipulation
(“engineering”) of the producing organism for production of novel forms of various classes of natu-
rally occurring compounds, such as macrolide antibiotics (erythromycins and FK520) and certain
antitumor agents (epothilone D and the geldanamycins). This resembles the approach used by medici-
nal chemists who synthesize analogs and derivatives of lead compounds in an attempt to improve upon
existing drugs or find new ones. Expression of the native or engineered polyketide synthase genes,
as well as others that govern metabolite formation, in heterologous hosts is an important aspect of
developing commercial systems for drug production. This chapter highlights advances made by
Kosan Biosciences and some other groups in this area of natural-products drug research.

Key Words: Antibiotics; anticancer drugs; biosynthesis genes; drugs; erythromycin;
epothilone; FK520; geldanamycin; polyketide; polyketide synthase; rapamycin; secondary natural
products.

1. Introduction
1.1. Approach

For more than six decades, the chemical diversity of microbial metabolites has made
them a rich source of natural-product drug leads and therapeutically important drugs.
Notwithstanding the fact that compounds with new structures continue to be uncovered
regularly (/,2), there is a pervasive belief that natural products are a waning source of
new drugs. Certainly, there has been a precipitous decline in new chemical entities that
have been registered with the US Food and Drug Administration (FDA) over the past
5 yr, including ones from natural sources. On the other hand, Craig et al. (2) have noted
that for the areas of cancer and infectious diseases, 60% to 75% of the drugs used to
treat these diseases are of natural origin, based on the numbers of new drugs approved
during the period 1983-2002. Part of the explanation for the decline lies in the de-emphasis
of natural-product discovery programs by large pharmaceutical companies over the
past 10 yr. However, it is likely that inherent limitations in the ability of traditional

From: Natural Products: Drug Discovery and Therapeutic Medicine
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screening methods to access the full range of chemical diversity in nature has also been
a contributing factor.

One approach to overcome this dearth of naturally derived drug leads involves the
identification and use of the genes governing the biosynthesis of natural products to
create new compounds as well as to improve the economics of their production. Re-
search into the genetics of microbial secondary metabolite production since 1980 has
provided a wealth of knowledge about its genetic and biochemical basis (3,4). Such
information, together with the widely held belief that the enzymes of secondary meta-
bolic pathways are less fastidious overall than their primary metabolism counterparts,
has stimulated the growth of a research area called “combinatorial biosynthesis.” It
encompasses studies of the properties of nonnatural combinations of biosynthesis genes
with the aim of exploiting the enzymes’ sloppiness for the production of new natural
products (5,6). Because this research is largely being done with bacteria, it falls within
the larger field of the metabolic engineering of culturable microorganisms.

1.2. Polyketides and Polyketide Synthases

Microbes have the capacity to produce a multitude of structurally complex chemi-
cals by adapting processes of primary metabolism for self-defense and cell signaling
purposes. For instance, long-chain fatty acids are made to provide components of cell
membranes and to store energy generating potential as triacylglycerides, whereas en-
zymes called polyketide synthases (PKSs) evolved the capability of making a vast num-
ber of compounds known as polyketides from the same substrates used by fatty-acid
synthases, and largely by the same type of biochemistry (7). Examples of two types of
PKSs and their associated polyketides are illustrated in Figs. 1 and 2. Type II PKSs
(Fig. 1) consist of a collection of largely monofunctional proteins that catalyze the
formation of typically polycyclic aromatic compounds from acetate and malonate only.
Type 1 PKSs (Fig. 2), in contrast, use large multifunctional proteins to make
polyoxygenated, aliphatic compounds from several different kinds of acyl-coenzyme
A substrates.

The so-called modular PKSs (§—/0) are featured in this chapter because these en-
zymes have enabled the most fruitful genetic engineering route to structural variants
(analogs) (11,12) of polyketides that are important therapeutic drugs, like the antibac-
terial erythromycin A (Fig. 2) or experimental agents like 17-allylamino-17-demethoxy
geldanamycin (17-AAG), which currently is undergoing clinical trials as an antitumor
drug (discussed later). Three other types of PKSs are not discussed here; for reviews,
see refs. 7,13.

A modular PKS consists of large, multifunction proteins, each with different combi-
nations of domains, called modules, that function like the constituent biochemical ac-
tivities of fatty-acid synthases. For 6-deoxyerythronolide B synthase (DEBS), the PKS
that forms the backbone of the erythromycins and is encoded by the three eryAl-I11
genes (8,/4), 6-deoxyerythronolide B (6dEB) is produced by the successive condensa-
tion of one propionyl-coenzyme A (CoA) and six 2-methylmalonyl-CoA molecules
(Fig. 2). The three subunits of DEBS have two modules, each of which contains the
activities needed for one cycle of polyketide chain elongation, as illustrated by the
structures of the six enzyme-bound intermediates in Fig. 2. Every module contains a
ketosynthase (KS), an acyltransferase (AT), and an acyl carrier protein (ACP) domain,
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Fig. 1. An illustration of the mechanism of the type II polyketide synthase (PKS) involved in
the biosynthesis of tetracenomycin F1 and C (68). The PKS consists of individual protein sub-
units that act in concert to assemble the acetate starter unit (produced by decarboxylation of
enzyme-bound malonate) and 9 chain extender units into an TcmM-bound decaketide by an
iterative process involving a malonyl-CoA:ACP acyltransferase and the proteins TcmJ, TemK,
TemL and TemM. The latter is cyclized to Tecm F2 by the TcmN enzyme, with assistance by
Tceml], then Tem F2 is cyclized once more by TemlI to form Tem F1. The latter intermediate is
converted to tetracenomycin C by tailoring enzymes.

which together catalyze a two-carbon extension of the chain between a starter unit
(e.g., propionyl-CoA or some enzyme-bound acylthioester intermediate) and a chain
extender unit (e.g., 2-methylmalonyl CoA). The AT domains are specific for 2-
methylmalonyl CoA except for the AT in the didomain loading module, which prefers
propionyl CoA. After each two-carbon unit condensation, the oxidation state of the 3-
carbon is either retained as a ketone (e.g., module 3), or modified to a hydroxyl,
methenyl, or methylene group by the presence of a ketoreductase (KR) (e.g., module
2),aKR + a dehydrase (DH), or a KR + DH + an enoyl reductase (ER) (e.g., module 4),
respectively. Polyketide assembly is often terminated by a thioesterase (TE) domain at
the C-terminus of the final module (module 6) to release the product from the protein.
For DEBS, release is coincident with the intramolecular cyclization that results in the
formation of 6dEB, a typical polyketide macrolactone product. Synthesis of 6dEB is
followed by C6-hydroxylation (eryF) to yield erythronolide B. Addition of the sugar
L-mycarose (via thymidine diphospho(TDP)-mycarose) yields 3-O-o-mycarosy-
lerythronolide B, and the addition of desosamine (via TDP-desosamine) yields eryth-
romycin D. The two sugars are produced by independent pathways (not shown) but
controlled by the genes designated eryB (mycarose) and eryC (desosamine). The final
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steps are hydroxylation of erythromycin D to yield erythromycin C by a second P450
enzyme (eryK) and O-methylation of the mycarosyl residue (eryG) to yield the
cladinosyl moiety in erythromycin A and B.

In effect, the AT specificity and the types of catalytic domains within a module
serve as codes for the structure of each two-carbon unit; the order of the modules in a
PKS specifies the sequence of the distinct two-carbon units, and the number of mod-
ules determines the length of the polyketide chain. Variations in the acyl-CoA sub-
strates used by a modular PKS, the number of domains within a module and the number
of modules in the PKS are responsible for establishing the first set of structural charac-
teristics of the polyketide; differences in the kinds of biochemical transformations the
compound produced by the PKS undergoes are dictated by the products of the “tailor-
ing enzymes” (eryB, eryC, eryF, eryG, and eryK for the erythromycins) and establish
the final structure. Consequently, engineering a microorganism to produce novel
polyketides can involve altering only the PKS genes or both them and the tailoring
genes. These ideas are illustrated below.

1.3. Research and Development Strategy at Kosan Biosciences

To expedite drug discovery and the early stage development process, Kosan has
chosen to identify microbial polyketides known to have some type of biological activ-
ity and therapeutic potential, then use genetic engineering to alter the compound’s struc-
ture in ways that could improve its utility (e.g., increasing potency or correcting some
remediable limitation in its pharmacology, pharmacokinetics, or pharmacodynamics)
or simply the economics of its large-scale production. As far as possible, the changes
sought by gene manipulation are based on knowledge of the structure-activity relation-
ships and molecular modeling of drug:target interactions. We do not make libraries of
polyketides to screen for activity against some biological target as the route to identifi-
cation of lead molecules. This could become feasible, however, if suitable advances in
PKS engineering are made through the approaches currently being explored, as ex-
plained in Subheading 5.2.

1.4. Other Approaches to Discovering New Drugs From Natural
Products

The time-honored method of screening extracts of culturable microorganisms for
biological activities of interest, followed by purification of the responsible metabolites
to identify lead compounds, when necessary supported by an ensuing analog synthesis
program, has fallen out of favor in large pharmaceutical companies. Nonetheless, sev-
eral chapters are devoted to this topic in this volume. Genetics-based approaches, such
as (1) scanning the genome of micoorganisms by high-throughput DNA sequencing
for novel sets of secondary metabolism genes that can be caused to be expressed
through manipulation of growth conditions or (2) constructing gene libraries from the
DNA of uncultured microorganisms and expressing the clusters of secondary metabo-
lism genes identified by DNA sequencing in heterologous hosts, are gaining favor and
thus are covered elsewhere in this book. It remains to be seen whether either approach
can uncover drug leads at a pace that will sustain their pursuit commercially.
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2. The Macrolide Antibiotic Paradigm
2.1. Erythromycins and Their Analogs

Structure—function studies of DEBS carried out over the past 13 years has created a
paradigm for modular PKSs that has guided drug discovery research based on the engi-
neering of any modular PKS. The pioneering work of Katz and co-workers on the eryA
genes (8) and the initial discovery that DEBS consists of multifunctional proteins (/4)
pointed the way to making numerous 6dEB analogs through domain mutation or re-
placement experiments (/5). In some cases, the 6dEB analogs were converted into
erythromycin analogs by conducting the work in the erythromycin producing organism
Saccharopolyspora erythraea, or by using DEBS-null mutants of this organism to
bioconvert the 6dEB analogs initially made in a heterologous host organism such as
Streptomyces coelicolor (16). Analogs of 6dEB and the erythromycins have been pro-
duced that originate from nonnatural starter units (/7,/8), which lack one or more
branched methyl groups (/5,/9-21), have one methyl group replaced with an ethyl
group (22), have different oxidation states at certain hydroxy-bearing positions (23,24),
are hydroxylated at different positions (20,27 ), or have double bonds in place of nor-
mally saturated positions (25). Compound libraries containing approximately 50 6dEB
analogs have been produced also (26). A subset of these compounds was then con-
verted to their 5-O-desosaminyl glycosides (27). Novel erythromycin-like compounds
have also been made by adding a module to DEBS (/5,28). Representative examples of
such analogs are shown in Fig. 3.

There are underlying assumptions in the above work: (1) any structural change ef-
fected by engineering the PKS domain governing some step in the assembly process
will not affect the subsequent steps in the process severely enough to obviate formation
of the analog of the normal PKS product; and (2) any structural change effected by
engineering or inactivating a specific tailoring enzyme gene will also not obviate for-
mation of the analog of the complete polyketide. The second assumption has been
tested to some extent for erythromycin (29) and other polyketides (30), and the results
of the work summarized above have established certain boundaries on what can be
expected for the genetic engineering of modular PKSs in general.

The success of such experiments has often been viewed by the relative amount of
product produced by the engineered vs wild-type microorganisms under comparable
fermentation conditions. This can vary from 0.1% to nearly 90% of the normal amount,
with lower yields seen more often than ones close to that of the wild-type system.
Changes in the functionality present in different positions of 6dEB have been achieved
with a wide range of success (i.e., yield), and it has not been possible to explain the
failures observed or predict with confidence which additional changes could be
achieved. Nevertheless, the successful production of the erythromycin analogs achieved
to date clearly validates the overall approach that was built on the first successful ex-
periments reported by Donadio et al. in 1991 (8§). Furthermore, attempts are being made
through carefully designed and executed in vitro experiments with the individual mod-
ules of DEBS and its intact subunits to define the parameters that govern the relative
activity of engineered modular PKSs; e.g., see ref. 317).
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CH3 CH3

CH;
“cHy FK506, R = CH=CH,
Rapamycin FK520, R = CH3

Fig. 4. The structures of the immunosuppressants, rapamycin, FK506 and FK520. The
methoxy groups of FK520 at positions 13 and/or 15 have been replaced with hydrogen, methyl
or ethyl groups as discussed in the text.

2.2. Engineering Other Macrolactone PKSs
2.2.1. FK520

Three macrolactone antibiotics FK506, FK520, and rapamycin (Fig. 4), different
from erythromycin and other antibacterial macrolides, are used therapeutically in or-
gan transplantation for their immunosuppressive property. Five analogs of FK520, rep-
resenting substitutions of the methoxy groups positions 13 and 15 with ethyl, hydrogen,
or methyl groups, have been produced by appropriate AT domain exchange experi-
ments directed at the relevant PKS genes (32). The 13-hydrogen analog of FK520 re-
tained the in vitro properties typical of the immunosuppressive FK506 and FK520,
whereas the 13-methyl analog displayed greatly reduced suppression of T-cell activa-
tion and, along with its 18-hydroxy derivative (prepared chemically), has apparent
nerve growth stimulatory activity (32). Five different rapamycin analogs have been
produced by the same approach and are under evaluation at Kosan Biosciences (S.
Bondi, J. Kennedy, L. Tang, S. Ward, and C. R. Hutchinson, unpublished work).

2.2.2. Epothilones

Epothilones B and D are polyketide macrolactones from subspecies of the myxo-
bacterium Sorangium cellulosum (33), which are undergoing clinical trials as antican-
cer drugs (34). They inhibit cytoskeletal formation by increasing the stability of
microtubules during their formation, which interferes with formation of the mitotic
spindle and results in potent arrest of cancerous as well as normal cell growth at the
G2/M transition of cell development (35). Because epothilone D seems to have a better
therapeutic index than epothilone B, at least in animals (36), this compound was
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\\\\OH

CH3

(E)-10,11-didehydro-12,13-dihydro-13-hydroxyepothilone D (E)-10,11-didehydroepothilone D

Fig. 5. The structures of epothilone B and D, and novel analogs of epothilone D that have
been produced by engineered epothilone polyketide synthase genes.

selected for development at Kosan Biosciences and is in early Phase II trials as KOS-
862. A commercial process for its large-scale production has been established that re-
lies on expression of the cloned epothilone PKS genes (37,38) in Myxococcus xanthus
(39). The convenience of performing gene engineering experiments in this organism
has facilitated making several analogs of epothilone D (40); the formation of two of
these, 10,11-didehydro-12,13-dihydro-13-hydroxyepothilone D (40) and 10,11-
didehydro-epothilone D (47) (Fig. 5), by inactivation of the DH and ER domains,
respectively, in module 5 of the epothilone PKS, has shed light on the mechanism of
formation of the unusual cis-12,13 C=C (40).

3. Geldanamycin Analogs by Gene Engineering

Geldanamycin and the closely related herbimycin A (Fig. 6) were initially discov-
ered by virtue of their weak antibacterial and antifungal (42) or plant-growth inhibitory
(43) properties. Interest in these benzoquinone ansamycins increased greatly upon the
discovery of the antitumor properties of geldanamycin (44) and herbimycin A (45).
Neckers and co-workers (46) showed in 1994 that their principal cellular target is
Hsp90, a ubiquitous and abundant protein chaperone of mammalian cells (47).
Geldanamycin competes with ATP for the ATP-binding site of Hsp90 and, when bound,
inhibits the ATP-dependent functions of this protein. A particular function is the abil-
ity of Hsp90 to chaperone nascent protein kinases that are critical components of signal
transduction pathways, especially those in certain cancer cells (47). In the presence of
geldanamycin or herbimycin A, the immature kinases undergo rapid degradation, as a
consequence of ubiquitination and subsequent catabolism by the proteosome, and the
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Geldanamycin

17-AAG, R = CH,=CHCH-NH
17-DMAG, R = (CH3),NCH,CH»-NH

Fig. 6. The structures of geldanamycin, herbimycin A and the 17-substituted geldanamycins
17-AAG and 17-DMAG discussed in the text.

levels of the mature kinases become depleted. This can result in a cytostatic effect on a
cancer cell or in some cases apoptosis and cell death.

The discovery that Hsp90 and one or more of its protein kinase cohorts are overpro-
duced in several types of human cancers has led to considerable interest in geldanamycin
and its analogs as potential anticancer drugs (48,49). Many geldanamycin analogs have
been produced by replacement of the C17 O-methoxy group with substituted amines
(50). 17-AAG (Fig. 6), is currently undergoing phase I and early-stage phase II clinical
trials (49,51); and a more water-soluble analog, 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17-DMAG) (Fig. 6), has completed preclinical develop-
ment (52).

Additional geldanamycin analogs are being sought in an attempt to ameliorate the
hepatotoxicity that is characteristic of geldanamycin, although this is lessened by the
17-amino substitutions noted above (53,54). One approach is to make demethyl and
demethoxy analogs by PKS gene engineering, which might show increased potency, or
nonquinone analogs by inactivation of the tailoring genes, which might have an improved
therapeutic index, because the quinone moiety is believed to facilitate formation of free
radicals in vivo (53,54). The geldanamycin biosynthesis genes were cloned and char-
acterized from Streptomyces hygroscopicus NRRL 3602 (55) to enable genetic engi-
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neering experiments; then recombinant strains carrying the gdmA PKS genes with AT
domain replacements in modules 4, 5, or 7 of the gdmA2 and gdmA3 PKS genes (55)
were created that produced novel geldanamycin analogs like the ones shown in Fig. 7
(Bianka Hadatsch, Z. Hu, R. McDaniel, K. Patel, M. Piagentini, A. Rascher, L. Vetcher,
and C. R. Hutchinson, unpublished work). Inactivation of the gdmM monooxygenase
gene led to formation of the phenol analog shown; the similar compound formed by the
module 7 AT mutant must reflect its inability to serve as a substrate for the GdmM
enzyme (A. Rascher and C. R. Hutchinson, unpublished work). Such compounds can
be investigated as leads for drug development.

4. Polyketide Genes From the Metagenome of Marine Organisms
4.1. Marine Natural Products As Drug Leads

Cytotoxic, antibacterial, antifungal, anti-inflammatory compounds and many other
types of natural products have been isolated from different kinds of marine organisms
(see ref. 56 and references therein). However, the supply of such potentially valuable
drug leads has customarily been hampered by an inadequate source, as a result of the
limited availability or difficult accessibility of the producing organism, which usually
is very difficult to grow even by aquaculture. It is widely believed that microbial sym-
bionts make marine-derived compounds like the polyketides that are commonly found
in terrestrial microorganisms (57,58). Consequently, it should be possible either to iso-
late pure cultures of these microbes to enable production of the compounds in large
amount or to clone the production genes from the metagenome of the marine organism,
if a producing microbe cannot be isolated. Once they are cloned, it is feasible to express
the genes in different microbial hosts as the means to determine what is produced and
whether it is the desired drug (58). Limitations to achieving this goal could be inappro-
priate expression devices, lack of a unique substrate for a pathway enzyme, or auto-
toxicity of the produced compound to the host.

Kosan is interested in pursuing the development of antitumor drugs from marine
sponges and, as a consequence, has investigated the metagenome of Discodermia
dissoluta (R. Gadkari, C. Reeves, A. Schirmer, and C. R. Hutchinson, unpublished
work). Libraries containing many thousands of clones were made in fosmid and bacte-
rial artificial chromosome (BAC) vectors, using total DNA from the sponge and from
fractions enriched for unicellular or filamentous microorganisms, then screened for the
presence of the KS domains of modular PKS genes by polymerase chain reaction (PCR)
analysis and by direct hybridization methods using suitable gene probes. Typical results
are summarized in Table 1.

These data firmly establish that (1) a diverse range of KS homologs can be cloned
and characterized in total DNA from the sponge samples or from bacterially enriched
cell fractions, (2) bacterial genes can make up the majority of clonable genes from the
metagenome of the sponge, and (3) in the case studied, multimodular PKS genes can be
comparatively rare whereas PKS-NRPS genes can be quite common in the filamentous
bacterial cells. It is unclear why the sponge genes, i.e., eukaryotic DNA that is pre-
sumed to come from either sponge cells or eukaryotic symbionts like diatoms and
dinoflagellates, made up such a small percentage of the types of genes clonable from
the total sponge DNA preparations. A possible explanation is related to the fact that the
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OCONH,

Fig. 7. Structure of the geldanamycin analogs made by engineered gdmA2A3 polyketide
synthase genes or by the strain with a disrupted gdmM gene. The positions converted to
demethyl or demethoxy positions by acyltransferase swaps in the three different domains of
gdmA2 or gdmA3 are encircled.

results of cytological staining studies show that the D. dissoluta tissue contains at least
100 times more microbial cells than sponge cells; if for some reason the bacterial DNA
is more readily clonable than sponge-cell DNA, then the preponderance of the former
type of genes is understandable.

5. Future Directions for Engineering Drug Production by Bacteria
5.1. Escherchia coli As the Host for Large-Scale Production

New types of microbial hosts are being studied as alternatives to the widely used
filamentous actinomycetes bacteria for the commercial production of polyketides and
other types of natural products. An example of the use of a common laboratory strain of
a myxobacterium to produce epothilone D is presented above. Escherichia coli is an-
other possibility, but, unlike the myxobacteria and actinomycetes, it does not contain
all the substrates commonly used by a modular PKS, or some of the necessary cofac-
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Table 1
Distribution of Modular Polyketide Synthase (PKS) Gene Cluster
in Metagenomic Libraries of Discodermia dissoluta

Unicellular Filamentous

bacterial bacterial
Library made from: enrichment enrichment Total sponge
Fosmids screened” 64,000 36,000 55,000
PKS positive fosmids? 465 (0.7%) 185 (0.5%) 375 (0.7%)
Fosmids with bacterial inserts >90% >60% >80%
PKS fosmids endsequenced 145 148 168
Fosmids with 2 PKS ends”
Fosmids with 1 PKS end¢ 29% 47% 41%
Fosmids with no PKS end? 68% 52% 57%
PKS fosmids with an NRPS¢ end 0 12% 1%

¢ By hybridization with sponge-derived KS probe pools at low stringency
b Contains part of large PKS gene cluster (>5 modules)

¢ Contains start or end of PKS gene cluster of unpredictable size

4 Contains small PKS gene cluster (1-5 modules)

¢ nonribosomal peptide synthetase

tors. Nevertheless, attempts are underway to introduce these features into typical K12-
derived E. coli strains and to adapt common expression tools to handle the 5- to 40-kb
modular PKS genes. To date, E. coli strains have been engineered to contain the genes
that convert fed propionate to its CoA form and turn propionyl CoA into 2-methyl-
malonyl CoA without catabolism of propionate to methylcitrate (59,60), which enable
formation of 2-methylmalonyl CoA from fed glucose via the tricarboxylic acid cycle
(but only if a precursor of vitamin B12 is added to the fermentation) (6/), and which
convert the apo form of the modular PKSs into their pantotheinylated, enzymatically
active forms (59). An investigation of the variables in expression of the substrate sup-
ply, modification, and PKS genes that affect the amount of 6dEB produced by such
strains when grown in shake flasks (62) has set the stage for optimization of a high cell-
density, fed-batch fermentation-based process that has already achieved 1.1 g/L titers
of 6dEB (63). Further research is likely to make E. coli as attractive as M. xanthus or
even typical actinomycetes for production of relatively simple polyketides—i.e., ones
like epothilone D for which the PKS product does not undergo extensive tailoring reac-
tions that would require introduction of multigene clusters for complex metabolic path-
ways.

5.2. Creation of Novel PKS Genes

An exciting possibility is on the horizon—that novel polyketides could be manufac-
tured by unusual combinations of the basic building block of modular PKSs: a module
that contains all the information for one round of carbon chain extension for a given
substrate. Research into the factors governing the choice of chain extension substrate
and the ability of the incoming, PKS-tethered substrate to react with this 2-carboxy-
acylthioester, once it is loaded onto the ACP domain of a module, is beginning to
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establish some boundary conditions; see ref. 64 and references therein. Earlier studies
had shown that the productive interaction of two separate modules, when presented
with typical acylthioester substrates, was greatly influenced by unique, short amino
acid sequences, called “linkers,” found at both ends of the protein and even between
modules within multimodular proteins (65-67). Consequently, it is logical to assume
that collections of individual modules containing appropriate linkers could be screened
in bimodular combinations for their ability to convert a given acylthioester starter unit
and 2-carboxyacylthioester chain extension substrate to some product. Productive
bimodular combinations (defined by kinetic parameters and/or relative yields as a func-
tion of particular starter and extender substrates) could then be challenged with a col-
lection of additional modules, and so forth to define the ones that made certain desired
products or just any one of a set of theoretically possible products. The groundwork
to expedite such research has been laid at Kosan Biosciences; thus, the time is ripe to
exploit how multimodular PKS genes themselves must have evolved, in the attempt to
expand the repertoire of therapeutically useful natural products nature has provided.
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Improving Drug Discovery From Microorganisms

Chris M. Farnet and Emmanuel Zazopoulos

Summary

Microorganisms remain unrivalled in their ability to produce bioactive small molecules for
drug development. However, the core technologies used to discover microbial natural products have
not evolved significantly over the past several decades, resulting in a shortage of new drug leads.
Advances in DNA-sequencing and bioinformatics technologies now make it possible to rapidly
identify the clusters of genes that encode bioactive compounds and to make computer predictions of
chemical structure based on gene sequence information. These structure predictions can be used to
identify new chemical entities and provide important physicochemical “handles” that guide com-
pound purification and structure confirmation. Industrialization of this process provides a model for
improving the efficiency of natural-product discovery. The application of advanced genomics and
bioinformatics technologies is now poised to revolutionize natural-product discovery and lead a
renaissance of interest in microorganisms as a source of bioactive compounds for drug development.

Key Words: Natural products; genomics; drug discovery; bioinformatics; actinomycetes;
dereplication; fermentation; structure elucidation.

1. Introduction

Microorganisms produce some of the most important medicines ever developed.
They are the source of lifesaving treatments for bacterial and fungal infections (e.g.,
penicillin, erythromycin, streptomycin, tetracycline, vancomycin, amphotericin), can-
cer (e.g., daunorubicin, doxorubicin, mitomycin, bleomycin), transplant rejection (e.g.,
cyclosporin, FK-506, rapamycin), and high cholesterol (e.g., statins such as lovastatin
and mevastatin) (Fig. 1). Microbial natural products are notable not only for their po-
tent therapeutic activities, but also for the fact that they frequently possess the desirable
pharmacokinetic properties required for clinical development. The drugs shown in Fig. 1
are just a few of the many microbial natural products that reached the market without
any chemical modifications required, a testimony to the remarkable ability of microor-
ganisms to produce drug-like small molecules. Indeed, the potential to hit a “home
run” with a single discovery distinguishes natural products from all other sources of
chemical diversity and fuels the ongoing efforts to discover new compounds.

Traditionally, the search for new natural products has started by growing microor-
ganisms in the laboratory and testing the fermentation broths for bioactivity. However,
we now know that microorganisms have many natural-product gene clusters that they
do not readily express when grown in the laboratory (/-3). So despite decades of fer-
mentation-broth screening, it is likely that a vast supply of bioactive microbial com-

From: Natural Products: Drug Discovery and Therapeutic Medicine
Edited by: L. Zhang and A. L. Demain © Humana Press Inc., Totowa, NJ

95



96 Farnet and Zazopoulos

Antibacterials:

o
Ho, oH
o
o o

,OH
\N/
0/
Erythromycin A %on

Antifungals:

Lovastatin

Anticancer drugs: Immune suppressants:

o OH o
OH
o
o)j\mi2
OH HaN o—
oL © OH © N NH

Doxorubicin m °
e Mitomycin C

OH Rapamycin

Fig. 1. A few of the landmark medicines produced by microorganisms.

pounds remains to be discovered. This untapped potential provided the impetus for us
to develop an automated genomics platform that predicts the chemical structures of
natural products by reading the sequences of the gene clusters that direct their synthe-
sis. By surveying the genome, we can identify all of the natural products that a micro-
organism can make before fermentation studies begin, and specifically tailor the
downstream production and purification strategies to isolate likely new chemical enti-
ties (NCEs) and avoid the re-isolation of known compounds. The integration of new
genomics technologies greatly increases the efficiency of discovery and makes it pos-
sible to build a robust pipeline of NCEs from a small collection of microorganisms,
providing a new paradigm for natural-product discovery. Here, we describe the core
technologies behind the discovery platform developed at Ecopia BioSciences Inc. and
present the discovery of a new antifungal agent as a case study to illustrate the power of
the genomics-guided approach.
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2. Genomics-Guided Natural-Product Discovery
2.1. Genome Scanning Technology

The development of a discovery platform that can predict chemical structures from
gene sequences required the development of several new technologies and resources,
including a means to efficiently isolate and sequence natural-product gene clusters from
microbial genomes; a large reference database of gene clusters linked to the structures
of the compounds they encode; and specialized computer applications that can detect
correlations between gene sequence and chemical substructure elements. We devel-
oped a high-throughput genome-scanning method to sequence natural-product gene
clusters without sequencing entire genomes (3). Our strategy was to scan the genomes
of selected microorganisms that were reported to produce known, structurally diverse
natural products and to build a database of gene clusters covering the full range of
natural-product chemical diversity (the Ecopia Decipher® database). The approach
proved to be successful, as in all cases the gene clusters corresponding to known natu-
ral products were identified by deductive analysis, providing an important training set
for chemical structure predictions. The most striking finding, however, was the large
number of unexpected gene clusters found in these previously well-studied microor-
ganisms. Genome scanning of approximately 60 actinomycete strains revealed some
700 natural product gene clusters, or an average of a dozen gene clusters per organism.
This number exceeds by at least a factor of ten the number of natural products that
would have been detected from these organisms by traditional screening approaches
(Fig. 2). Itis now clear that many gene clusters are expressed only under certain growth
conditions. Furthermore, even when they are expressed, some gene clusters produce
compounds only at very low levels, below the limit of detection of conventional screen-
ing methods. This may explain why so many natural products have eluded detection in
the past, as it was common practice to screen only one to three growth conditions for
each strain.

2.2. Genomics-Guided Discovery Platform

To capitalize on the wealth of gene clusters revealed by genome scanning, we devel-
oped a genomics-guided discovery platform designed to rapidly identify clusters en-
coding likely NCEs and target the compounds for purification (Fig. 3). A suite of
specialized software and computer applications predicts the structures of compounds
encoded by new gene clusters via automated comparisons with known clusters in the
database. These structure predictions identify possible NCEs and provide important
physicochemical “handles” (including molecular weight, ultraviolet [UV] absorbance,
lipophilicity, and other properties) that are then used to detect the desired compound in
fermentation broths. To fully exploit their potential, each microorganism is grown in as
many as 50 different fermentation media in order to maximize the probability that each
of its gene clusters will be expressed. A number of custom-made analytical tools are
used to simultaneously display and analyze mass spectroscopy, UV, and bioactivity
data generated from extracts prepared from all the growth conditions used. These tools
make it possible to detect compounds that may be produced only rarely in fermentation
broths, or at very low levels, and to identify those compounds whose properties match
the gene-cluster predictions. The structure information provides practical handles to
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Fig. 2. Genome scanning reveals a vast supply of undiscovered natural products.

guide the purification of targeted compounds and greatly facilitates the final structure
elucidation by spectroscopic methods.

The tremendous power of genomics-guided discovery is driven by a database and
computational platform that “learns” from previous results and improves with each
new compound discovered. In the final step of the discovery cycle, the confirmed struc-
ture of a new molecule is linked in the Decipher® database to the gene cluster that
encodes it, thus enhancing the ability of the system to make future correlations between
genes and chemical structures. Even the “rediscovery” of known compounds adds valu-
able new information to the database, as the genetic blueprint for each structure identi-
fies new genes-to-molecules correlations. In addition, all of the chemical and biological
data generated during the fermentation, extraction, purification, and bioactivity screen-
ing stages are fed back into the database and integrated with the genomics information.
Sophisticated bioinformatics applications are then able to identify relationships between
the diverse data sets that can be used to guide the production and purification of targeted
metabolites—for example, by defining the fermentation media that are likely to sup-
port the expression of a gene cluster and by identifying purification schemes that have
proved successful with isolations from the specific medium and for similar structure

types.
3. Genomics-Guided Discovery: A Case Study

3.1. Genome Scanning of Streptomyces aizunensis

The untapped potential of microorganisms to produce bioactive NCEs is illustrated
by our experience with the actinomycete Streptomyces aizunensis, a producer of the
antibiotic bicyclomycin. The bicyclomycin gene cluster was targeted for isolation
because the compound contains some unusual functional groups and the genes required
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Fig. 3. The genomics-guided discovery platform developed at Ecopia, a new paradigm for
natural product discovery. The platform identifies all of the natural-product gene clusters in a
genome, predicts the chemical structures of the compounds they encode, and targets compounds
that are likely to be NCEs for production and purification.

to make these kinds of structures were not known. Surprisingly, genome scanning of
the S. aizunensis genome identified 11 natural-product gene clusters in addition to the
bicyclomycin cluster, even though this organism produced only bicyclomycin in pub-
lished fermentation screening studies (4,5). One of the additional gene clusters was
predicted to encode a compound similar to the known antibiotic streptothricin, based
on computer-based comparisons to other clusters in the database. This information
proved to be valuable, as a streptothricin-like compound was indeed detected during
subsequent fermentation experiments. Knowing in advance that this compound would
be produced made it very easy to identify and circumvent, while purifying other com-
pounds from the fermentation broths. More importantly, the structure predictions gen-
erated for the remaining 10 gene clusters did not match any compounds present in
databases of known natural products, indicating that they are likely to encode NCEs.
Each of these clusters presented an exciting opportunity for new compound discovery.
In the following sections, we demonstrate how automated gene sequence analysis was
used to predict the structure of an NCE encoded by one of these gene clusters and how
genomics information was used to guide the purification of the compound.

3.2. Automated Analysis of Gene Clusters and Chemical
Structure Prediction

All gene clusters identified by genome scanning enter a fully automated analysis
cascade of specialized software applications that identify open reading frames (ORFs),
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assign functions to each gene in the cluster, and predict chemical substructure ele-
ments. The output of the automated analysis is displayed in an interactive graphical
user interface designed to allow scientists to quickly assess the accuracy of the com-
puter predictions and to determine whether a cluster is likely to encode a known com-
pound or an NCE. The automated analysis of one of the S. aizunensis gene clusters,
designated 023D, is shown in Fig. 4. In this cluster, the computer assigned 35 ORFs to
protein families based on homology comparisons to proteins in the Decipher database.
The disposition of these ORFs in the cluster is shown in window A of Fig. 4, where
each ORF carries a four-letter code indicating the protein family to which it was
assigned. Nine of the ORFs in the 023D cluster were designated as polyketide
synthases (PKSs). PKSs and other multimodular protein families (such as nonribosomal
peptide synthetases) are further processed by an automated software application that
parses the proteins into individual enzymatic domains. Each domain sequence is then
compared to a series of protein models of active domains to identify domains that are
likely to be nonfunctional. Additional computer scripts are also invoked when particu-
lar domains are encountered. For example, the substrate specificity of each acyltransferase
(AT) domain is readily assigned by a phylogenetic comparison to AT domains of known
specificity, while a similar analysis of thioesterase (TE) domains very effectively dis-
tinguishes domains that generate linear polyketide products from those that catalyze
the formation of cyclic products. The result is an automated “domain string” (displayed
in Fig. 4, window C) that captures the structure of the polyketide backbone in a line
notation that can then be translated into a chemical structure prediction (Fig. 4, win-
dow B). The automated analysis of the 023D PKS system predicted a long, linear
polyketide chain bearing polyene chromophores. While many cyclic (macrolide) poly-
ene natural products are known, linear polyenes remain relatively rare. Chemical sub-
structure searches using the predicted polyketide backbone identified no similar
structures in natural-products databases, providing the first indication that the 023D
gene cluster encoded a NCE.

3.3. Correlating Genes With Chemical Substructures

The “family string” generated by the analysis cascade (shown in window D of Fig.
4) provides a representation of the cluster that is used in an automated search of the
database to identify gene clusters with similar families. The structures of the com-
pounds linked to these clusters are then compared to identify common structural ele-
ments. For example, three gene clusters in the Decipher database contain the ADSN,
AYTP, and CALB families found in the 023D cluster. Structure analysis of the corre-
sponding compounds identified a single common structural element, a 2-amino-3-
hydroxycyclopentenone (CsN) group in amide linkage to a polyketide carboxylate
(Fig. 5, upper). Inspection of the computer-predicted function of each family sug-
gested a plausible pathway for the biosynthesis of a CsN group from glycine and 5-
aminolevulinic acid. Thus, the presence of these three genes in a cluster provides a
marker for the presence of this functional group in a natural product. Similarly, com-
puter analysis correlated four families in the 023D cluster with the presence of a four-
carbon, amine-containing (C4N) polyketide starter unit (Fig. 5, middle) and five
families with a 6-deoxyhexose sugar moiety (Fig. 5, lower). In both cases the predicted
functions of the families suggested likely biosynthetic pathways and strongly supported
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the gene-structure correlations. The family- and domain-string notations demonstrate
the utility of reducing gene-sequence information to a series of computable properties,
or “genetic descriptors,” that a computer can learn to associate with chemical-structure
descriptors. As the number of sequenced gene clusters in the Decipher database climbs,
the ability to predict chemical structure directly from gene sequence is increasingly
refined.

The results of the automated analysis cascade provided a very precise prediction of
the structure of the compound encoded by the 023D gene cluster, as shown in Fig. 6.
Tools for substructure searching are also integrated into the discovery platform and
allow a scientist to quickly assess whether a predicted structure has already been re-
ported, providing an early opportunity for in silico dereplication. For example, sub-
structure searches of the AntiBase database (Wiley Publishers, 2003) of over 30,000
microbial natural products revealed only 64 products that contain the CsN group. This
example illustrates how even a small amount of structure information can greatly limit
the number of structures that need to be considered as candidate products. More impor-
tantly, the addition of a second structure element to the query returned no hits from the
database, providing further evidence for the novelty of the compound encoded by the
023D gene cluster (Fig. 6).

3.4. Finding the Needle in a Haystack: Genomics-Guided Purification

Having strong evidence for an NCE, the compound encoded by the 023D gene clus-
ter was targeted for purification. The structure prediction immediately identified physi-
cochemical properties or “handles” that could be used to guide the purification of the
compound. For example, the compound was predicted to have a molecular mass in
excess of 1290 Daltons (Da) and a distinctive UV spectrum imparted by the pentaene
chromophore. To ensure that the gene cluster was expressed, S. aizunensis was grown
in more than 50 different fermentation media in 25-mL shake-flask cultures. Methanol
extracts of each culture were subjected to high-performance liquid chromatography
(HPLC)-UV-mass spectrometry (MS) analyses, and metabolites were monitored using
a specially designed system that makes it possible to analyze HPLC fractions simulta-
neously across all the different media conditions (Fig. 7, upper). An overview of the
MS traces showed that the profile of metabolites varied considerably from medium to
medium. The interface shown in Fig. 7 is fully interactive, so that the underlying chemi-
cal data can be rapidly searched using queries that incorporate multiple physicochemi-
cal parameters. For example, a mass filtering function allows the user to search all
fractions for masses within a particular range. A search for metabolites having a mass
greater that 1290 Da identified a single peak that appeared only in some fermentation
media but not in others (Fig. 7, middle). Clicking on any fraction pops up a new win-
dow that displays the full spectral data set for that fraction. When this was done for one
of the peak fractions from the mass filtered search, the data revealed molecular ions
consistent with a major isotope of mass 1296.7 Da and a UV absorption spectrum char-
acteristic of a pentaene (Fig. 7, lower inset), fully consistent with the structure predic-
tions generated by computer analysis. Thus, the chemical data provided strong evidence
that the 1296.7-Da metabolite corresponded to the compound encoded by the 023D
gene cluster. In addition to the chemical data, aliquots of each HPLC fraction are rou-
tinely tested for antimicrobial activity against a panel of bacterial and fungal patho-
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Fig. 6. Computer-generated prediction of the structure of the compound encoded by the
023D gene cluster. The boxed portions indicate examples of substructure elements that can be
used to search against a database of known natural products.

gens, and the bioassay results can also be displayed along with the chemical data in the
graphical interface. In Fig. 7 (middle), the screening data for Candida albicans is
shown, as the fractions containing the 1296.7-Da compound exhibited a potent antifun-
gal activity in the bioassay screens.

Normally, the purification of a natural product from a complex fermentation mix-
ture presents a formidable task that may take months to achieve. In this case, however,
having the mass, UV, and bioactivity data in hand made the subsequent purification of
the 1296.7-Da compound straightforward, and this was accomplished in a matter of
days. Similarly, the elucidation of a complex natural-product structure using the stan-
dard analytical techniques can be exceedingly difficult, but in this case it was greatly
facilitated by the in silico structure prediction. The final structure was confirmed by
multidimensional NMR spectrometry, and proved to be entirely consistent with the
structure prediction generated by gene-sequence analysis (Fig. 8). The new compound,
named ECO-02301, displayed potent in vitro activity against numerous fungal patho-
gens, including Aspergillus fumigatus and azole-resistant strains of Candida albicans,
and was shown to be efficacious in a mouse model of disseminated candidiasis, where
treatment of infected mice resulted in a statistically significant increase of the median
survival as compared to nontreated animals. ECO-02301 thus represents an exciting
new chemical class of natural product and a promising agent for development as a
treatment for serious fungal infections.

4. Summary

The discovery of ECO-02301 is one of the early successes of the genomics-guided
platform developed at Ecopia and the new paradigm for natural-product discovery. The
discovery of this compound from S. aizunensis provides direct evidence that the capac-
ity for microorganisms to produce natural products has been greatly underestimated,
and that exciting new natural products can be discovered from microorganisms that
were already screened using traditional approaches.
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Critical to the success of genomics-guided discovery are the database and data-min-
ing tools that enable comparative analysis of gene clusters and the prediction of chemi-
cal structures from gene-sequence information. With eac