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Foreword

The use of herbal medicines, their preparation and application in human
therapy, was described for the first time in history by the Sumerians
approximately 5000 years ago. Even earlier in India and China, a highly
sophisticated medical system with plant-based therapies had been devel-
oped. Along with the rise of the later empires, this knowledge was further
expanded and institutionalized, while moving westwards to Egypt, Greece,
and to the Arabic world, having a considerable influence on human ther-
apy — until today.

Not all of these traditional medicines, although partially in medical
practice still today, can be considered as efficacious or useful according
to Western therapeutic standards, often due to the fact that the tradi-
tional disease categories cannot be easily translated into the “language”
of Western medicine. The identification of active principles from plant
preparations often failed, as the biological activity could not be enriched.
However, there are numerous examples like morphine, quinine, salicylic
acid, rivastigmine, digitalis glycosides, reserpine, or artemisinine, where
the correlation between plant extract and the modern medicine, based on
a single entity drug, was successfully established. All of these natural prod-
ucts originated from traditional medical practice and opened the door to
today’s medical indication areas, fundamentally enriching our knowledge
of the pathophysiology and underlying biochemistry of diseases.

The successful market introduction of a drug requires a continuous
financial engagement over approx. 12 years and finally an investment of
US $ 1 to 1.5 billion, including capital costs. Although these figures steeply
increased during the last decade and continue to follow this trend, the
success of the pharmaceutical industry as mirrored in the numbers of filed
new molecular entities (NMEs) and the development of new therapies for
unmet medical needs can be considered at best modest. The investments
during the last 15 years in innovative technologies like the “omics” world
for target finding, target validation and the strongly improved capabilities
to populate the chemical space by combinatorial concepts, still need to
deliver on the financial figures.

During the same time period, research in natural products has largely
been abandoned in drug discovery and development, mainly by the US

vii



Foreword

American and British pharmaceutical industry, and has been reduced in
almost all other companies — at a first glance for some good reasons.

The molecules from nature are a weak starting point in today’s high
throughput screening and lead development processes. The extremely time-
sensitive process from uHTS, the capability to validate millions of com-
pounds on a given target and the identification of suitable starting points
for medicinal chemists was squeezed together to a few weeks. Natural prod-
ucts were hardly adjustable to these new principles of lead identification.
They are tested either as enriched mixtures, whereby the identification
of the biologically active compound is achieved in intolerably repetitive
and cumbersome process steps, or as pure compounds, often limited with
respect to numbers and amounts. The vast majority of the natural products
in the screening libraries are mainly singletons, unsuited for any hit explo-
sion efforts. The chemical complexity of a natural product hampers also
the engagement of medicinal chemists in industry. Synthetic molecules are
often understood as a more auspicious alternative to reach the number of
derivatives, as defined and accordingly rewarded in a project-driven indus-
trial environment. A HTS campaign yields a variety of synthetic compound
families interacting with the target of interest. Therefore a structure-activity
relationship is immediately available with the submission of a hit list.

There are, however, solid arguments to leverage the molecules from
nature in drug discovery. Besides the impressive success story in the phar-
maceutical industry, natural products cover a unique breadth of biologi-
cally functionalized, complementary chemical diversity in comparison
to other library types, are still sources for new pharmacophore classes, or
represent a promising starting point to intervene with protein-protein
interactions, to mention only a few opportunities to address current areas
of pressing need in drug discovery.

With the books Natural Products as Drugs Vol I and Il we aim to show not
only the complex technology catalogue applicable to natural products in
drug development-related science. Important additional motivations for
the current edition have been to demonstrate how natural products can
successfully be integrated in most technologies and concepts of modern
drug discovery and to illustrate their potential for innovative treatments
of human diseases.

The chapters cover topics from applied biodiversity considerations in
natural products discovery, screening concepts, dereplication technologies

viii



Foreword

to the fermentation aspects of microbially and plant-derived secondary
metabolites, conditiones sine qua non. These proven technologies require
experts in ecology, botany, microbiology, genetics, physiology, fermenta-
tion technologies, chemistry, etc. to be effective and successful in the search
for new drugs from nature. New developments and understandings thus
contribute to an improved economy of the natural products deliverable in
industrial research, the “magic triangle” of “faster, quicker, cheaper”.

Efficient physiological investigations aiming at titer improvement of a
microbially or plant-derived natural product or the generation of further
derivatives play an essential role in avoiding a shortage in supply, often a
motivation to disregard natural products in the lead selection discussions.
Without a reliable and efficient supply of sufficient material, the prospects
of natural products will be compromised and consequently, they will be
uncoupled from the quickly emerging and pursued new directions in the
science of drug discovery.

We compiled recent developments in the understanding of genetics
principles, how nature created the generally accepted broad coverage of
chemical space, and in the deciphering of silent gene clusters. Both research
directions allow us an in-depth insight into the genetic organization of
biosynthetic genes, generating new opportunities in pathway engineering
to enlarge chemical diversity by biosynthetic manipulations.

Furthermore, the systematic application of whole animals such as
zebrafish or yeast mutants as phenotype screens in combinations with
biochemical approaches is increasingly used for target or pathway identi-
fication. This fascinating new avenue in drug discovery should improve
the classical limitations of secondary metabolites, phenotypic activity of
unknown underlying mechanisms of action, and will ultimately attract
more medicinal chemists.

In the last years, natural products have been mainly omitted from
virtual screening, due to their complexity, the frequent lack of exact ste-
reochemical description, or insufficient computing power. However, more
and more scientists from academia find ways out of these initial restric-
tions and successfully apply natural products to the development of new
pharmacophore models.

The diversity of natural products is increasingly used as examples to
generate “natural product-like” libraries. Herewith, the inclusion of natu-
ral products in cheminformatics investigations is essential to understand
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underlying principles of structural characteristics of natural products. The
interpretation of these analyses yields new ideas to mimic arrangements,
combinations, and chemistry of functionalities of a natural product, repre-
senting a fascinating new facet in most recent chemical library design.

It is a surprising and encouraging phenomenon that even after their
relegation in big pharma, many new drugs or drug candidates still origi-
nate from natural products or derivatives thereof. We count an impressive
number of new clinical candidates and an almost stable number of patent
applications over the years (Nature Reviews Drug Discovery March 2005,
volume 5), contradicting the general notion of their non-druglike features
and confirming that natural products are exempt from the RoS5, as repeat-
edly communicated by Chris Lipinsky.

The edition Natural Products as Drugs is concluded with dedicated mono-
graphs of natural products or compounds based on them, representing
potential or already proven ways for innovative medical intervention.

Hence most recent enabling technologies and innovative chemical
derivation concepts have substantially changed the classical natural prod-
ucts research during the last decade, giving us new possibilities to exploit
the huge diversity designed and generated by nature, of which only the tip
of the iceberg seems to have been discovered yet. Natural products expand
the molecular armamentarium for therapeutic choices and may improve
the moderate success of today’s applied chemical diversity. Together with
the understanding of their target proteins, they offer chances of comple-
mentary routes in drug discovery, great opportunity to better understand
the causality of diseases, and will ultimately lead to new drugs for medical
needs.

We are grateful to Birkhduser Verlag for editing this volume. We also
wish to acknowledge the excellent cooperation with Beatrice Menz, Anke
Brosius, and Yvonne Schlereth for their assistance and seamless coordina-
tion. Most importantly, we would like to thank all chapter authors for their
enthusiasm in the idea of the book, for their valuable time and knowing
patience.

Frank Petersen
René Amstutz
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VEGF
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high throughput screening

ion cyclotron resonance

lipoxygenase

marketing authorization approval
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methionine aminopeptidase 2
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Medicines for Malaria Venture
mechanism of action
methicillin-resistant Staphylococcus aureus
National Cancer Institute

natural-derived

new drug application

new molecular entity

natural product

non-ribosomal peptide

non-ribosomal peptide synthase
nitrosoguanidine

orthogonal field alteration gel electrophoresis
once functional cluster
para-aminobenzoic acid

prediction of activity spectra for substances
principal component analysis
photodynamic therapy

polyketide synthase

putrescine N-methyltransferase
penicillin-resistant Streptococcus pneumoniae
quantitative high throughput screening
renal cell carcinoma

resiniferatoxin

suberoylanilide hydroxamic acid
structure activity relationship

selective estrogen receptor modulator
saturation transfer difference

Traditional Chinese Medicinal Database
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transient receptor potential

vascular endothelial growth factor
volatile organic substances
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Mother nature’s gifts to diseases of man

Abstract

This chapter is designed to demonstrate that compounds derived from nature are still in the
forefront of drug discovery in diseases such as microbial and parasitic infections, carcinomas
of many types and control of cholesterol/lipids in man. In each disease area we have provided
short discussions of past, present and future agents, in general only considering compounds
currently in clinical Phase II or later, that were/are derived from nature’s chemical skeletons.
Finishing with a discussion of the current and evolving role(s) of microbes (bacteria and
fungi) in the production of old and new agents ostensibly produced by higher organisms.

1 Introduction to natural products

Throughout the ages humans have relied on nature for their basic needs
and not least, their medicines. Plants have formed the basis of sophisticated
traditional medicine systems that have been in existence for thousands of
years. The first records, written on clay tablets in cuneiform, are from Meso-
potamia and date from about 2600 BCE, while Egyptian medicine dates from
about 2900 BCE, with the best known Egyptian pharmaceutical record being
the Ebers Papyrus dating from 1500 BCE [1, 2]. The Chinese Materia Medica
has been extensively documented over the centuries, with the first record
(Wu Shi Er Bing Fang), containing 52 prescriptions, dating from about 1100
BCE [3, 4] though records from the Pent’sao are reputed to be even earlier
(~2700 BCE) and documentation of the Indian Ayurvedic system dates from
about 1000 BCE (Susruta and Charaka) [5, 6]. In the ancient Western world,
the Greeks contributed substantially to the rational development of the
use of herbal drugs. The philosopher and natural scientist, Theophrastus
(~300 BCE), in his History of Plants, dealt with the medicinal qualities of
herbs and Dioscorides, a Greek physician (100 CE), during his travels with
Roman armies, recorded the collection, storage and use of medicinal herbs.
Galen (130-200 CE), who practiced and taught pharmacy and medicine in
Rome, published no less than 30 books on these subjects and is well known
for his complex prescriptions and formulas used in compounding drugs,
sometimes containing dozens of ingredients (‘galenicals’).

During the Dark and Middle Ages (5th to 12th Centuries), it was the
Arabs who were responsible for the preservation of much of the Greco-
Roman expertise and for expanding it to include the use of their own
resources, together with Chinese and Indian herbs unknown to the Greco-
Roman world. The Arabs were the first to establish privately owned drug
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stores in the 8th Century and the Persian pharmacist, physician, philoso-
pher and poet, Avicenna, contributed much to the sciences of pharmacy
and medicine through works such as Canon Medicinae, regarded as “the
final codification of all Greco-Roman medicine”. A comprehensive review
of the history of medicine may be found on the National Library of Med-
icine’s ‘History of Medicine’ homepage [7].

That natural products (NPs) are still ‘alive and well’ as both direct and
indirect sources of leads to drugs against all classes of disease is shown quite
dramatically in Figure 1, which is taken from the third review in the series
by Newman et al., covering sources of drugs approved against all diseases
by the Food and Drug Administration (FDA) or their equivalents in other
countries from 1 January 1981 to 30 June 2006 [8]. The influence of natural
products directly (N) or slight modifications (ND) are quite obvious, and
when their use as sources of pharmacophores (or privileged structures that
may be utilized as isosteres of naturally occurring chemical skeletons, S*;
S*/NM and S/NM being the classifications for these [9]) then the continued
influence is quite striking.

Rather than the customary chemical usage of discussing compounds
subdivided by chemical structures (skeletons) we have elected to classify by
disease classes. One major reason for this is that nowadays it is quite com-
mon for a drug to be developed for one disease and then to find its ‘niche’
as a treatment for another separate disease or even to spawn derivatives
that have yet a third or fourth potential area in which to be useful.

An excellent example of this is in the case of the fungal secondary
metabolite, sirolimus (rapamycin) (1). Originally developed as an antifun-
gal agent by Ayerst (now Wyeth), it was approved as an immunosuppres-
sive drug (Rapamune®) and a derivative, temsirolimus (2), is in a multiplic-
ity of trials against a variety of cancers (see Section 4).

As a result, we are discussing natural products and their derivatives,
including modified nucleosides, some peptides depending upon the dis-
ease area and a number of drugs that contain the ‘warhead of the natural
product’ but have modified lipophilic structures giving different pharma-
codynamics/pharmacokinetics (i.e., the variations on mevastatin (3) that
led to the formally synthetic anticholesterolemics such as atorvastatin (4)
(see Section 3).

The format of each section will provide a brief historical coverage, fol-
lowed by drugs in current use and a short description of each NP or NP-
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All Approved Drugs 01JAN81 - 30JUNOG (N = 1
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Figure 1.
Drugs approved against all diseases by the FDA or their equivalents in other countries from the 1
January 1981 to 30 June 2006.

derived compound in Phase II or Phase III clinical trials or undergoing drug
registration. Due to space limitations, only NP or NP-derived compounds
in Phase III clinical trials or undergoing drug registration are described for
oncology (Section 4). The clinical status of each compound is correct to
the end of October 2006. For those people interested in an in-depth listing
of NP-derived compounds in clinical trials in all therapeutic areas should
consult the reviews by Butler [10] and Kinghorn and co-workers [11]. Also
worth reading are the two reviews on the role of NPs in drug discovery
today [12, 13] and Sneader’s book on the history of drug discovery [14].

2 Anti-infectives (antibacterials, antifungals and
antiparasitics)

2.1 Antibacterials

The advent of the antibacterial era is often reckoned to be from the discov-
ery of penicillin by Fleming in 1928 (and reported in the British Medical
Literature in 1929), though there were anecdotal reports of earlier work-
ers (Tyndall, Roberts and Pasteur in the 1870s) recognizing antagonism
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between various bacteria. The advent of the sulfonamides exemplified by
Prontosil® (5) led to the introduction of synthetic antibacterials with the
first clinical efficacy report in 1933 and ultimately leading to the award
of the Nobel Prize for Medicine in 1938 to Domagk. This could also be
thought of as the first formal prodrug in the antibiotic field as the active
principle sulfanilamide (6) is a structural analogue of para-aminobenzoic
acid (PABA). PABA competitively inhibits dihydropteroate synthase, thus
leading to inhibition of folic acid and bacterial death. So although syn-
thesized in the absence of such knowledge, and for an entirely different
purpose, it was in retrospect an isostere of a NP.

We will briefly discuss the major chemical classes of natural antibiotics
and give suitable references to articles which will go into much greater
detail for the interested reader in each section.

2.1.1 p-Lactams

Following the isolation and identification of penicillin G and then peni-
cillin V in the UK and the USA in the early 1940s which was covered in
detail in 1998 by Mateles in an excellent reprint entitled History of Penicillin
Production [15], the number of penicillin-based molecules that have been
produced by semi- and total synthesis to date is well over the 15,000 level.
Most of these compounds have started with modification of the fermenta-
tion product, 6-amino-penicillanic acid (7), which also can be produced
by a simple chemical or biochemical deacylation from penicillins. The
number above is only indicative as a significant proportion of materials
were never published, particularly from industry, as they had marginal or
no significant activity over those that had been reported previously.

In 1948, the ring-expanded version of penicillin, cephalosporin C, was
reported from Cephalosporium sp. by Brotzu and its structure determined
in 1961 by the Oxford Group [16, 17]. As with the penicillin nucleus, this
ring expanded molecule also served as the building block (as its 7-amino-
cephalosporanic acid homologue) for many thousands of cephalosporins,
with the first orally-active molecule, cephalexin (8) being introduced
in 1970. Since that time, a multitude of cephalosporins have been syn-
thesized with the aim of producing molecules that are more resistant to
B-lactamases.
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In order to give extra ‘medicinal life’ to p-lactams that were no longer
resistant to the common f-lactamases, in the late 1960s and early 1970s,
efforts were made, particularly by Beecham (now part of GlaxoSmithKline)
and Pfizer to find molecules that would have similar pharmacokinetics
to the B-lactams but would inhibit the ‘regular’ g-lactamases that were
part of the pathogenic microbe’s defense systems. Beecham discovered
the clavulanate family with clavulanic acid (9) being incorporated into
the combination known as Augmentin® a 1:1 mixture of amoxicillin and
clavulanic acid (9) launched in 1981, thus extending the franchise of this
particular p-lactam well beyond its original patent date.

Along with the search for the p-lactamase inhibitors, efforts were under-
way to produce the simplest f-lactam, the monobactam. Following many
years of unsuccessful research at major pharmaceutical houses, predomi-
nately in the synthetic areas, came the reports from Imada et al. in 1981 [18]
and a Squibb group led by Sykes [19], who both demonstrated the same basic
monobactam nucleus (10). What is important to realize is that no molecules
synthesized before the discoveries of these NPs had a sulfonyl group attached
to the lactam nitrogen, which is an excellent method for stabilizing the sin-
gle ring. Since that time a significant number of variations upon that theme
have been placed into clinical trials and in some cases, into commerce.
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2.1.2 Actinomycins, aminoglycosides, tetracyclines and erythromycins

Concomitantly with the early development of the penicillins, Waksman
was working at Rutgers University in New Jersey in the late 1930s/early
1940s, specializing in investigation of the actinomycetes (which at that
time were considered to be fungi), with the aim of finding a treatment for
tuberculosis. His initial finding in 1940, however, was the identification of
chromooligopeptides of the actinomycin class (e.g., actinomycin D (11)),
which though not useful as antibacterials, led to what was the first use of
such secondary metabolites as a treatment for cancer (Wilms’ tumor) [20].

In 1943, the aminoglycoside antibiotic streptomycin (12) was isolated
from Streptomyces griseus and, in addition to being active against Myco-
bacterium tuberculosis, was active against a wide range of other patho-
genic organisms. Further work over the next twenty or so years yielded a
large number of similar glycosidic-based antibacterials. Unfortunately, as
a group they have a major biological Achilles heel in the sense that they
are easily inactivated by plasmid-mediated acetylation or phosphorylation
and multiply resistant organisms have evolved. However, aminoglycosides
still have utility particularly in conjunction with p-lactams with whom
they exhibit true synergy.

The fourth series of molecules to be reported was a previously
unknown molecule with four fused rings (a tetracycline). The parent
molecule was not used to any great extent as an antibacterial but the
naturally occurring chlorinated analogue, Aureomycin® (13), was. This
tetracycline skeleton has given rise to a large number of semi-synthetic
molecules with three of these, doxycycline (14), minocycline (15) and
tigecycline (16), being used today, particularly against the causative
agent of Lyme disease.

The macrolide antibiotics, exemplified by erythromycin (17), are
as equally famous and long-lived as the other classes previously dis-
cussed. Even today, erythromycin (17) is still prescribed, particularly
for pediatric patients. This class of antibiotics has yet another claim to
fame as it was one of the first molecules for which the biogenetic sys-
tem was described in 1990 using classical mutation studies [21], which
later developed into the system known as combinatorial biosynthesis
whereby non-naturally occurring metabolites are made by ‘mixing and
matching’ gene clusters [22]. More current details can be found in the



Mother nature’s gifts to diseases of man

COzH

biapenem (21)

)\J;Ié Y

)‘\*'o H/'\/N 5 Ha

ertapenem (19)

/L}é_\—\

COH NHy HO' I & \\0
thienamycin (23) telithromycin (20) doripenam (22)
\1/\?/ (\/r '\_,z"N (;_>
B P

mupirocin (24) linezolid (25)

recent overview by Demain and the references therein [23], together
with the excellent review by Baltz et al. on the use of genetic constructs
in developing further congeners of daptomycin (18) [24] and from a
historical to current perspective, the excellent review by von Nussbaum
and co-workers covering the older and modern literature from a medici-
nal chemistry/lead discovery and optimization aspect should definitely
be consulted [25].

2.1.3 Antibacterials: current status

Since 2000, six new NP-derived drugs have been launched: ertapenem
(2001, Invanz®, Merck) (19) [26, 27], telithromycin (2001, Ketek®, Sanofi-
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Aventis) (20) [28, 29], biapenem (2002, Omegacin®, Meiji) (21) [30, 31],
daptomycin (2003, Cubicin®, Cubist) (18) [24, 32], doripenem (2005, Fini-
bax®, Shionogi & Co; Phase III (US), J&J) (22) [33, 34] and tigecycline
(2005, Tygacil®, Wyeth) (16) [35-39]. Ertapenem (19), biapenem (21) and
doripenem (22) are carbapenem antibiotics (part of the f-lactam family),
which are produced synthetically but their lead structure was the NP
thienamycin (23). Tigecycline (16) is a semi-synthetic derivative of tetra-
cycline, while telithromycin (20) is a semi-synthetic derivative of erythro-
mycin (17). Daptomycin (18) is a lipopeptide NP used for the treatment of
complicated skin and skin structure infections (cSSSi) and Staphylococcus
aureus bloodstream infections or bacteremia including right-sided infec-
tive endocarditis. In terms of sales, daptomycin (18) has had the most
successful launch for an IV antibiotic in US history. Daptomycin (18) rep-
resents only one of three new antibiotic classes launched since 1970; the
other two being the topical antibiotic NP mupirocin (24) in 1985 and the
synthetic oxazolidinone linezolid (25) in 2000.

There are total of four p-lactams, two cephalosporins, ceftobripole medo-
caril (26) and ceftaroline acetate (27), and two carbapenems, R1558 (28)
and tebipenem (29), in Phase II or Phase III clinical trials or undergoing
drug registration. Ceftobiprole medocaril (26) is a fourth generation cepha-
losporin that has potent bactericidal activity against methicillin resistant
Staphylococcus aureus (MRSA) and penicillin resistant Streptococcus pneumoniae
(PRSP) [40]. Basilea and Johnson and Johnson Pharmaceutical Research and
Development LLC (J&J) are evaluating ceftobiprole medocaril (26) for the
treatment of c¢SSSi, nosocomial pneumonia and hospitalized community
acquired pneumonia (CAP) in various Phase III trials. Ceftaroline (PPI-0903,
TAK-599) (27) is being evaluated by Cerexa in Phase Il trials and both cefto-
biprole (26) and ceftaroline (27) have been granted FDA fast-track status [40,
41]. The carbapenems R1558 (Ro4908463, CS-023, Sankyo and Roche) (28)
[40, 42] and tebipenem pivoxil (ME-1211, Meiji Seika) (29) are being evalu-
ated in Phase II clinical trials as a broad spectrum antibiotics [43].

There are three semi-synthetic glycopeptides [32, 44, 45], dalbavancin
(30), telavancin (31) and oritavancin (32), in late stage clinical investiga-
tion and their antibacterial mechanism is through inhibition of cell wall
production. Dalbavancin (Zeven®) is a semi-synthetic derivative of BO-
A40926 factor (33) [46], a glycopeptide related to teicoplanin (34), and
a New Drug Application (NDA) for the treatment of skin and soft tissue
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infections was filed in February 2005 by Vicuron Pharmaceuticals (now
part of Pfizer). Pfizer received an Approvable Letter on 21 June 2006 from
the FDA for dalbavancin (30) and its launch has been delayed until 2007.
Telavancin (TD-6424) (31) [47], which is a semi-synthetic derivative of
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vancomycin (35), is being evaluated in Phase III trials for treatment of
patients whose infections are due to MRSA in both Gram-positive ¢SSSI
and CAP by Theravance and Astellas. Oritavancin (Nuvocid™, LY-333328)
(32) is a semi-synthetic derivative of the vancomycin analogue chloroer-
emomycin (36) [48], which Targanta Therapeutics acquired the rights to
in December 2005 from InterMune, who had licensed it originally from Eli
Lilly. Phase III clinical trials of oritavancin (32) for the treatment of cSSSI
have been completed and an NDA is planned for 2007. Targanta also has
Phase II clinical trials for the treatment of catheter-related bacteremia and
nosocomial pneumonia in progress.

There are two semi-synthetic derivatives of the macrolide erythromycin
(17), the ketolides cethromycin (ABT-773) (37) and EP-420 (EP-013420,
S-013420) (38), in active clinical development [28, 49]. Advanced Life
Sciences have been evaluating cethromycin (37) [50, 51] in Phase III trials
for the treatment of CAP. Advanced Life Sciences licensed the worldwide
rights to cethromycin (37) from Abbott Laboratories, except in Japan
where it had been licensed previously by Taisho. EP-420 (38) [52, 53] is a
novel, bridged bicyclic derivative developed by Enanta Pharmaceuticals,
which is being evaluated in Phase II trials for treatment of CAP by both
Enanta and Shionogi.

The only rifamycin derivative under late stage evaluation is rifalazil
(ABI-1648, KRM-1648) (39), a semi-synthetic of rifamycin B (40) [54] devel-
oped by Kaneda Corporation [55] and licensed to ActivBiotics [56]. Rifalazil
(39) and related compounds are bactericidal and can effectively penetrate
target tissues and cells, which may enable them to be used to eliminate
intracellular pathogens such as Chlamydia [57]. ActivBiotics is evaluating
rifalazil (39) in Phase II trials for carotid artery atherosclerosis and Phase
III trials for intermittent claudication associated with peripheral arterial
disease, in which rifalazil (39) has FDA Fast Track status.

Ramoplanin is a lipopeptide antibiotic complex isolated from Actino-
planes sp. ATCC33076, which consists of factors A1, A2 and A3 [58, 59].
Factor A2 (‘ramoplanin’) (41) is the major component of the complex
and is being evaluated in Phase II trials by Oscient Pharmaceuticals for
the treatment of Clostridium difficile-associated diarrhoea (CDAD) [60, 61].
Ramoplanin (41) has been evaluated for the treatment of vancomycin-
resistant Enterococci (VRE) but no trials are ongoing. Ramoplanin (41)
exerts its antibacterial activity by binding to the peptidoglycan interme-
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diate Lipid II (C;s-MurNAc-peptide-GIcNAc) and disrupting bacterial cell
wall synthesis [62-64].

GlaxoSmithKline (GSK) has filed an NDA in February 2006 for the pleu-
romutilin (42) derivative, retapamulin (Altabax®, SB-275833) (43), for use as
a topical antibiotic to treat skin infections [65, 66]. Pleuromutilins are fun-
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gal-derived compounds that exert their antimicrobial activity by binding
to the 50S bacterial ribosome [67]. GSK has two other pleuromutilin deriva-
tives, 565154 and 742510, in Phase I clinical trials as oral antibiotics.

Tiacumicin B (PAR-101, OPT-80) (44) is the major component of the tiacu-
micin antibiotic complex produced by Dactylosporangium aurantiacum subsp.
hamdenensis NRRL 18085, which originally was isolated by Abbott [68, 69],
and is identical to lipiarmycin A3 [70] and clostomicin B1 [71]. Tiacumicin
B (44) displays potent antibacterial activity and is being evaluated in Phase
[Ib/III clinical trials by Par Pharmaceuticals (and Opitmer Pharmaceuticals)
for the treatment of CDAD [72-75]. Tiacumicin B (44) has been proposed to
exert its antibacterial activity through inhibition of RNA synthesis [76].

Finally, the cationic peptide [77, 78], omiganan (45), which was devel-
oped by MIGENIX, has been licensed to Cadence Pharmaceuticals for
catheter-related infections and Cutanea Life Sciences for dermatological
diseases [79, 80]. The structure of omiganan (45) is based on indolicidin
(46), a potent antibacterial and antiviral peptide originally purified from
the cytoplasmic granules of bovine neutrophils. Omiganan (coded as Omi-
gard™, CPI-226, MBI-226) (45) is being developed by Cadence for the
treatment of catheter-related infections. Omiganan (45) showed promis-
ing results in a Phase III trial but its primary endpoint of a reduced rate of
infections was not achieved and additional Phase III trials are underway
in both the USA and Europe using a gel-based formulation. Omiganan
(coded as CLS001, MX-594AN) (45) has completed two Phase II trials for
the treatment of acne and Cutanea plan to initiate a Phase II trial for the
treatment of Rosacea in 2007.

2.2 Antifungals

As fungi are eukaryotes, the number of potential targets where there are
significant differences between the microbe and its host (the human or
animal/plant) are much smaller compared to bacteria, as they have intrin-
sic differences in primary metabolic processes, as well as the architecture
of their cell walls and membranes. As a consequence, a significant number
of bacterial targets do not have eukaryotic counterparts.

In general, the targets are the cell walls of the fungi or subtle differences
in membrane structure or in the biosynthesis of the sterol precursors lead-
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ing to membrane synthesis. Although a very considerable amount of time
and effort was expended in the early days of antibiotic discovery, only
three general use antifungal agents were developed from that work.

Perhaps the best known clinically is the heptaene polyene, ampho-
tericin B (47), originally isolated from Streptomycetes nodosus collected in
Venezuela and reported in 1956, whose full structure was reported in two
contemporaneous papers in 1970, by X-ray crystallography [81] where the
absolute configuration was determined using the iodo-derivative and by
mass spectroscopy [82].

Though many polyenes with varying numbers of conjugated double
bonds have been reported since those early days, only one other com-
pound of this class, in fact the first identified (in 1950) of this general
structure class, the tetraene nystatin (48), has gone into general clinical
use and like amphotericin B (47), its primary indication is for candidiasis.
It was first reported from Streptomyces noursei and, as with 47, its structure
was reported in the 1970 time frame by two groups, one using classical
chemical degradation plus proton NMR [83] and the other via mass spec-
troscopy [84]. The proposed hemiketal structures of amphotericin B (47)
and nystatin (48) were later confirmed in Rinehart’s laboratory in 1976
[85].

Probably the first clinically used antifungal NP (originally reported in
1939), has also survived the test of time, and this is griseofulvin (49) whose
non-polyene structure was defined in a series of papers in 1952 using clas-
sical techniques [86]. Even today, over 70 years after it was first described,
griseofulvin (49) is still in clinical use against dermatophytes. In fact,

15



Mark S. Butler and David J. Newman

griseofulvin (49) is only active against this class of fungi and long-term
treatment is necessary due to its insolubility.

One other NP-derived molecule also in clinical use is the modified pyrim-
idine nucleoside, 5-fluorocytosine (flucytosine) (50), which although made
synthetically, can be considered to be derived from a NP. Following transport
into Candida or Cryptococcus via a cytosine permease, 5-fluorocytosine (50) is
deaminated to give 5-fluorouracil (51), which can interfere with both RNA
and DNA metabolism. It is relatively selective for fungal cells as a result of
the lack or very low levels of cytosine deaminase in mammalian cells.

2.2.1 Antifungals: current status

Three NP-derived antifungal drugs from the echinocandin class [87, 88],
caspofungin (2001, Cancidas®, Merck) (52) [89], micafungin (2002, Myca-
mine®/Funguard®, Astellas) (53) [90] and anidulafungin (2006, Eraxis®,
Pfizer) (54) [91], have been launched since 2000. These drugs are semi-
synthetic derivatives of NPs (caspofungin (52)/pneumocandin B (55),
micafungin (53)/FR901379 (56) and anidulatungin (54)/echinocandin B
(87)) and their antifungal activity is caused by inhibition of 1,3-p-D-glu-
can synthesis in the fungal cell wall. A very recent publication by Aperis
and co-workers [92] details the clinical utility of these echinocandins and
how they may be used for individualized therapy in conjunction with
other agents (some of which are synthetic). Finally, another echinocandin,
aminocandin (HMR-3270) (58), which is a semi-synthetic derivative of
deoxymulundocandin (59), is currently undergoing Phase I evaluation for
treatment of systemic fungal infections [93, 94].

There is only one NP or NP-derived compound in Phase II antifungal
clinical trials or above. SPK-843 (60), the diascorbate salt of a semi-syn-
thetic derivative of patricin A (61), is in Phase I clinical trials for treatment
of systemic mycosis by Kaken Pharmaceuticals [95-98] and detailed infor-
mation on SPK-843 is available on the Aparts BV web site [99]. Patricin A
(61) is a 38-membered heptaene polyene member first described as part of
the aureofacin antibiotic complex isolated from Streptomyces aureofaciens.
SPK-843 (60) has comparable activity to amphotericin B (47) but is consid-
erably more water soluble and its antifungal activity is caused by destabili-
zation of fungal cell membrane in a similar fashion to other polyenes.
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2.3 Antiparasitics

Perhaps the most important parasitic infection worldwide is malaria. One
may argue that there are many other debilitating diseases caused by para-
sites but overall, the number of deaths annually due to malaria is over one
million, with the vast majority (80% plus) being children under the age of
5 (Centers for Disease Control statistics for 2005).

The first discovered NP used against malaria was quinine (62), which is
isolated from the bark of Cinchona spp [100]. Synthetic molecules, which
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contain the isoquinoline core present in quinine (62), have been used
worldwide. The first of these analogues, chloroquine (63), was introduced
in 1943 by the Allies, as quinine (62) could not be obtained for use in the
Indo-Pacific theatres. Ironically, the same molecule had been synthesized
in Germany in 1934 under the name Resochin but had been dropped due
to toxicity. However, roughly 400 years after the recognition of quinine
(62) came the next NP antimalarial, which was identified directly from
the Chinese Materia Medica. This was the previously unknown molecule
artemisinin (64), which was isolated from extracts of the Wormwood tree,
Artemisia annua. Artemisinin (64) originally was crystallized by Chinese
scientists in 1972 and was reported in a 1998 review to be present in other
species in the same genus [101]. Over the last few years, this compound and
more soluble derivatives have altered the treatment of resistant malaria.
In addition, Keasling’s group at Berkeley have transferred the genes from
the producing plant into E. coli and have successfully expressed the base
terpene (amorpha-4,11-diene) [102] with modification into the base struc-
ture both chemically and to some extent, biochemically via P450 enzymes.
Though not yet economically viable when compared to direct plant collec-
tion and extraction, the process is yet to be optimized for production, and
with the experience in manipulation of E. coli, this is definitely a feasible
project. A very large amount of this work is directly funded by the Gates
Foundation.

There is one other famous example of the use of a slightly modified NP
as an antiparasitic and that is the use of ivermectin (Stromectol®) (65) in
the treatment of onchocerciasis (with approximately 18 million people
being affected by this disease in 1995). The donation of ivermectin (65)
by Merck & Co since 1988 has helped to control this debilitating disease,
although a yearly treatment with further ivermectin (65) is required for
further control [103].

2.3.1 Antiparasitics: current status
Fumagillin (66) was isolated from Aspergillus fumigatus in 1949 and used
shortly after its discovery to treat intestinal amoebiasis. In 20035, Sanofi-

Aventis was granted approval in France for fumagillin (2005, Flisint®,
Sanofi-Aventis) (66) for use in the treatment of intestinal microsporidiosis
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[104, 105]. Intestinal microsporidiosis, which is caused by the spore-form-
ing unicellular parasite Enterocytozoon bieneusi, causes chronic diarrhea
and is a major concern to immunocompromised patients [106]. The anti-
microsporidiosis and angiogenic activities of fumagillin (66) and related
compounds are thought to be due to its strong methionine aminopeptidase
2 (MetAP2) binding [107, 108]. It has been shown using zebra fish models
that MetAP-2 inhibition blocks noncanonical Wnt signaling, which plays
a critical role in development, cell differentiation, and tumorigenesis [109,
110].

Artemisone (BAY 44-9585) (67), which is a semi-synthetic derivative
of artemisinin (64) first synthesized at Hong Kong University, is being
evaluated in Phase II antimalarial trials by Bayer [111, 112]. Artemisinin
(64) and related compounds have been proposed to inhibit the parasite-
encoded sarco-endoplasmic reticulum Ca?*-ATPase (SERCA) PfATP6 [113],
which is supported by polymorphism in the gene encoding PfATP6 that is
associated with in vitro resistance to artemether in field [114, 115]. Further
work into the mechanism of action of artemisinin (64) is ongoing in many
laboratories around the world [116, 117].
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3 Anticholestemics

A major cause of elevated blood pressure is due to the physical blockage of
the arteries by plaques of cholesterol/lipoproteins (atherosclerotic plaque).
Since a human usually synthesizes about 50% of its requirement for cho-
lesterol, with the rest coming from diet, if the synthesis can be inhibited,
a reduction in overall cholesterol levels may reduce its deleterious effects.

A potential site for inhibition of cholesterol biosynthesis in eukaryotes
is at the rate limiting step in the system, the reduction of hydroxymeth-
ylglutaryl coenzyme A (HMG-CoA) to produce mevalonic acid (68). By
following inhibition of sterol production and using fungal fermentation
broths as the source of NPs, Endo first reported the activity of a fungal
metabolite, mevastatin (3), in 1975 [118]. Mevastatin (3) (as compactin)
had just been reported as an antifungal agent by Brown et al. [119]. Mev-
astatin (3) was shown to be a competitive inhibitor of the enzyme with
K;s in the nanomolar range but was not further developed due to toxicity.
Subsequently, using a similar assay, a 7-methyl derivative was reported by
Endo as monacolin K (mevinolin, now known as lovastatin) (69) following
isolation from Monascus ruber [120, 121]. This agent was patented in Japan
but without a structure. Concomitantly, workers at Merck in the USA dis-
covered the same material from Aspergillus terreus, using an isolated HMG-
CoA reductase assay and microbial broths as their source of agents (having
tried their synthetic library to no avail). After submission of both structure
and findings to the US Patent Office, a US patent was issued in late 1980
and lovastatin (Mevacor®) (69) subsequently became the first commercial-
ized HMG-CoA reductase inhibitor in 1987 [122]. Further work by Sankyo
and Merck led to the entry of two more slightly modified versions. Firstly,
the 2-methylbutanoate side-chain of lovastatin (69) was converted to 2,2-
dimethyl butanoate, which was launched in 1988 as simvastatin (Zocor®)
(70) by Merck. Secondly, biotransformation of mevastatin (3) led to the
production of a lactone ring-opened, 7-hydroxy derivative, pravastatin
(71), which was launched in 1989 by Sankyo and subsequently licensed
to Bristol-Myers Squibb. In 20035, these latter two compounds had sales of
just under $5 billion each. By that time, lovastatin (69) was off patent and
so its sales were significantly reduced.

Following the success of these agents, other pharmaceutical companies
used the information from mevastatin (3) and lovastatin (69) (effectively
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the NP’s ‘warhead plus a lipophilic attachment’) to develop a series of mol-
ecules, some of which have been approved for use. These include the best-
selling drug of all time, atorvastatin (Lipitor®) (4), whose sales in 2005 were
$7.4 billion in the USA and $12.2 billion worldwide. There are a number of
agents similar in concept to atorvastin (4) in clinical use today.

3.1 Anticholestemics: current status

To the best of our knowledge there are no NP-derived compounds undergo-
ing late stage clinical development as anticholestemics.

4  Anticancer

Since the early 1940s, the search for agents that may treat or ameliorate the
scourge of cancer have involved all aspects of chemistry and pharmacology
and throughout all these years, NPs have played an extremely important
role. Initially, as the major source of drugs used for direct treatment; sec-
ondly as scaffolds upon which chemists would practice their skill and cur-
rently as modulators of specific cellular pathways in the tumor cell. Cur-
rently, the 175 agents available to the West and Japan can be categorized
as follows: B (18; 10%), N (25; 14%), ND (48; 28%), S (42; 24%), S/NM (14;
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8%), S$* (20; 11%), S*/NM (6; 4%) and V (2; 1%). If one removes the biologi-
cals and vaccines, thus reducing the overall number to 155, the number of
non-synthetic agents (i.e., N, ND, S/NM, S*, S*/NM) is 113 (73%), or if one
removes the S/NM definition (14 in total), then the figure drops to 99 or
expressed another way, 64% of the 155 agents approved for use in Japan
and the West can trace their provenance to a NP source [8, 9].

Following WWII it became clear that a significant number of microbial
products with nominal antibiotic activity against bacteria were effective also
against eukaryotic cells from both fungi and mammals. In addition, there
was some anecdotal evidence that plant secondary metabolites also dem-
onstrated activity against mammalian cells, which effectively were tumor
cells. Thus, from roughly the early 1950s to date, the systematic investiga-
tion of plant and microbial products for their potential as antitumor agents
has been carried out worldwide, with a large amount of the funding coming
from the US National Cancer Institute (NCI) in one form or another.

The first of the microbial compounds to be used systematically was
named generically as ‘Dactinomycin’, or chemically as D-actinomycin
C, with common usage as actinomycin D (11). As mentioned in Section
2.1, it was first introduced in the early 1960s and has been the subject of
very significant chemical synthetic and semi-synthetic programs since its
introduction.

From an antitumor perspective, one of the most important chemical
classes of compounds derived from the bacterial order Actinomycetales are
known generically as the ‘anthracyclines’, with one of the most useful
being daunorubicin (72) and its derivative doxorubicin (adriamycin) (73).
Even today, doxorubicin (73) is still a major component of the treatment
regimen for breast cancer. Although there have been many similar mole-
cules isolated and described in the literature, it is doxorubicin and its more
modern derivatives such as epirubicin (74), pirirubicin (75), idarubicin
(76) and, more recently, valrubicin (77) and amrubicin (78) (see below)
that have been approved for cancer treatment [123]. The mechanism of
action (MOA) of these molecules, aside from their formal identification as
intercalators into the DNA helix, is now known to be inhibition of topoi-
somerase II, one of the important enzymes in the replication pathway of
DNA during cell cycling [124].

Another series of extremely important molecules, also from the Acti-
nomycetales, are the family of glycopeptolide antibiotics known as the
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bleomycins (particularly bleomycin A, (79), Blenoxane®) and initially,
the closely related structural class, the phleomycins. These molecules
were originally reported by Umezawa’s group at the Institute of Microbial
Chemistry in Tokyo, and were developed as antitumor agents by Bristol-
Myers. Their ‘original’ MOA was elucidated by Hecht and co-workers (MIT
and the University of Virginia) who demonstrated that a metal ion (Cu?*
or Fe?*) was required to activate the oxidative breakage of the DNA helix,
once binding to the helices occurred, though there is evidence that they
may also interact with RNA at lower concentrations [125].
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Other microbial products that are still in use include the mitosanes,
such as mitomycin C, the glycosylated anthracenone, mithramycin, strep-
tozotocin and pentostatin, and, most importantly, calicheamicin y,! (80).
Calicheamicin y,' (80) has in vitro activity at the sub-picomolar level and
for a significant number of years was not developed as it was just too toxic
to pursue, in spite of its exquisite activity [126]. It also was the progenitor
of a new chemical class, the enediynes, which upon activation undergo
an unprecedented rearrangement and interaction with DNA to produce
double-stranded DNA cleavage. In 2000, Wyeth gained FDA approval for
gemtuzumab ozogamicin (Mylotarg®) (81), an antibody-warhead con-
struct for use against chronic myologenous leukemia [36, 127]. Gemtu-
zumab ozogamicin is possibly the most potent antitumor compound to
be approved for clinical use.

Plants have a long history of use in the treatment of cancer [128] and
the first agents to advance into clinical use were the so-called Vinca alka-
loids, vinblastine (82) and vincristine (83), isolated from the Madagascar
periwinkle, Catharanthus roseus, discovered during an investigation of the
plant as a source of potential oral hypoglycemic agents [129]. Two semi-
synthetic analogs of vincristine (83), vinorelbine (84) and vindesine, were
approved subsequently for clinical use.

Podophyllotoxin (85) was isolated as the active antitumor agent from
the roots of various species of the genus Podophyllum, and although podo-
phyllotoxin (85) is still used as a topical treatment for warts (USP formu-
lary) it was too toxic for use as an injectable antitumor agent. Following
extensive semi-synthetic modifications of the isomeric natural product,
epipodophyllotoxin (86), by Sandoz (now part of Novartis), two clini-
cally-approved agents, etoposide (87) and teniposide (88), were developed.
Interestingly, podophyllotoxin (85) recently was reported to be produced
by epiphytic fungi isolated from plants that produce (85), so the real pro-
ducer may well not be the plant itself [130].

More recent additions to the armamentarium of plant-derived chemo-
therapeutic agents are the taxanes and camptothecins. Paclitaxel (Taxol®)
(89) initially was isolated from the bark of Taxus brevifolia, collected in
Washington State as part of a random collection program by the US
Department of Agriculture for the NCI [131]. Paclitaxel (89) was a pivotal
discovery from a mechanistic aspect in the treatment of cancer as it was
the first compound identified that caused the stabilization of microtubules
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in the mitotic cycle. Paclitaxel (89) entered clinical use in 1993 and a semi-
synthetic derivative, docetaxel (Taxotere®) (90), was approved in 1995,
initially for treatment of refractory ovarian cancer and then breast cancer,
though now these taxanes are being used in a large number of cancer treat-
ments. In January 2005, Abraxane®, albumin-bound paclitaxel nanopar-
ticles, was approved for the treatment of breast cancer. The albumin-bound
paclitaxel eliminates the use of co-solvents such as Cremaphor®, which
can cause irritation or toxicity [132, 133].
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Wall and Wani, the discoverers of paclitaxel (89), also were responsible
for the identification, isolation and purification of camptothecin (91)
from the Chinese ornamental tree Camptotheca acuminata. It entered into
clinical trials as its sodium salt by the NCI in the late 1970s, but it turned
out to be too toxic due to reformation of the lactone ring in the blad-
der. Subsequent work involving the NCI, Johns Hopkins University and
SmithKline Beecham (now GlaxoSmithKline) led to the synthesis of the
semi-synthetic derivative, topotecan (92), which was approved in the USA
in 1996 with another semi-synthetic derivative, irinotecan (93) approved
approximately 18 months earlier in Japan [134].

4.1 Anticancer: current status

Despite the large numbers of NP and NP-derived compounds undergoing
clinical evaluation [11, 12], only two NP-derived drugs, amrubicin hydro-
chloride (2002, Calsed®, Sumitomo Pharmaceuticals) (78) and vorinostat
(2006, Zolinza™, Merck) (94) have been launched in Europe, USA or Japan
since 2000. However, belotecan (2004, Camptobell®, CDK-602) (95) [135-
137], a semi-synthetic camptothecin derivative, was launched in Korea by
Chong Kun Dang. Amrubicin (78) [138-140] is the first totally synthetic
doxorubicin (73) derivative used in the clinic and Cabrellis Pharmaceuti-
cals recently started a Phase II trial of amrubicin (78) for the treatment of
small-cell lung cancer in the USA. In October 2006, Merck announced that
the FDA had approved the use of vorinostat (Zolinza™, suberoylanilide
hydroxamic acid, SAHA) (94) [141, 142] for the treatment of cutaneous
manifestations in patients with cutaneous T-cell lymphoma (CTCL), a
form of non-Hodgkin’s lymphoma. Vorinostat (94) is a histone deacety-
lase (HDAC) inhibitor [143] whose structure is related to the NP HDAC
inhibitor trichostatin (96), which was originally isolated from Streptomyces
hygroscopicus as an antifungal agent [144, 145].

In October 2006, Wyeth Pharmaceuticals announced that they simulta-
neously filed an NDA to the FDA in the USA and a marketing authorization
application to the European Medicines Agency (EMEA) for temsirolimus
(Torisel®, CCI-779) (2) for the treatment of patients with advanced renal
cell carcinoma (RCC). Temsirolimus (2) [36, 146] is a semi-synthetic deriva-
tive of sirolimus (1) that specifically inhibits mTOR (mammalian target
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of rapamycin), a kinase that regulates cell proliferation, cell growth and
cell survival [147, 148]. Temsirolimus (2) has orphan drug status for RCC
in both the EU and the USA and is also in Phase II trials against multiple
sclerosis and rheumatoid arthritis.

Trabectedin (Yondelis®, ET-743) (97) [149, 150] is a NP first isolated
from the ascidian Ecteinascidia turbinata [151, 152] and is being developed
by PharmaMar in partnership with J&J. Trabectedin can be produced by
semi-synthesis from cyanosafracin B (98), which is obtained by fermenta-
tion of the bacterium Pseudomonas fluorescens [153]. The anticancer activity
of trabectedin (97) is primarily due to DNA interactions but also involves
additional non-DNA targets [154]. Trabectedin (97) is undergoing Phase II
trials for the treatment of soft tissue sarcomas, prostate and breast cancers
and Phase III trials for ovarian cancer. Orphan Drug status for soft tissue
sarcomas and ovarian cancer indications has been granted by both the
EMEA and FDA and in late July/early August 2006 application was made to
the EMEA for Marketing Authorization Approval (MAA) for the treatment
of sarcoma. If successful, this will be the first ‘direct from marine source’
drug for cancer treatment.

Combretastatin A-4 (CA4) (99) was first reported in 1989 by Pettit and
co-workers from the African medicinal plant Combretum caffrum [155-159].
Although CA4 (99) showed potent cell growth and tubulin inhibition, it
was not sufficiently water soluble and, as a consequence, a prodrug, com-
bretastatin A-4 phosphate (CA4P) (100) [160], was advanced to clinical
trials. CA4P (100) has shown the ability in both preclinical and clinical
studies to drastically reduce blood flow in tumors, which may be useful in
treating cancer where the abnormal growth of blood vessels is an essential
component to the disease’s progression, and OXiGENE is evaluating CA4P
(100) in various Phase I, IT and III clinical trials.

ChemGenex Pharmaceuticals began a Phase II/III study in September
2006 to evaluate the potential of homoharringtonine (Ceflatonin®) (101)
[161-163] to treat patients with chronic myeloid leukemia (CML) who
have the T3151I bcr-abl point mutation. This mutation has become increas-
ingly prevalent among patients with CML and is associated with resistance
to imatinib mesylate (Gleevec®/Glivec®) and other tyrosine kinase inhibi-
tors. Homoharringtonine (101) is an alkaloid from the Chinese evergreen
tree Cephalotaxus harringtonia, which is isolated along with many closely
related ester analogs [164]. These alkaloids are esters of an inactive alcohol,
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cephalotaxine (102), which can be used to semi-synthetically produce
homoharringtonine (101) in an ecologically sustainable way [1635].

Phenoxodiol (103) is a synthetic analog of genistein (104), an isofla-
vone found in many plants, being evaluated by Marshall Edwards (Novo-
gen) for the treatment of ovarian (Phase III), prostate (Phase II) and cervical
cancer (Phase I) [166, 167]. Although phenoxodiol (103) induces cancer
cell death through inhibition of multiple anti-apoptotic proteins, tumor-
associated NADH oxidase (tNOX) has been identified as its primary target.
tNOX is essential for growth and survival of cancers and, as a consequence,
is a promising oncology target [168].

As previously discussed, the taxanes paclitaxel (89) and docetaxel (90)
are in use for the treatment of various cancers. Larotaxel (XRP-9881, RPR
109881A) (105) [169-171], which is a semi-synthetic derivative of the tax-
oid 10-deacetyl baccatin III (106), is active in tumors with a high level of
MDRI1 expression and is undergoing Phase III trials with Sanofi-Aventis.

Alvocidib (flavopiridol, HMR 1275) (107) is a cyclin-dependent kinase
inhibitor being evaluated in Phase III trials for the treatment of chronic
lymphocytic leukemia also by Sanofi-Aventis [172-175]. Alvocidib (107)
is a synthetic derivative of rohitukine (108), an alkaloid first isolated from
Amoora rohituka [176] and later isolated from Dysoxylum binectariferum
[177].

Vinflunine ditartrate (Javlor®) (109) [178, 179] is semi-synthetically
derived from vinorelbine (84) (Navelbine®) [180], which in turn is semi-
synthetically derived from the NP vincristine (83), using fluorination in
superacid [181, 182]. Vinflunine (109) is being evaluated by Bristol-Myers
Squibb and Pierre Fabre in various Phase III trials for the treatment of
breast, bladder and lung cancers. In the USA, there is a pressing need for
new drugs to treat bladder cancer as cisplatin is the only drug approved
for this indication and this approval was back in 1981. Although all of
these alkaloids block mitosis through a suppression of spindle microtubule
dynamic, vinorelbine (84) and vinflunine (109) have been shown to affect
microtubule dynamics differently to vinblastine (82) [183].

Rebeccamycin (110) is an N-glycoside indolocarbazole related to stau-
rosporine (111) originally isolated from the actinomycete Saccharothrix
aerocolonigenes [184], which inhibited topisomerase I and II and displayed
potent in vitro cancer cell activity. However, poor water solubility of rebecc-
amycin (110) precluded further development and a more water soluble bis-
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ethylamine derivative, becatecarin (DEAE rebbecamycin, XL-119) (112)
[185-189], is in Phase III trials for the treatment of bile duct cancer. Exelixis
licensed the worldwide rights of becatecarin (112) to Helsinn Healthcare
in June 2005 but have retained the right to reacquire the USA license at a
later date.

Enzastaurin (LY317615) (113) an orally bioavailable, synthetically-
derived analog of staurosporine (111), is a potent inhibitor of serine/
threonine protein kinase Cf (PKCp) [190-193]. Activation of PKCp, one of
at least eleven isoforms of PKC, is involved with upregulation of vascular
endothelial growth factors (VEGF) receptors, which can lead to neovas-
cularization and VEGF driven angiogenesis [194]. Eli Lilly has initiated
a Phase III trial to study enzastaurin (113) as a maintenance therapy to
prevent relapse in patients with diffuse large B-cell lymphoma, the most
common form of non-Hodgkin'’s lymphoma, as well as Phase III trials for
the treatment of relapsed glioblastoma multiforme, an aggressive and
malignant form of brain cancer.

The epothilones [195, 196] were first reported by Hofle and co-workers
from the myxobacterium Sorangium cellulosum as potent cytotoxics in a
1991 patent [197-199]. In 1995, workers at Merck showed that the epothi-
lones had tubulin-stablizing activity [200] similar to that of paclitaxel (89)
and this discovery was the catalyst for significant interest in this class of
anticancer agents. Patupilone (epothilone B, EPO-906) (114) [201], which
is a NP produced by fermentation, is being evaluated in Phase III trials for
the treatment of solid tumors and Novartis expect to file an NDA for this
indication in 2008. Ixabepilone (BMS-247550) (115) [202, 203] is a semi-
synthetic lactam analog of patupilone (114) currently under investigation
in Phase III trials for the treatment of metastatic breast cancer, as well as
Phase I and II trials with other tumor types and combinatorial studies with
other agents.

5 Conclusion

From the examples given above, it can be seen that Mother Nature’s chem-
istry is still a fundamental source of inspiration, whether acknowledged
or inferred, in drug discovery in the areas covered by this chapter and also
in a variety of other diseases that are covered by other authors/chapters.
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Although a very large number of compounds have been synthesized by
combinatorial methods and tested in the disease areas covered in this
chapter, to date, only one antitumor drug (sorafenib or BAY-43-9006) from
de novo combinatorial chemistry has been approved (FDA, 2005), although
many compounds whether derived from Nature or made synthetically
have been optimized by combinatorial techniques and are in clinical trials
or in some cases such as the antibiotic linezolid, clinical use.

What is becoming of great interest is the question “what is the actual
producing organism?” when one isolates a natural product from a plant or
marine invertebrate, or even from a microorganism such as a dinoflagel-
late or a fungus.

Within the last two or so years, natural product researchers have iso-
lated endo(epi)phytic fungi from ‘producing plants’ that when fermented
in a laboratory, produce the compound isolated from the plant, with
examples being podophyllotoxin [130] and camptothecin [204], to add
to the previously reported paclitaxel. In addition, there is little doubt that
maytansine is in fact the product of a bacterium in the rhizosphere of the
producing plant where the plant may make a very minor modification to
the compound [205]. If one moves to the microbial arena, then the work
reported from Ecopia on the isolation of a novel antifungal agent whose
genes were identified in the organism and then expressed [206], can be
added to the earlier work reported from investigation of the S. coelicolor
genome by Challis and Hopwood [207], where previously unrecognized
biosynthetic gene clusters were identified and expressed. These reports can
now be added to those that unequivocally demonstrate that a significant
number of marine natural products are produced by microorganisms con-
tained within the invertebrate [208].

Perhaps the most unusual recent report was one demonstrating that
the tubulin interactive ‘fungal’ product rhizoxin is in fact produced by
an endosymbiotic microbe in the Rhizopus sp., with the ability to grow
the isolated bacterium and demonstrate that it produces the metabolite,
plus on removal of the bacterium from the ‘fungal producing strain’ no
rhizoxin was produced under conditions where the untreated fungus will
produce this compound [209].

Finally, just to demonstrate that even very well known sources can now
be mined and their biosynthetic clusters expressed was the report in early
2006 where as a result of data-mining of the published Aspergillus nidulans
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genome, Bok et al. [210] reported the existence of over 40 putative bio-
synthetic clusters of all classes, demonstrated that contrary to perceived
dogma, that in at least this organism the secondary metabolic genes were
clustered as in the prokaryotes, and demonstrated that they had located a
master control gene by switching on production of a metabolite that had
never been reported from A. nidulans but whose biosynthetic genes had
been identified.

All of this data implies that there are tremendous opportunities for
identification of novel agents/chemical skeletons against a multiplicity
of disease targets from materials that we already have available and in
addition, that researchers should actively consider genomic DNA extrac-
tions/curation performed as the ‘host organisms’ are collected, as new
techniques will enable further investigation of the previously collected
and stored genetic materials.
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Drug discovery and development with plant-derived compounds

Abstract

An overview is given on current efforts in drug development based on plant-derived natural
products. Emphasis is on projects which have advanced to clinical development. Therapeutic
areas covered include cancer, viral infections including HIV, malaria, inflammatory diseases,
nociception and vaccine adjuvants, metabolic disorders, and neurodegenerative diseases.
Aspects which are specific to plant-based drug discovery and development are also addressed,
such as supply issues in the commercial development, and the Convention on Biological
Diversity.

1 Introduction

From prehistoric times man has used plants to alleviate and treat diseases.
However, feeding patterns of African primates provide evidence that these
apes selectively use non-nutritional plants with pharmacological properties
in case of certain diseases such as intestinal parasites [1, 2], suggesting that
the origins of herbal medicine have their roots within the animal kingdom.
Archeological findings document early breeding of plants such as poppy
(Papaver somniferum), hemp (Cannabis sativa), and coca (Erythroxylum coca
and E. novogranatense) which are known as cultured species only. Earliest
written documentation of knowledge on medicinal properties of plants is
found on Assyrian clay tablets dated about 2000 B.C. The Egyptian culture
already used a range of medicinal plants which were described in the Ebers
papyrus (1550 B.C.). In India, the traditional medicine was documented
in the Ayurveda in about 900 B.C., and the first written records on the sys-
tem of Traditional Chinese Medicine appeared around the same time. In
Europe, the knowledge on medicinal plants reached an early summit with
Hippocrates (5th Century B.C.), Dioscorides (1st Century A.D.) and Galen
(2nd Century A.D.). The knowledge was transmitted and expanded by the
Arab scholars of the 10th to 12th Century A.D., such as Avicenna and Ibn
al-Baitar. In Europe, this knowledge was recorded in numerous herbals that
were published from the Middle Age onwards [3]. Paracelsus (1493-1541)
developed the first, albeit alchemistic idea of active principles contained
in a medicinal plant (the so-called Arcanum, which he considered as an
immaterial principle), and the concept of dose dependency of drug action
and toxicity (sola dosis facit venenum).

The origin of pharmaceutical natural product research can be traced
to 1805, when the German Pharmacist Sertiirner isolated morphine from
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Opium latex and soon recognized the superior therapeutic properties of
the pure compound. The isolation of morphine spurred the discovery of
numerous important drug substances within short time, e.g., emetine
(1817), atropine (1819), quinine (1820), caffeine (1820), and digitoxin
(1841) [4, 5]. The French pharmacists Pelletier and Caventou were par-
ticularly prolific in isolating numerous important alkaloids, and Caven-
tou established in the mid 1820s a factory for production of quinine
which was to become the first commercial natural product and pure
drug substance (1826). Soon, factories in other European countries were
established, e.g., E. Merck company in Germany (1827), and early phar-
maceutical industry developed mainly along with the discovery of an
increasing number of plant alkaloids. In the 19th and well into the 20th
Century, ethnopharmacology provided a number of compounds with
unique pharmacological properties and provided significant advances in
pharmacotherapy, e.g., quinine (1820) as an antimalarial, cocaine (1860),
the first local anesthetic, tubocurarine (1935), a muscle relaxant enabling
modern surgical procedures, and reserpine (1951) as a first effective anti-
hypertensive.

Towards the end of the 19th Century, rapidly growing understanding of
organic synthesis and chemical structures led to first derivatives of natural
products. Diacetylmorphin (1898) and acetylsalicylic acid (1899) were
among the first compounds to be commercialized as pharmaceuticals.
The contribution of plant-derived natural products to modern pharmaco-
therapy is considerable. Out of 243 structures which Sneader [6] identified
as the starting point for the development of our modern drugs, some 60
compounds are of plant origin (Fig. 1).

In some cases, plant-derived natural products have inspired generations
of medicinal chemists in their quest for better drugs. A case in point is the
anticholinergic tropane alkaloids. Following the isolation of atropine in
1819 (1) and scopolamine (2) in 1881, a series of aromatic esters of tro-
pine were synthesized in 1884. Homatropine (3) proved to be a faster and
shorter acting mydriatic than atropine and represents the first example of
a drug which provided genuine improvement over the natural product.
Atropine methonitrate (4), a quaternary ammonium salt of atropine, was
originally introduced in 1902 as mydriatic, but was used as a treatment
for pyloric spasms in infants when it became clear that the polar nature
of the compound precluded central side effects [3]. Larger substituents
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Figure 1.
Source of lead structures used as starting point for the development of modern drugs (adapted from

)

were introduced at the nitrogen to prolong action, e.g., in N-butylscopola-
minium bromide (Buscopan®) (5). On the other hand, medicinal chem-
ists attempted to separate spasmolytic activity from antisecretory effects.
They realized that the tropane ring could be replaced by a tertiary amine
located two or three carbon distant to the ester moiety. As a result, spas-
molytics such as amprotropine (6) and adiphenine (7) were developed in
the 1930s. The most recent development in this class of compounds has
been tiotropium bromide (Spiriva®) (8) which was introduced in 2002 as
along acting anticholinergic for inhalative therapy of chronic obstructive
pulmonary disease (COPD).

Recent examples of major plant-derived drugs based on new templates
include paclitaxel (Taxol), and derivatives of artemisinin and ellipticine. In
this chapter, we attempt to give an overview of ongoing efforts on plant-
derived compounds and their derivatives which are being developed for a
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number of therapeutic areas. The list of compounds discussed here is not
meant to be exhaustive; rather we attempt to provide a selection of promis-
ing compounds with interesting and sometimes unique modes of action.
We conclude the chapter with some considerations on issues which are
quite specific to plant-derived compounds.
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2  The discovery process of biologically active plant
products

When screening for biologically active plant constituents, the selection of
the plant species to be studied is obviously a crucial factor for the ultimate
success of the investigation. Besides random collection of plant material,
targeted collection based on consideration of chemotaxonomic relation-
ships and the exploitation of ethnomedical information is currently pur-
sued. Plants that have been used in traditional medicine are more likely to
yield pharmacologically active compounds [7]. In the field of anticancer
activity, a correlation between biological activity and plants used in folk-
lore has been demonstrated [8].

The classical process leading from a bioactive extract to a pharmacologi-
cally active pure constituent has always been a long and tedious process
requiring substantial material amount and financial resources [9]. It con-
sists of several consecutive steps of preparative chromatographic separa-
tion, whereby each fraction has to be submitted to suitable bioassays to
track the activity ultimately to a defined pure compound. While this proce-
dure has led to the successful isolation of many bioactive molecules in the
past, its weakness cannot be overlooked. Besides being slow and costly, the
separation performance is poor, at least in the initial fractionation steps
which are typically by open column chromatography. The loss of bioactiv-
ity in the course of the purification process is not uncommon and there
is little means for early dereplication of known or otherwise uninteresting
compounds. The approach described above obviously hardly matches the
timelines and the workflow of modern drug discovery.

In the past decade, more effective strategies have been developed that
are adequate for a high throughput environment. The concerted use of
HPLC-DAD, -MS and -NMR has opened entirely new possibilities for the
characterization of secondary metabolites in biological extracts by provid-
ing a wealth of structural information online with minute amounts of sam-
ple [10, 11]. Even absolute configuration can be established using HPLC-
CD [12] or HPLC-NMR after Mosher’s ester derivatization [11]. With the
more recent emergence of mass spectrometry-controlled preparative high
performance liquid chromatography (HPLC) [13], compound purification
has also become straightforward, provided the compounds are sufficiently
stable. The developments in the field of nuclear magnetic resonance (NMR)
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[14], in particular the advent of new probe technology and higher magnetic
tields, as well as the miniaturization process in crystallography rendered
structural elucidation on amounts of less than a milligram becoming a
rather routine process. While analysis, purification and structure elucida-
tion of natural products have experienced a technological breakthrough
over the last decade, tracking bioactivity in complex matrices such as plant
extracts remains a highly challenging task. Extracts are complex mixtures,
and one of the greatest challenges is the judicious interfacing of chemistry
and biology in order to correlate chemical analysis with biochemical data.
The development of high sensitivity and miniaturized assays has provided
the technological basis to achieve this goal in novel ways. A variety of
innovative methodologies measuring macromolecule-ligand interaction by
means of various physicochemical methods or integrating immunochemi-
cal and enzymatic methods with online chemo-analytical systems have
been recently implemented. New offline strategies such as HPLC-based
activity profiling are directly applicable to a broad range of mechanism-
based and cellular assays and have encountered increasing popularity in
the context of industrial natural product screening [15].

A major issue when screening plant extracts is the comparably high num-
ber of false positives observed, due to the common presence of compounds
with unspecific activities or interfering with the assay format. Tannins, form-
ing tight complexes with metal ions and a wide array of proteins and poly-
saccharides often give a false-positive result in most assays involving a puri-
fied protein. Detergent-like compounds such as saponins, widely distributed
in plants, and fatty acids have the tendency to disrupt membranes giving a
misleading result. Compounds showing general cytotoxicity may give rise to
false positives, in particular in cell-based assays. Strong metal chelators are
susceptible to react with the assay components when nickel beads are used as
linkers. Finally, in assays based on light measurement, pigments, ultraviolet
(UV) quenchers such as the chlorophyll breakdown product phaeophorbide
A, and autofluorescing compounds are prone to interfere with the readout
[16]. Confronted to unrealistic hit rates in HTS and a slow and labour-inten-
sive deconvolution process, many pharmaceutical companies have switched
away from extract screening to prefractionated extracts or pure compounds
libraries [17]. Large collections of compounds and semi-purified fractions
have been generated using parallel fractionation and purification technol-
ogy [17-20]. While these methods have the undeniable advantage to consid-
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erably reduce or even skip the time-consuming follow-up process, they also
have some intrinsic drawbacks. Thus, pure compound libraries will never be
a real substitute for the huge structural diversity found in extracts. In par-
ticular, trace components potentially as interesting as major constituents are
likely to be absent of such collections. The splitting of an extract into a large
number of fractions on the other hand leads to a considerable increase of the
number of samples to be screened, which can be an issue when working with
expensive assay formats or costly targets, such as recombinant proteins. In
fact, a well-balanced combination of pure compounds, fractions and extracts
and a differential use thereof depending on the target and the screening
format often proves to be the most judicious approach.

3 Anticancer agents

Efforts to obtain anticancer agents from higher plant started more than
tive decades ago and have been particularly successful [21]. Over 60% of all
cancer drugs are of natural origin and a majority of these compounds are
obtained from higher plants [22]. Up to the early 1990s, screening for new
antitumor compounds was mainly based on cytotoxic testing against broad
panels of cancer cell lines grown in vitro and subsequent testing in vivo.
With the identification of an increasing number of targets associated with
particular cancers, emphasis has meanwhile shifted towards more specific
assays involving enzymes and receptors involved in cell division and tumor
growth. Cyclin dependant kinases, tyrosine kinase receptors, topoisom-
erases are examples of such new molecular targets which have been sub-
jected to high throughput screenings programs. The potential of these new
approaches is illustrated below with a selection of the most promising lead
compounds and drug candidates currently under development. In addition,
well-established plant-derived anticancer drugs are also presented.

3.1 Vinca alkaloids
Vinblastine (9) (Velban®) and vincristine (10) (Oncovin®) were the first

plant constituents to be used as antineoplastic agents. These alkaloids were
isolated from the Madagascan periwinkle (Catharanthus roseus, Apocyna-
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ceae) in the 1950s and developed at Eli Lilly. Vinca alkaloids inhibit cell
growth by disrupting microtubules, causing the dissolution of the cell
mitotic spindles and the arrest of the cells at metaphase finally leading to
apoptotic cell death. They are widely use in the treatment of a wide vari-
ety of cancers including breast and lung cancer, as well as non-Hodgkin’s
lymphoma and leukemia. Two semisynthetic derivatives, vindesine (11)
(Eldisine®) and vinorelbine (12), (navelbine®), were later prepared and are
also in clinical use. Efforts to find further compounds with reduced toxicity
and different activity profiles are still ongoing. Vinflunine (13), a bifluori-
nated derivative of vinorelbine is currently tested in Phase III clinical trials
jointly by Bristol-Myers Squibb and Pierre Fabre [23-25].

3.2 Taxanes
In 1971, Wall and co-workers at Research Triangle Institute reported the

isolation of Paclitaxel (14) (Taxol®) from the stem bark of the pacific yew
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Taxus brevifolia (Taxaceae) [26]. Yew has been reputed since ancient times
for its toxicity and was used in particular as an arrow poison by the Celts
[7]. The interest in Taxol was strongly stimulated by the discovery of its
novel mode of action. In contrast to other antimicotic agents such as
Vinca alkaloids or colchicin, Taxol does not inhibit tubulin polymerization
but stabilizes the mitotic bundle by enhancing both the rate and speed
of microtubule assembly resulting in cell death following arrest of cell
cycle in M phase [27]. The clinical development of Taxol has long been
hampered by its very limited supply from natural source. The compound
occurs almost exclusively in the stem bark of various yew species at low
concentration. Some 10,000 trees had to be sacrified to supply 2.5 Kg of
Taxol for clinical testing which seriously threatened populations of Pacific
yews. In the search for alternative strategies, French researchers at the Cen-
tre de la Recherche Scientifique (CNRS) developed a semisynthetic route
to paclitaxel from a biogenetic precursor, deacetyl baccatin III (15), pres-
ent in the leaves in substantial amount (1g/1kg fresh leaves). In addition,
the semisynthetic approach enabled the preparation of Taxol analogs, in
particular docetaxel (16) (Taxotere®), the second taxane currently used in
clinics. Taxol and Taxotere are applied in the treatment of a large numbers
of human cancers, including ovarian, breast and non-small cell lung can-
cers [28]. The clinical use of Taxol and Taxotere, even though being highly
potent and effective cancer drugs, is restricted by low oral bioavailabil-
ity, P-glycoprotein-mediated multidrug drug resistance and toxicity [29].
Extensive SAR studies have led to the development of a second generation
of taxanes which overcome multidrug resistence and show better biovail-
ability [30-32]. Modifications have been in particular introduced at the
C-2, C-3’' and C-10 positions. C-seco taxanes have also been prepared from
seco-baccatin Il and are claimed to have high oral bioavailability, reduced
toxicity and high antiangiogenic activity [33, 34]. Several new taxoids are
in clinical or advance preclinical development [23]. Probably one of the
most promising is ortataxel (17) (IDN5180, BAY59-8862). It exhibits excel-
lent acitivity against a variety of drug-sensitive and drug-resistant cancer
lines and is currently in multi-centered Phase II clinical trials sponsored
by Bayer and Indena [35]. The compound has an excellent therapeutic
index, is orally active and inhibits the function of the Pgp efflux pump
which brings much superior activity than Taxol and Taxotere against Pgp-
expressing drug-resistant tumors. Targeted taxoid therapy is another inter-
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esting line of development to reduce toxic side effects. Taxoprexin® (18),
a conjugate of docosahexaenoic acid (DHA) and paclitaxel is undergoing
Phase III clinical evaluation. DHA-paclitaxel is well tolerated in patients.
DHA efficiently targets paclitaxel to the tumor resulting in much higher
drug concentration in tumors [36]. Very recently fatty acids have been
also coupled to taxoids of the second generation [37], resulting in strong
activity against drug-resistant colon and ovarian cancer xenografts and
low systemic toxicity.

The huge therapeutical and economical importance of taxanes has led
to extensive efforts to find alternative methods to produce paclitaxel or
its precursor deacetyl-baccatin III. Since the report of the production of
paclitaxel by the endophytic fungus Taxomyces andreanae in 1993 [38],
other microorganisms have been reported to produce paclitaxel. The yields
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of microbial production are extremely low and thus not competitive with
the extraction of deacetylbaccatin III from the plant and hemisynthesis.
Cell cultures and genetic engineering of Taxus species are other approaches
which appear of high interest for the future production of taxoids [30].

3.3 Ellipticines

The pyridocarbazole alkaloid ellipticine (19) was first isolated in 1959 from
the leaves of Ochrosia elliptica (Apocynaceae). Ellipticine and its derivatives
have been subsequently also found in other Apocynaceae, notably in spe-
cies belonging to the genera Aspidosperma, Tabernaemontana and Strychnos.
In the presence of cytochrome P450, ellipticin is oxidized in 8-hydroxy-
ellipticine which is far more potent that the parent compound. In the
course of extensive studies on the mechanism of action, the highly active
and less toxic derivative 2-N-methyl-9-hydroxyellipticinium acetate (20)
was prepared [7]. This molecule has been developed by Sanofi and is now
marketed in France under the trade name Celiptium® for the treatment of
breast cancer [21]. Drugs of the ellipticine series exert their action at the
DNA level through intercalation and the induction of DNA strand breaks
as a result of altered topoisomerase II activity [39].

3.4 Podophyllotoxin derivatives
Podophyllotoxin (21) is a major constituent of podophyllin, the resin

obtained by aqueous extraction of May apple (Podophyllum peltatum, Ber-
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beridaceae) and the taxonomically close Indian species P. emodii. The
antimitotic properties of podophyllin were discovered in the 1940s. The
main active constituent, podophyllotoxin, and several congeners were

58



Drug discovery and development with plant-derived compounds

subsequently isolated and submitted to clinical evaluation. Therapeutic
application of podophyllotoxins initially failed due to severe side effects.
However, extensive research led to the development of two semisynthetic
glucosidic acetals of epipodophyllotoxin, etoposide (22) (Vepesid®) and
teniposide (23) (Vumon®), which have found clinical use for the treatment
of various cancers. In contrast to podophyllotoxin, a classical spindle poi-
son, etoposide and teniposide inhibit topoisomerase II activity and show
tew effects on tubulin polymerization. The mechanism, which is shared by
many 4’-demethylepipodophyllotoxin derivatives, involves the stabiliza-
tion of the DNA-enzyme cleavable complex and inhibition of the strand-
rejoining activity of the enzyme, thus inducing double-strand DNA breaks
[40]. The clinical efficacy of etoposide and teniposide has stimulated a wide
range of research programs to find new derivatives with better solubility
and able to overcome drug resistance. Etophos® (Etoposide phosphate), a
water soluble prodrug of etoposide, was launched by Bristol-Myers Squibb
in 1996. New molecules with promising activity currently in develop-
ment include NK 611 (24), GL-331 (25), TOP 53 (26) and tafluposide (27).
Of particular interest is the latter compound, since it is a dual inhibitor
of both topoisomerases I and II with a unique molecular mechanism of
action. Tafluposide impairs the binding of the enzyme to DNA but does
not stabilize the cleavage complex like the classical epipodophyllotoxin
derivatives [41]. Tafluposide is currently undergoing Phase I clinical trials
at Pierre Fabre.

3.5 Camptothecin

The alkaloid camptothecin (28) was first isolated in 1966 from the wood
of the Chinese ornamental tree Camptotheca acuminata (Nyssaceae), in the
course of the antitumor screening program under the auspices of the NCI.
Meanwhile it has been obtained also from several plants belonging nota-
bly to the families Apocynaceae and Icacinaceae. Animal studies revealed
a potent antitumor activity, and camptothecin was clinically evaluated in
patients with gastrointestinal cancers [42]. However, poor water solubility
and severe side effects, in particular bladder toxicity, resulted in the dis-
continuation of Phase II trials in 1972. The discovery of its mode of action
in the 1980s revived the interest in camptothecin. Camptothecin inhibits
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topoisomerase I by binding to the topoisomerase I-DNA binary complex,
thereby inducing single strand breaks of cellular DNA [43]. Intensified
efforts in medicinal chemistry eventually led to the development of more
effective analogs with increased water solubility. Two of them, topotecan

60



Drug discovery and development with plant-derived compounds

(29) (Hycamtin®) and irinotecan (30) (Camptosar®) have found their way
into the clinic and have become essential drugs with nearly $750 million
in annual sales. Topotecan is primarily used for the treatment of ovarian
and small cell lung cancer, while irinotecan is in use to treat colorectal
cancers [21]. Further synthetic efforts are ongoing. A particular line of
development is in the search for compounds with improved stability of
the lactone function at physiological pH, which is essential for the activ-
ity. The most advanced derivative is rubitecan (31, 9-nitro camptothecin)
which has recently reached pre-registration for the treatment of pancreatic
cancer [42]. Further derivatives, including exatecan (32) (Phase III), kar-
enitecin (33), diflomotecan (34) and gimatecan (35) are at various stages
of clinical development [23]. Of particular interest is the homocampto-
thecin derivative BN 80297 (36) which acts as a dual topoisomerases I/II
inhibitor [44]. On an industrial scale, camptothecin is still obtained by
extraction from the plant, mainly from Camptotheca acuminata and Noth-
apodytes foetida (Icacinaceae). However, efforts are being made to produce
camptothecin in cell and organ cultures. While low yields were reported
in suspension cultures of C. acuminata or N. foetida (0.0003-0.01%), good
production (0.1-0.3% dry wt) was achieved in root and hairy root cultures
of Ophiorrhiza species (Rubiaceae) [45, 46]. In addition, the biosynthesis
of camptothecin by an endophytic fungus of N. foetida has been recently
reported [47]. While the yields are still low, strain optimization as well
as improvement of the fermentation conditions could possibly enable a
biotechnological production of camptothecin capable of meeting the ever-
increasing demand for camptothecin.

3.6 Combretastatins

Combretastatins belong to the vascular disrupting agents and are one of
the latest additions to the anticancer drug candidates derived from natural
products. Combretastatin A4 (37) is the most potent compound of a series
of cis-stilbene derivatives which were originally isolated from the African
tree Combretum caffrum (Combretaceae) [48]. Like Vinca alkaloids, com-
bretastatin A4 is a potent inhibitor of tubulin polymerization. However
the interest for this compound is not due to its antimitotic properties but
to its ability to induce vascular dysfunction in tumors. Neovasculariza-
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tion is essential for solid tumor to grow beyond a threshold size and is
also critical for the spread of tumor cells to distant organs [48]. Com-
bretastatin selectively disrupts the vascular system of tumors leading to
extensive tumor necrosis at doses less than one tenth of the maximum
tolerated dose in mice [49]. The mechanism for the selective vascular col-
lapse observed in tumors is not yet completely elucidated, but it has been
shown that combretastatin has dramatic effects on the three dimensional
shape of immature endothelial cells. Combretastatin 4A causes disruption
of the tubulin cytoskeleton and remodelling of the actin cytoskeleton
[50]. Clinical trials are being performed with the water-soluble prodrug
combretastatin 4A phosphate (38), which is now produced synthetically
in a five step process. Despite extensive tumor cell killing, significant delay
of tumor growth is rarely obtained when combretastatin 4A phosphate is
used as a single therapy. This has been attributed to the rapid re-growth
from the rim of cells at the tumor periphery. On the other hand, results in
experimental tumor models with combretastatin 4A phosphate in com-
bination with conventional cytotoxic chemotherapy or radiotherapy are
promising. Such combinations are currently being tested in Phase II clini-
cal trials against a range of tumor types. Combretastatin 4A phosphate is
developed by OxiGene but is not the only compound under investigation.
The straightforward synthesis has facilitated the preparation of hundreds
of combrestatin derivatives [51]. Molecules in development include com-
bretastatin-1 phosphate also in preclinical trial at OxyGene, and AVE8062
(39), a prodrug with a serine residue which is currently in Phase I clinical
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trials at Sanofi-Aventis. It is noteworthy to mention that the potential of
combretastatin is not confined to oncology: combretastatin 4A phosphate
has recently entered Phase I clinical trials for the treatment of wet age-
related macular degeneration [49, 52].

3.7 Indirubins

Indirubins are a relatively new but highly attractive class of lead com-
pounds showing strong antiproliferative activity. Indirubin (40) is the
red component of indigo dyes which have been used since the Bronze
Age for textile coloring. Indirubin and its blue isomer indigo are formed
from precursor compounds during the drying or processing of various
plants including Polygonum tinctorium (Polygonaceae), Isatis tinctoria (Bras-
sicaceae) and Indigofera tinctoria (Fabaceae), as well as some marine mol-
luscs of the genus Murex [53]. The significance of natural sources for the
production of indigo dye vanished with the chemical synthesis of indigo
and indirubin by Bayer in the late 19th Century. At the same time, several
indigo and indirubin producing plants have a long history as medicinal
plants and are still used in particular to treat inflammatory and malignant
diseases. In 1979, indirubin was reported to be the active principle of
Danggui Longhui Wan, a mixture of plants used in traditional Chinese
medicine to treat various diseases including chronic myelocytic leukaemia
[54, 55]. Indirubin effectively inhibits the growth of various human tumor
cell lines in the low micromolar range and also shows activity in human
xenograft models. The mechanism of action was revealed — at least in part
—only in the late 1990s: indirubins are potent ATP-competitive inhibitors
of cyclin dependent kinases, a group of enzymes involved in the cell cycle
machinery. Indirubins induce cell cycle arrest in G2 and/or G2/M phase
leading to apoptosis [54, 56]. In addition, indirubins inhibit glycogen syn-
thase kinase-3b (GSK-3), c-Src kinase, and activate the aryl hydrocarbon
receptor. Very recently, indirubin has also been shown to inhibit NF-xkB
activation and expression of NF-kB-regulated gene products, contributing
to enhancement of apoptosis and suppression of invasion [57]. X-ray data
obtained from co-crystal structures of various indirubins with GSK3, CDK2
and CDKS and modelling studies were applied to prepare large series of
new indirubin derivatives with different selectivity profiles [55, 58]. Some
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analogs (e.g., 41) obtained at Schering are readily soluble, almost colorless
and selectively inhibit CDK2, thus providing good premise for preclinical
studies.

3.8 Photosensitizers

Photodynamic therapy (PDT) is a promising new modality for cancer ther-
apy. While the use of PDT in cancer therapy was reported for the first time
in 1903 by von Tappeiner and Jesionek [59], it was only at the end of the
20th Century that the potential of PDT was really exploited. PDT consists
of the systemic administration of a photosensitizing agent which is prefer-
entially taken up and retained by tumor cells, followed by a targeted irradia-
tion of the tumor with visible light. Photosensitizing agents have a low dark
toxicity but, upon irradiation in the presence of oxygen, produce highly
cytotoxic species such as singlet oxygen and superoxide radical. Since the
aforementioned oxygen reactive species have a very short lifetime, their
action is restricted to the immediate area containing the photosensitiz-
ing drug. Clearly, PDT is particularly well suited to the treatment of skin
cancers which are easy to irradiate. However, the development of power-
ful lasers combined with optical fibers enables its clinical use also in can-
cers endoscopically accessible, such as oesophageal, lung, bladder, ovarian,
head and neck cancers [60]. Porphyrins are probably the most extensively
explored group of sensitizer/tumor-selective of compounds [61, 62]. Natu-
rally occurring porphyrins, e.g., chlorophyll, do not induce photochemical
reactions or are rapidly quenched. Tetrapyrroles become efficient photo-
sensitizers by removal of the coordinated metal ion [63]. Photofrin® (42)
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was the first product to be approved. It consists of a porphyrin oligomer
mixture obtained from Hematoporphyrin-IX by acid-catalyzed oligomer-
ization [62]. It has been widely applied for more than two decades in the
treatment of various cancers, including bladder and palliative oesophageal
and non-small cell lung cancers, and is still the most broadly used photo-
sensitizer in the clinic [63]. Other compounds approved for clinical appli-
cation include tin etiopurpurin (43, SnEt2), tetra (meso-hydroxy) phenyl
chlorine (44, mTHPC) and benzoporphirin derivative monoacid ring A
(45, BPD-MA) [63]. Finally, several porphyrin derivatives currently under-
lie extensive investigation, e.g., HPPH (46, 2-[1-hexyloxyethyl]-2-devinyl
pyropheophorbide-a), a pheophorbide-a analog, derived from chlorophyll-
a which was found to be extremely effective and shows limited toxicity. The
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compound is currently in Phase II clinical trials for various indications at
the Roswell Park Cancer Institute (Buffalo, NY, USA) [64].

In recent years, considerable interest has also been focussed on hyperi-
cin (47) as a powerful naturally occurring photosensitizer. Hypericin is
a naphthodianthrone which occurs together with its congener pseudo-
hypericin in many Hypericum species (Hypericaceae), in particular in St.
John’s Wort (H. perforatum). Hypericin shows a particularly low intrinsic
dark toxicity as confirmed by the wide use of St. John’s Wort extracts in
the treatment of mild to moderate depression. Hypericin exhibits a high
atfinity for tumors and strong antineoplastic activity both in vitro and in
vivo in the presence of oxygen. Hypericin has been shown to trigger necro-
sis or apoptosis, depending on the level of oxidative stress produced. The
apoptotic pathway is mediated by mitochondrial release of pro-apoptotic
signals, in particular cytochrome ¢, which in turn activates the caspase
cascade. In addition, hypericin has been shown to inhibit protein kinase
C and to activate the JNK and p38 MAPK signalling pathways [60, 65].
Recent clinical trials have confirmed the potential of hypericin-PDT in the
therapy of recurrent mesothelioma and of basal and squamous carcinoma.
The compound also holds much promise for the diagnosis and treatment
of bladder cancer.

3.9 Ingenol 3-angelate

The discovery of ingenol 3-angelate (48) is a remarkable example of taking
advantage of information available from the popular medicine. The latex
of the common weed Euphorbia peplus (Euphorbiaceae) has been used as
a home remedy for various skin conditions including warts and certain
cancers. Clinical studies in the 1970s provided first evidences of efficacy.
Particularly impressive was a case of remission of a basal cell carcinoma
after home treatment with crude E. peplus sap [66]. The active principle of
E. peplus juice is a tetracyclic diterpene ester, ingenol 3-angelate (PEPO0S)
which has demonstrated topical activity against human cancer cell lines
grown as subcutaneous tumors in mice [66, 67]. The compound also shows
potent antiproliferative activity against a number of leukemia cell lines
and blasts isolated from patients diagnosed with acute myeloid leuke-
mia. The antitumor activity of ingenol 3-angelate is mediated through
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activation of protein kinase C (PKC), a family of signalling isoenzymes
involved in cell proliferation, differentiation and apoptosis. In particular,
the antileukemic effects of PEPOOS were shown to be PKC-6 dependent
with sensitivity of cell lines correlating with expression of the enzyme.
Topical PEPOOS is developed by the Australian company Peplin and is cur-
rently in Phase II clinical trials for the treatment of actinic keratoses and
basal cell carcinoma. Phase I trials are planned for an iv formulation in the
treatment of acute myeloid leukemia and intracavitary wash in superficial
bladder cancer.

3.10 Miscellaneous

This survey of plant-derived compounds in more or less advanced develop-
ment is by no means exhaustive. Additional metabolites are in develop-
ment or are the subject of in-depth investigations. Of particular interest
is triptolide (49), a diterpenoid extracted from the Chinese perennial vine
Triptergium wilfordi. Triptolide shows potent anticancer activity, in addi-
tion to remarkable efficacy in rheumatoid arthritis and strong immunos-
supressive properties. The mechanism of action, however, is not fully
understood and toxicity largely hampered so far its clinical use [68]. A suc-
cinyl derivative of triptolide, TriptoSar (PG490-88Na), is in Phase I clinical
development by Pharmagenesis, in collaboration with Pierre Fabre [23].
Another remarkable compound which has quite a long record of clini-
cal investigation is homoharringtonine, an alkaloid found in the bark of
coniferous evergreen trees of the genus Cephalotaxus (Cephalotaxaceae). It
is a dose- and time-dependent inhibitor of protein synthesis [69]. Homo-
harringtonine (50) has already been in clinical trials in China and in the
USA, and has been used in China since 1974 for the treatment of leuke-
mia [21] [69]. However, a new set of Phase II clinical trials are now being
conducted at ChemGenex (Australia/USA), focussing on the treatment of
chronic myeloid leukemia and myelodysplastic syndrome [23]. Further
promising compounds include flavopiridol (51) and betulinic acid (52).
Flavopiridol is a synthetic compound, the structure of which was derived
from the chromone alkaloid rohitukine (53) from Dysoxylum malabaricum
(Meliaceae). The compound is currently in clinical development at the NCI
in collaboration with Aventis Sanofi. The lupane triterpene betulinic acid
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(52) exhibits a variety of biological activities, the most interesting being its
potent antiviral properties (see below). In addition, it shows good efficacy
in human melanoma xenograft models. The exact mechanism of action
is still a matter of debate [70] but its activity appears to be pH-related. It
is non-toxic to normal cells at pH>7 but exerts cytotoxic effect on cancer
cells at reduced pH, typically pH 6.8. In particular its lack of toxicity makes
it an attractive clinical candidate in the treatment of melanoma [71].

A recurrent problem with natural products in the field of chemotherapy
is the poor water solubility and high toxicity which often preclude their
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clinical use. To circumvent these difficulties, an alternative approach has
been to attach the drug to monoclonal antibodies specifically targeting
tumor epitopes. Two particularly promising molecules for such appli-
cations are maytansine (54) from the Ethiopian plant Maytenus serrata
(Celastraceae) and thapsigargin (55) isolated from the Mediterranean plant
Thapsus garganica (Apiaceae) [21]. Cantuzumab mertansine, a derivative
of maytansine conjugated to a monoclonal antibody directed against the
mucl epitope expressed in a series of human cancers is undergoing Phase
I clinical trials at ImmunoGen Inc in the USA [23].

3.11 Chemoprevention

Increasing efforts in the field of chemoprevention have paralleled the
search for new anticancer drugs. Prevention remains in fact the most suc-
cessful approach in the fight against cancer. The interest for chemopre-
ventive agents has been greatly stimulated by the observation that several
plant secondary metabolites contained in vegetable and fruits have the
potential to lower the incidence of numerous cancers [72-75]. Among the
most promising compounds are curcumin (56), resveratrol (57), indol-3-
carbinol (58) and epigallocatechin gallate (59). Besides their chemothera-
peutic potential, these compounds have been also shown to increase the
sensitivity of cancer cells to chemotherapeutic agents and could be useful
in the treatment of malignant diseases as well [76]. Curcumin, a major
constituent of turmeric (Curcuma longa, Zingiberaceae), shows chemopre-
ventive activity in various animal models. Curcumin inhibits the initiation
and promotion of tumors induced by various carcinogens. It modulates
several targets and, in particular, inhibits NF-kB activation and STAT3
phosphorylation as well as AP-1 activity. Curcumin induces also apoptosis
and displays antiangiogenic activity [77, 78]. Resveratrol is a stilbene found
in grape skin. It is also found at high concentrations in the roots of the
knotweed Polygonum cuspidatum (Polygonaceae). The compound inhibits
carcinogenesis initiation, promotion and progression in animal models.
Resveratrol possesses antioxidative properties and interferes with numer-
ous cellular mechanisms, including the inhibition of Phase I enzymes, the
induction of Phase II enzymes and the induction of cell cycle arrest and
apoptosis. In addition, resveratrol is a selective oestrogen receptor modula-
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tor (SERM) [79]. Indol-3 carbinol (I3C) is a degradation product of gluco-
brassicin, a glucosinolate occurring in cabbage. It inhibits tumorigenesis
in various animal models. Several mechanisms appear to be involved, and
investigation is complicated by the fact that I3C undergoes condensation
to form multiple complexes in the acidic conditions of the stomach. While
the compound appears particularly promising, there are also concerns,
since tumor promotion has been reported under certain conditions, in
particular if I3C is given in the postinitiation stage of carcinogenesis [80].
Epigallocatechin gallate (EGCG) is the main catechin of green tea. It pos-
sesses antimutagenic properties owing to its strong antioxidative activity.
EGCG inhibits protein kinase C and controls cell division. However, epide-
miological studies yield contradictory results with regard to the protective
effect of green tea on various cancers, and further investigations are needed
to establish the real potential of green tea polyphenols [81].

Curcumin, resveratrol, indol-3-carbinol and green tea polyphenols,
together with further dietary phytochemicals, are currently investigated in
NCI-sponsored clinical trials for the prevention of various cancers, includ-
ing prostate, breast and colon cancers [82-84].

4  Antimalarial agents

Malaria is by far the most important tropical disease with 300 to 500 mil-
lion clinical cases and about 2 million deaths every year, mainly infants
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and young children. The disease is caused by parasitic protoza of the genus
Plasmodium. While different Plasmodium species can cause malaria, the
majority of deadly cases result in cerebral malaria and other complications
occurring after infection with P. falciparum [85 ]. The disease is transmitted
to man exclusively by the bite of an infected female Anopheles mosquito.
After inoculation, the sporozoites enter the human blood circulatory sys-
tem and develop in the liver into merozoites. These subsequently colonize
erythrocytes, where asexual reproduction occurs. The symptomatology of
malaria is due to the erythrocytic phase of the parasite [7].

Quinine, extracted from Cinchona bark, was for a long time one of the
only antiparasitic agents effective against malaria. Intense efforts were
made during the World War 11 to find more accessible antimalarial agents
and resulted in the development of chloroquine as a very potent drug.
However, the emergence of chloroquine resistant P. falciparum strains led
to a steady deterioration of the situation with the malaria mortality being
estimated to have doubled in the last 20 years [85-87]. Consequently,
intense efforts have been undertaken to find substitute drugs for control-
ling malaria.

4.1 Artemisinin

The discovery of artemisinin (60) by Chinese scientists in 1972 was the
starting point of one of the most remarkable advances in the chemo-
therapy of malaria. Artemisinin, originally named ginghaosu, was isolated
from the herb qinghao (Artemisia annua, Asteraceae) in the course of a
systematic investigation of plant remedies used in China. A. annua had
been employed over 2,000 years for the treatment of fever conditions and
malaria [88]. Artemisinin is a sesquiterpene lactone with a highly unusual
endoperoxide group in a 1,2,4 trioxane ring that is crucial for the activ-
ity. Artemisinin is highly active and displays only low toxicity. However,
its high lipophilicity led to problems with its administration as a drug. A
series of hemisynthetic derivatives have been prepared by reduction and
functionalization of the lactone moiety. Ethers, aliphatic and aromatic
esters, and carbonates have all been synthesized. Among the most active
compounds are artemether (61), arteether (62) and sodium artesuanate
(63), the latter being considered as the current artemisinin ‘gold standard’.
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These compounds have been used extensively for more than 20 years in
Asia without any serious side effect or clinically relevant resistance up to
Now.

The mode of action of artemisinin and its analogs involves the homo-
lytic cleavage of the weak peroxide bond mediated by heme Fe(Il) or other
sources of ferrous iron within the parasite. This generates an alkoxy radi-
cal quickly rearranging to carbon-centered radical species [89, 90]. While
it was initially proposed that the activity was merely due to the oxidative
stress resulting of the generated radicals, in particular the C4 alkyl radical,
it is now believed that the parasite death involves more specific processes
and targets [89]. Both in vitro and in vivo experiments have shown that the
C4 alkyl radical efficiently alkylates the four meso carbons of the heme
group in an intramolecular reaction. The selective toxicity of artemisinin
to malarial parasites is probably due to the accumulation of the drug into
the parasite within infected erythrocytes. While the key role played by
heme alkylation in the activity of artemisinin is well established, the role
of this event in the parasiticidal activity remains incompletely understood
[89]. A proposed mechanism involves the interaction of heme-artemisinin
adducts with P. falciparum histidine-rich protein (HRP-II) that promotes
aggregation of heme to its detoxification product hemozoin. This may
hinder sequestration of toxic heme as hemozoin, thus poisoning the para-
site with its own waste [89]. In addition, there is evidence that heme is not
the single target. Selective alkylation of a small number of ‘target’ parasite
proteins in particular the P. falciparum translationally controlled tumor
protein (TCTP) [89] and PfATPase6, the sarco/endoplasmic reticulum Ca?*-
ATPase of the parasite, has been observed and could contribute to the
activity of artemisinin [87].

The first generation of artemisinin derivatives suffers from unfavor-
able pharmacokinetic properties. Artemether and arteether have a short
half time as a consequence of cytochrome P450 transformation to dehy-
droartemisinin which is then cleared via glucuronidation. Artesunate is
chemically unstable and hydrolyzes rapidly to dihydroartemisinin [87,
90]. Attempts have been made to develop new derivatives with improved
properties, in particular by synthesising C-10 carbon-substituted analogs.
A representative compound, artemisone (64) [91], is currently evaluated
in Phase I clinical trials by Bayer AG and Medicines for Malaria Venture
(MMV). Artemisone has a significantly enhanced bioavailability and a
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higher and more sustained activity compared to artesuanate. A common
downside of the hemisynthetic derivatives is that they require artemisinin
as starting material. Artemisinin is extracted from the plant in low yield
(0.01-0.8%) [87]; this could become a supply and cost issue for a drug to
be used on a large scale, in particular in developing countries. Therefore,
several groups have attempted to produce fully synthetic peroxide analogs,
some of which show remarkable activity. They include trioxane, tetraox-
ane and endoperoxide analogs such as arteflene (65) [87, 92]. In addition,
easily synthesized 1,2,4-trioxolanes substituted with an adamentane ring
were recently shown to be active in the nanomolar range, chemically
stable and orally active in mice [87]. Ranbaxy Laboratories started, in
2004, with Phase I clinical trials on OZ-277 (66) [23]. Finally, quinoline-
peroxide hybrids known as trioxaquines (e.g., compound 67) have also
been prepared [87].

65 arteflene
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The use of artemisinin derivatives in monotherapy is associated with
significant rates of recrudescence, as a consequence of their short half-life
in the body [88]. For this reason, and also to minimize the development of
artemisinin-resistant parasites, it is recommended that therapy with arte-
misinin is accompanied or followed by a second antimalarial. Therefore,
a major line of development has recently been in the combination of an
artemisinin analog with a second, long acting drug such as mefloquine or
lumefantrine [93, 89]. Coartem®, a combination of artemether and lume-
fantrine developed by Novartis, received marketing approval in 1998 for
use as an antimalarial in children [88]. The drug now constitutes about
70% of all clinically used artemisinin combination therapies [94] and is
included in the Model List of Essential Medicines of the World Health
Organization (WHO).

4.2 Cryptolepine

The remarkable activity of quinine and related drugs and the success of
artemisinin stimulated the search for new plant-derived antimalarials.
A large number of plants, and in particular species used in traditional
medicine, have been screened for antiplasmodial activity. Various anti-
protozoal compounds have been isolated but only a few were extensively
evaluated for their potential as lead compounds. The quassinoids are a
class of degraded triterpenes found in various species of Simaroubaceae.
These compounds however display general cytotoxicity due to inhibition
of protein synthesis. Attempts to find derivatives with improved selectivity
against P. falciparum have failed [88]. A more promising lead candidate is
the indoloquinoline alkaloid cryptolepine (68). This compound is present
in relatively large amounts in the roots of Cryptolepis sanguinolenta (Perip-
locaceae), a West African climbing shrub which has been traditionally
used for the treatment of malaria. The compound is highly potent in vitro,
but originally failed to cure malaria in mice when administered orally and
was toxic when given intraperitoneally. Moreover, cryptolepine exhibits
moderate cytotoxicity on account of DNA-intercalation and topoisomer-
ase II inhibition. These properties might have precluded its consideration
as an antimalarial lead compound, but the finding that the mechanism of
the antiplasmodial action was different from that of the cytotoxic proper-
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ties has stimulated the search of more selective derivatives. The synthesis
of cryptolepine is straightforward and a large number of analogs can be
readily prepared. The most promising compound, 2,7-dibromocrypto-
lepine (69) is approximately nine-fold more potent that cryptolepine and
shows no apparent toxicity in mice [85]. Recent studies suggest that other
mechanisms, in addition to hemozoin formation, could be involved in
the activity of this compound and other cryptolepine analogs. Particular
interest is also paid currently to the isomer neocryptolepine (70), a minor
constituent of C. sanguinolenta [88].

5 Antiviral agents

5.1 HIV

Acquired immunodeficiency syndrome (AIDS) is a devastating disease caused
by the human immunodeficiency virus (HIV) and has led to more than 25
million deaths worldwide since the first cases were reported in 1981. HIV is
a retrovirus which infects and destroys human CD4 T lymphocytes, thereby
weakening the immune system and rendering the patient vulnerable to
various opportunistic infections and other illnesses ranging from pneu-
monia to cancer. There are two forms of the virus, HIV-1 and HIV-2; HIV-1
is the cause of the global AIDS pandemic. Despite continuous advances in
antiretroviral chemotherapy, the epidemic is still expanding and more than
60 million people have been infected. AIDS has become the leading cause
of death in Sub-Saharian Africa and the fourth worldwide [95].

Four classes of drugs are currently in use: nucleoside analog reverse tran-
scriptase inhibitors, protease inhibitors, non-nucleoside reverse transcrip-
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tase inhibitors [96] and one fusion inhibitor [97]. A major breakthrough
in AIDS therapy was the introduction, in the late 1990s, of drug combi-
nations from two or more classes of inhibitors, a strategy termed highly
active antiretroviral therapy (HAART). While this approach enables a suc-
cessful suppression of HIV plasma levels in patients over many years, latent
reservoirs of the virus persist which prevent an eradication of the virus.
Further challenges faced by HAART are toxicity and the emergence of drug
resistance as a consequence of incomplete suppression of viral replication.
In view of the global threat of HIV/AIDS, there is an urgent need for novel
drugs targeting different stages of virus replication.

During the last two decades, large collections of plants constituents
and extracts have been assayed for anti-HIV activity. In one of the largest
screening programs, the NCI tested from 1987 to 1996 over 30,000 plant
extracts in an in vitro cell-based anti-HIV assay [98]. These screening efforts
resulted in the discovery of a considerable number of compounds exhibit-
ing in vitro anti-HIV activity. While there is still no anti-HIV drug of plant
origin on the market, several plant metabolites proved to be valuable lead
compounds. Some of these compounds or derivatives have advanced to
clinical or preclinical development.

5.2 Calanolides

Calanolides were discovered during the anti-HIV screening program of the
National Cancer Institute (NCI). An extract of leaves and twigs of the tree
Calophyllum lanigerum (Clusiaceae) collected in Sarawak, Malaysia, in 1987
yielded the coumarin calanolide A (71) which exhibited potent antiviral
activity [99]. Unfortunately, attempts to relocate the original tree failed,
and investigation of other specimen of C. lanigerum gave only traces of cala-
nolide A [98]. At the same time, a large survey of C. lanigerum and related
species led to the discovery of a diastereomer, calanolide B (72), from the
latex of C. teysmanii. Calanolide B is slightly less active than calanolide A,
but has the advantage to be readily obtainable in 35-40% yields from a
sustainable source. The calanolides were licensed by the NCI to Medichem
Research Inc and are now being developed by Sarawak Medichem Pharma-
ceuticals, a joint venture company between the Sarawak State Government
and Medichem Research Inc. Calanolides act as non nucleoside reverse
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transcriptase inhibitors. The clinical development of calanolide A started
in 1997. The compound is now obtained by synthesis and is currently in
Phase II trials focussed on evaluation of its long-term activity in combina-
tion with other anti-HIV agents. Calanolide B (costatolide), dihydrocala-
nolide B (73) and oxocalanolide (74) are in preclinical development [95].
Calanolides A and B were also found to be active against Mycobacterium
tuberculosis [100]. This property is unique among antiviral agents and
could be of great value for the treatment of patients infected with both
HIV and tuberculosis [23]. Tuberculosis has become the first opportunistic
infection affecting HIV-infected people in developing countries.

5.3 Prostratin

The phorbol ester prostratin (75) was isolated at the National Cancer
Institute in 1992 from the wood of Homalanthus nutans (Euphorbiaceae),
a tree used by traditional healers in Western Samoa for the treatment of
viral hepatitis [101]. Prostratin is an activator of protein kinase C, but
devoid of the usual tumor promoting properties of phorbol esters. This
unique feature is due to the lack of a hydroxyl group at C-12. Similar to
other phorbol esters, prostratin inhibits de novo infection and viral spread
at the entry/fusion step of viral cycle probably through interaction with
a cellular target such as an HIV receptor and co-receptors [102]. In addi-
tion, prostratin stimulates HIV replication in latently infected cells [102]
through activation of the NF-«B signalling pathway via stimulation of one
or several members of the PKC family [103]. This feature could be exploited
to eliminate latent viral reservoirs which persist under HAART antiviral
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therapy by rendering latently infected cells more susceptible to targeted
destruction by the immune system or by other therapeutic agents. The
further development of prostratin is conducted by the AIDS ReSearch Alli-
ance of America (ALA) which signed an agreement with the government of
Samoa. Preclinical studies are ongoing and, should the compound prove to
be safe, prostratin could become in the future a highly promising clinical
candidate for adjunctive use in AIDS therapy.

5.4 Khellactones

The pyranocoumarin suksdorfin (76) was isolated in 1994 as the active
principle of the fruit of Lomatium suksdorfii (Apiaceae). The plant which
is known as Suksdorf’s Desert parsley grows on the West Coast of the USA
[104]. While the activity of suksdorfin was moderate, modifications at 3’,4’
positions yielded 3’-R, 4’-R-diO-(-)-camphanoyl-(+)-cis-khellactone (77,
DCK) which showed improved activity. Further optimization led to 4-Me
DCK [105] and the preclinical candidate 3-hydromethy-4-methyl DCK
(78), which is a nanomolar inhibitor orally bioavailable in rats and dogs
[95, 106]. DCK is a unique HIV reverse transcriptase inhibitor that inhibits
the DNA-dependent DNA polymerase activity without affecting the RNA-
dependent DNA polymerase activity [107]. The most promising derivative,
3-hydromethyl-4-methyl DCK, is currently in preclinical development at
the American company Panacos Pharmaceuticals Inc.
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5.5 Betulinic acid

The lupane triterpene betulinic acid (52) was originally identified as a
weak inhibitor of HIV replication [108]. However, a structural optimiza-
tion program at the University of North Carolina was successful in afford-
ing more active derivatives. In particular, esterification at C-3 resulted in
promising compounds with strongly improved activity and toxicity index
values. Among these, 3-O-(3,3’dimethylsuccinyl)betulinic acid (Bevirimat,
PA-457) (79) has been licensed by Panacos Pharmaceuticals Inc. Phase IIb
clinical trials have been initiated in June 2006. PA-457 is one of the most
promising compounds being evaluated for the treatment of HIV infection.
It is the first-in-class of a new type of HIV drug called maturation inhibi-
tors. It disrupts core condensation by targeting a late step in the processing
of the viral protein known as Gag, resulting in the formation of defective,
non-infectious virus particles [109, 110].

The activity of betulinic acid was first discovered when it was isolated
together with platonic acid as the active principle of the Taiwanese herb
Syzigium claviflorum (Myrtaceae) [108]. However, betulinic acid can be
more readily extracted from ubiquitous plane and birch trees.

5.6 Miscellaneous

In addition to the drug candidates presented above, some further promis-
ing leads were in early development but have been abandoned. Conocur-
vone (80), a trimeric naphthoquinone isolated from the Australian shrub
Conospermum incurvum (Proteaceae) [111] has been under joint develop-
ment by the Australian company AMRA and the NCI, but its investiga-
tion has been discontinued [98]. The naphthylisoquinoline alkaloid,
michellamine B (81), from the African liana Ancistrocladus korupensis
(Ancistrocladaceae) [112] was very potent but proved to be too toxic at
doses required for antiviral therapy. Studies aimed at clinical develop-
ment were recently terminated at the NCI [98]. Finally, a semi-synthetic
derivative of castanospermine (82), a a-glucosidase inhibitor from the
Australian tree Castanospermum australe (Fabaceae) has been evaluated by
Aventis for the treatment of HIV. However, problems were encountered
with achieving therapeutic serum concentrations of the drug. Castano-
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spermine now appears more promising as a drug against hepatitits C virus
HCV (see below).

5.7 HCV

Hepatitis C virus infection (HCV) is as major global health concern. It is
estimated than about 2.2% of the world population, corresponding to 170
million people, are infected with HCV. In the United States alone, over 4
million people are infected. After an acute phase, up to 80% infections
may develop into chronic hepatitis which leads to cirrhosis in 10-20% of
patients, and to hepatocellular carcinoma in 1-2% of cases. Current ther-
apy is based on a-interferon, with or without ribavarin, but the response
rate of only 40-50% of chronic patients remains unsatisfactory. Moreover,
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the treatment is very expensive and associated with numerous side effects
[113]. A generally useful vaccine appears to be a distant prospect due to
the high genetic variability of the virus. Hence, there is an acute need for
more effective drugs.

5.8 Castanospermine

Castanospermine (82) is an iminosugar derivative with a tetrahydroxy-
indolizidine structure occurring in the toxic, chestnut-like seeds of the
evergreen Australian tree Castanospermum australe (Fabaceae), commonly
called Moreton Bay Chestnut. Castanospermine inhibits glucosidase
I, an enzyme involved in post-translational glycoprotein maturation
which holds promise as an antiviral target. This host enzyme is impli-
cated in the processing of oligosaccharide chains during the biosynthesis
of viral envelope glycoproteins. These are essential for virion assembly
and secretion and/or infectivity [114]. Castanospermine exhibits in vitro
and in vivo activity against several viruses including HIV, herpes simplex
virus (HSV), HCV and bovine viral diarrhea virus (BVDV), often used as
a surrogate for HCV. One problem with castanospermine is that it also
inhibits intestinal sucrases and causes osmotic diarrhea. In contrast, Cel-
gosivir (83), a semisynthetic 6-butanoyl derivative, is relatively inactive
against sucrases. Celgosivir, a prodrug, is more efficiently absorbed than
castanospermine and is rapidly and extensively converted in intestinal
epithelial cells into the parent compound castanospermine. Celgosivir
has been evaluated in clinical trials against HIV-1 and HCV. Celgosivir
has been licensed to the Canadian Company MIGENIX from Virogen
which in turn had licensed it from Aventis. The agent has been selected
for further development as a treatment for HCV-infection and is cur-
rently in Phase II clinical trials to evaluate its activity in patients with
chronic hepatitis [23]. Phase IIb clinical trials of Celgosivir in combina-
tion with interferon and Ribavirin have been announced for the second
half of 2006. A potential asset of Celgosivir is that it inhibits a viral target
which may be less susceptible to the development of drug resistance. On
the other hand, potential effects on host cell glycoproteins need to be
carefully evaluated.
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6 Inflammation, nociception, immune system
6.1 Boswellic acids

Remedies containing francincense or olibanum, the gum resin of Boswellia
species (Burseraceae), belong to the oldest pharmaceutical preparations
with written records. Francincense (from B. carterii) was used in ancient
Egypt, Greece and Rome, whereas the resin of the Indian B. serrata figured
in the Ayurvedic text books as salai guggal and was used for treatment of
respiratory and gastrointestinal problems as well as diseases of the central
nervous system [115]. Olibanum was an officinal herbal drug in European
countries, but disappeared from the Western drug inventory in the early
20th Century. In 1986, Indian scientists described the anti-inflammatory
properties of olibanum in animal models [116]. The inhibitory effect of the
resin on leukotriene synthesis was reported shortly after, a discovery that
received much attention and revived the interest in this old drug.

The oleogum resin is a complex mixture of volatile and non-volatile
isoprenoids and polysaccharides. Overall, more than 200 different com-
pounds have been identified in the oleoresins of different Boswellia species.
Among these, mainly the pentacyclic triterpenoids are pharmacologically
relevant [115]. First experimental evidence for the anti-inflammatory prop-
erties of Boswellia was obtained with an ethanolic extract of the resin. Oral
administration inhibited the carageenan-induced odema in in rats and
mice, and dextran-induced odema in rats [116]. Shortly after, boswellic
acids were found to be specific, non-redox inhibitors of 5-lipoxygenase
(5-LO) [117]. They decreased the formation of LTB4 in calcium stimu-
lated polymorphnuclear neutrophils. Acetyl-11-keto-p-boswellic acid (84)
(AKBA) was the most effective, with an IC,, of 1.5 pM. AKBA acts directly
on the 5-LO enzyme at a site selective for pentacyclic triterpenes which
is different from the arachidonate substrate binding site [118]. AKBA also
inhibits the activity of human leucocytic elastase, reduced the oxidative
burst in stimulator-sensitive human blood PMN preparations, and inhib-
ited the generation of TNF-a in stimulated monocytes [119].

Several clinical studies have been conducted in severe chronic inflam-
matory diseases related to autoimmune disorders, but given that they
mostly had a pilot character, the results have to be considered with some
caution. Certainly, more extensive confirmatory trials are needed. Indica-
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tions studied included chronic rheumatoid arthritis, osteoarthritis, chronic
inflammatory bowel disease, ulcerative colitis, Crohn’s disease, and bron-
chial asthma. These trials which were typically conducted against placebo
or standard therapy mostly provided indication of efficacy. A detailed over-
view on clinical trials is given by Ammon [115]. Although there is no rigor-
ous analysis of side effects, the frequency and severity of adverse reactions
with Boswellia extracts appears to be low [118]. An interesting anecdotal
use of Boswellia has been in astrocytoma, where extremely high doses have
been taken over extended periods without serious adverse effects [120,
121]. In summary, Boswellia resin extracts and, in particular, AKBA as the
major active principle, possess a pharmacological profile which may be of
interest in a range of inflammatory diseases. However, clinical studies were
performed only with resin extracts in a galenical formulation with poor
bioavailability. Enriched extracts [122], pure AKBA, and formulations with
optimized bioavailability are needed to develop this ancient but highly
interesting Ayurvedic drug into a modern pharmaceutical.

6.2 Curcumin

Curcumin (56) is a major compound in Curcuma longa and C. xanthorrhiza
(Zingiberaceae). Both species play an important role in Asia as spices and
herbal drugs. Biogenetically, curcumin belongs to the diarylheptanoids
which are derived from two phenylpropanoid moieties and an additional
C-atom. Due to the extensive conjugation, the compound is an intensely
yellow pigment which confers the characteristic color to the rhizome. Uses
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in traditional Indian medicine have been, among others, in biliary and
hepatic disorders, rheumatism, diabetic wounds, and anorexia.

First experimental data on the anti-inflammatory properties of curcumin
were reported in the early 1970s. The compound was active in the carra-
geenan-induced rat paw odema, and in various animal models for arthritis
and chronic inflammation [123]. The mechanisms involved in the anti-
inflammatory activity of curcumin are complex and include downregula-
tion of transcription factors, and of the expression of cyclooxygenase-2,
lipoxygenase, inducible NO synthase, TNF, matrix metalloproteinase-9, and
cell surface adhesion molecules [124]. The compound inhibits TNF-induced
IxkBa kinase complex and Akt activation, leading to suppression of events
required for NF-xB gene expression [125]. Part of the pharmacological pro-
file is also due to the antioxidant properties of curcumin which has been
extensively studied in vitro and ex vivo [126].

Clinical studies with curcumin had mostly a pilot character. Early stud-
ies were conducted in India and are not readily accessible (for an overview,
see [123]). More recently, pilot studies with indications of beneficial effects
were carried out in patients with inflammatory bowel disease [127] and with
hepatic steatosis [126].

In rodents and humans, curcumin has low oral bioavailability and may
undergo intestinal metabolism. Absorbed compound undergoes rapid metab-
olization to hexahydrocurcumin and to Phase II conjugates which are mostly
excreted in the bile [124]. Curcumin appears to be a safe compound. Among
others, a preclinical toxicity study conducted at the NCI with dosesup to 3.5 g/
kg body weight over 3 months in rats, monkeys and dogs did not reveal toxic
effects [124]. Safety assessment in clinical studies with daily doses between 2
and 8 g/day for up to 4 months did not show any discernible toxicity.

In summary, curcumin is a readily available natural product which has
some therapeutic potential in inflammatory intestinal and liver diseases.
However, larger controlled clinical trials are needed to substantiate its use
as a drug substance in these indications.

6.3 Capsaicinoids
The vanilloid receptors belong to the transient receptor potential (TRP)

superfamily which consists of non-selective cation channels that are
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involved in a wide range of physiological functions [128]. TRP channels
transduce chemical and physical stimuli into neuronal activity and play
a major role in chemically and physically evoked sensations such as heat,
cold, olfaction, mechanosensation, and nociception. Six vanilloid recep-
tors have been identified so far. The vanilloid receptor type 1 (TRPV1), a
sensor for hot temperatures, has attracted most interest. It is expressed
on unmyelinated C-fibers, in neurons of the central nervous system, and,
among others, in the dermis and epidermis, the gastrointestinal tract, the
lung, and in the urinary bladder. Altogether, the TRPV1 receptor seems
involved in diverse physiological functions, but nociceptor sensitization
by inflammatory agents appears the most obvious and therapeutically
attractive. TRPV1 activation results in a hyperalgesic condition and triggers
the release of proinflammatory mediators [129]. The expression is upregu-
lated in inflamed tissue. In addition to its contribution to neurogenic
inflammation, the TRPV is of interest for the treatment of neuropathic,
post-operative and chronic pain. The receptor is a tetrameric membrane
protein, each subunit consisting of six putative transmembranar segments
and intracellular N- and C-domains. Several drug binding sites have been
described for the TRPV1 receptor.

Numerous natural products bind to vanilloid receptors [129]. The pro-
totypical agonist of TRPV1 is capsaicin (85). The major pungent principle
in Capsicum was isolated in 1846 and Capsicum extracts were proposed
as instant relief for toothache in the mid of the 19th Century. The Ca?*
influx caused by capsaicin releases neuropetides such as substance P and
calcitonin gene-related peptides (CGRP) which are thought to be mainly
involved in the resulting neurogenic inflammation. On the other hand,
capsaicin produces degeneration of a large portion of C-fibers, leading to
a prolonged analgesic effect [130]. Capsaicin is used as topical ointment
formulation for neuropathic and osteoarthritic pain. The drawback of such
formulations is in the difficulty of containment of capsaicin action. Neu-
rogesX is currently developing a dermal patch system called NGX-4010.
Efficacy has been studied in postherpetic neuralgia and in HIV sensory
neuropathy and is currently in Phase III evaluation [131]. ALGRX-4975 is
a high-concentration injectable formulation of capsaicin which is being
developed by AlgoRX Pharmaceuticals. The intended uses are in manage-
ment of pain associated with osteoarthritis, tendonitis and postsurgical
conditions. Phase Il clinical trials in osteoarthritis were underway in 2004.
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The formulation is injected directly into the site of the pain or instilled
into the wound during surgery. It is thought that a single administration
provides analgesia for extended periods of up to several months [131]. Cis-
capsaicin, the unnatural isomer of capsaicin is in clinical development as
an intranasal spray known as WL-1001. Phase II trials with a 0.025% spray
formulation in migraine and cluster headache apparently were encourag-
ing and further Phase II and III studies were planned in 2004. A topical
formulation listed as WL-1002 was in Phase III clinical trials for the man-
agement of ostheoarthritic pain.

Capsaicin has poor oral bioavailability, is highly pungent, and rela-
tively toxic upon systemic administration. Therefore, there has been
considerable interest in the synthesis of improved analogs. Modifica-
tion of the acyl moiety led to a first generation of analogs. Olivanil (86)
and nuvanil (87) were synthesized by Procter & Gamble in the 1980s as
TRPV1 agonists with low pungency and were aimed as a systemic anal-
gesic. However, Phase Il trials were abandoned in the mid-1990s [131].
SDZ-249-665 (88) is another low pungency analog which was synthe-
sized by Sandoz and was further pursued by Novartis [132]. Capsavanil
(89) an amide of homovanillic acid, is in Phase II clinical trials as topical
analgesic [133].

The most potent natural TRPV1 agonist (IC;, 10 pM) known so far is
resiniferatoxin (RTX) (90), a diterpenoid ester from the latex of Euphorbia
resinifera (Euphorbiaceae). Interestingly, there are historical accounts on
the use of dry latex for local analgesia in toothache [134]. The homovanil-
lic moiety, the C-3 keto group and the orthoesterphenyl moieties seem
essential structural elements for activity. RTX is being developed as a
desensitizing agent for diabetic neuropathy and the treatment of urinary
incontinence [128]. A major difficulty in the development of RTX is in
the supply situation. The minor compound has to be purified from the
natural source.

Competitive TRPV1 antagonists have been synthesized by modification
of the agonist templates. Capsazepine (91) was the first antagonist identi-
fied. The compound attenuated hyperalgesia in guinea pigs but performed
poorly in rodents and was not carried to clinical development [135]. Intro-
duction of an iodine atom at C-5 of the vanilloyl moiety of RTX leads to a
potent agonist (IC,, 3.9 nM). 5-i0odiRTX (92) is currently in clinical trials
as an analgesic [128].
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6.4 Cannabinoids

Cannabis sativa (Cannabaceae) is one of the oldest cultured plants as can be
ascertained by archeological remains of the Neolithic period. First records
of medicinal use were by the Chinese emperor Huang Ti who advised tak-
ing Cannabis for the relief of cramps and pain. However, in 1964 only the
psychotropic substance in Cannabis was identified as A9-tetrahydrocan-
nabinol (A9-THC) (93) [136]. First indication of the existence of specific
cannabinoid receptors were reported in 1988 [137], and the CB, receptor
was cloned in 1990 in a screening of orphan G-protein-coupled receptors.
The CB, receptor was identified shortly after [138]. Endogenous ligands
of CB receptors are derivatives of polyunsaturated long-chain fatty acids.
Both cannabinoid receptors are G-protein coupled and modulate adenyl-

87



Olivier Potterat and Matthias Hamburger

ate cyclases (mostly inhibitory), and mitogen-activated kinases (mostly
activation). CB, receptors inhibit voltage-gated Ca?* channels, and stimu-
late inwardly rectifying K* channels [139]. CB, receptors are most abun-
dant in the CNS and also occur in peripheral nervous system, whereas CB,
receptors are mostly restricted to immune tissues and cells [138]. Their
physiological roles in cellular and humoral immune response show that
CB, agonists could have possible clinical use in chronic, inflammatory
and neuropathic pain, whereas CB,-receptor antagonists/inverse agonists
are of interest for the treatment of obesity and tobacco dependence, and
possibly in palliative care of Parkinson’s and Alzheimer’s disease [140].
CB, agonists may be useful in inflammatory and neuropathic pain. Can-
nabinoid receptor inactive cannabinoids have shown promise as analgesic
and anti-inflammatory drugs. Rimonabant (94), a selective CB, antagonist
with application in obesity treatment, is the first approved drug targeting
the endocannabinoid system, although it is not derived from a cannabi-
noid template.

A9-THC is a non-specific agonist at CB, and CB, receptors. Medicinal
chemistry programs have aimed at conferring specificity and eliminating
the psychotropic effects. HU-210 (95) is an ultrapotent CB, and CB, recep-
tor agonist, whereas HU-211 (96) is CB receptor inactive and currently
in Phase III clinical trial as a neuroprotective compound. O-2654 (97)
has been reported as a CB,-receptor selective antagonist. HU308 (98) is a
selective CB, agonist [138]. Ajulemic acid (99) is a THC-11-oic acid analog
with potent analgesic and anti-inflammatory activity which, however,
still shows some effects on CNS mediated functions due to its ability to
bind to both CB receptors, in particular to CB, [141, 142]. (-)-Cannabi-
diol (CBD) (100) interestingly possesses strong anti-inflammatory activ-
ity but no affinity to CB receptors. The CBD analog HU320 (101) was
synthesized in an effort to produce cannabinoid derived molecules with
increased anti-inflammatory and low CNS-related side effects [143]. HU-
320 shows very low affinity to CB, and CB, receptors (K, 1.9 and 5.0 uM,
respectively), in contrast to the (+)-enantiomer (K, 6 and 156 nM) [144].
The compound was evaluated in a number of in vitro and in vivo models. It
showed anti-arthritic properties in collagen-induced arthritis in mice, and
downregulated the release of important mediators such as TNF and IFN-y,
and suppressed proliferative response of lymph node cells. The compound
also shows some antioxidative activity [142]. Given that cannabidiol has
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extremely low toxicity in vivo, its metabolites and CBD acid derivatives are
thought to be non toxic. The molecular mechanisms of CBD and HU-320
are still an enigma.
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6.5 Quillaja saponins

Saponins are glycosides containing a triterpene or steroidal aglycone. Due
to their amphiphilic properties, saponins are natural detergents and foam-
ing agents with a number of applications. Among the most important
sources for industrial saponins is Quillaja saponaria (Rosaceae), a tree which
is indigenous to Chile. Its bark contains approximately 5% of a complex
mixture of saponins. Crude Quillaja saponin is used as a technical surfac-
tant, but also as a foaming agent in beverages and natural emulsifier in
foods. Quillaja extracts are approved for human consumption in the USA,
EC and Japan [143].

Quillaja saponins are bidesmosidic triterpenoids bearing sugar moieties
at C-3 and C-28. The major aglycone is quillaic acid. A particular feature of
Quillaja saponins are the aldehyde group attached to C-4, and a structur-
ally elaborate branched acyl moiety with a terminal L-arabinose [146].

The adjuvant properties of saponins were observed as early as in the
1930s, and use of saponins as adjuvants in animal vaccines was first tested
in 1951 [14S5]. Later, it was shown that only Quillaja saponins were effective
adjuvants, and a fraction with reduced toxicity was purified and commer-
cialized as Quil-A for the use in animal vaccines. Quil-A could be further
separated by HPLC into four major fractions with varying degrees of toxic-
ity. A fraction termed QS-21A, ;. ., (102) emerged as being among the most
promising new adjuvants, given its high level of potency and favourable
toxicity profile [147].

QS-21A elicits both Th1- and Th2-type cytokines and amplifies T-
cell and B-cell mediated immune responses. It is an immune-stimula-
tory adjuvant which possibly facilitates the uptake of the antigen into
antigen-presenting cells [148]. Following complete elucidation of the
complex structure of QS21A saponin, structure-function studies were
carried out to define features which were essential for immunogenicity.
Modification at the carboxylic group of the glucuronyl moiety led to a
moderate decrease in antibody titers, but the aldehyde function in the
aglycone proved to be essential [149]. Further studies with deacylated
QS-21A showed a decrease in IgG1 response, and a loss of IgG2 and cyto-
toxic T lymphocytes (CTL) response [150], whereas derivatives of the
deacylated saponin bearing an aliphatic amide at the carboxyl moiety
stimulated [gG2 and CTL [151]. QS-21 is in clinical trials with a number
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of vaccines and has been tested so far in over 60 trials with a total of more
than 3,000 patients [148, 150].

Quillaja saponins are able to form so-called immune-stimulating com-
plexes (ISCOMS). These are cage-like, stable complexes of cholesterol,
phospholipid and saponin which can serve as carriers for amphipathic
protein antigens such as viral envelope proteins [152]. ISCOMS with Quil-
laja saponins have been shown to stimulate both humoral and cellular
immune response, similar to the effects of the saponins. However, the
adjuvant effect was greater than for the micellar form. An interesting field
of possible application of ISCOMS is in the development of mucosal vac-
cines [153]. In view of possible pharmaceutical application in humans, the
stability of these bidesmosidic Quillaja saponins has been investigated. Ata
pH of 5.5-6, stability was satisfactory over 2 years. Currently, economically
teasible supply of highly purified QS-21 seems to be a major obstacle in the
commercial development of this promising adjuvant.

7  Cardiovascular and metabolic disorders

Atherosclerosis is the singly most important pathological process in the
development of coronary heart disease, which today is the most common
cause of morbidity and death in developed nations. Major atherosclerotic
risk factors are diabetes, smoking, hypertension and hyperlipidemia. Meta-
bolic syndrome is defined as a cluster of abnormalities including obesity,
impaired glucose tolerance and type 2 diabetes, atherogenic dyslipidemia,
hypertension and coagulopathy. All of the components have been shown
to increase the risk of cardiovascular disease. Metabolic syndrome is highly
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prevalent in industrialized countries; it affects approximately 24% of adults
in the USA. While single drugs such as lipid lowering statins reduce the
risk of fatal CHD, it is believed that improved and possibly combination
therapies will be needed in the future [154].

7.1 Guggul sterols

In Ayurveda, the traditional Indian system of medicine, the gum resin
obtained from the tree Commiphora mukul (Burseraceae) is used in the
treatment of inflammatory diseases and disorders of lipid metabolism.
Commiphora mukul is a thorny and bushy tree growing in the arid zones of
the Indian subcontinent. The resin is obtained via incisions in the bark and
is collected after drying. Pharmacological studies in the 1960s corroborated
the hypolipidemic properties in hyperlipidemic rabbits and were followed
by a series of animal and clinical studies. An ethyl acetate extract, termed
gugulipid, of the resin has been marketed in India for 20 years as a hypo-
lipidemic drug [155].

Subsequent fractionation led to the identification of E- and Z-gug-
gulsterone (103, 104) as the hypolipidemic constituents of the resin. The
concentration of the isomer mixture in the crude resin is about 2%, and
approximately 5% in gugulipid. The hypolipidemic activity of the resin
and of gugulsterone has been corroborated by several animal models with
different species [156]. Decrease in serum cholesterol and serum triglyc-
erides was observed. A number of clinical studies have been conducted,
with gum resin as well as with gugulipid, over the past 20 years, mostly
in India [1535, 157]. These studies generally reported a decrease in choles-
terol and triglyceride levels by 10 to 30%. However, while the decreases
were significant for the study, the effect was not seen in all individuals.
Even though these studies were often conducted with comparably small
patient numbers and often did not meet GCP trial standards, they provide
good support for clinical efficacy. A recent study, however, did not reveal
a statistically significant hypolipidemic effect of gugulipid [157]. Further
clinical trials are certainly warranted.

The molecular mechanism of gugulsterone action remained elusive
until recently when the compounds were reported as potent antagonists
at the farnesoid X receptor (FXR) [158]. FXR is a nuclear receptor critically
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involved in the regulation of cholesterol and bile acids. Upon activation
by bile acids, the natural ligands, FXR regulates the expression of genes
involved in cholesterol/bile acid homeostasis and thus appears to play a
key role in steroid homeostasis. Gugulsterones inhibited the activation
of FXR target genes in response to bile acids and a synthetic agonist, and
decreased hepatic cholesterol levels in wild-type mice fed with a high cho-
lesterol diet, but not in FXR null mice. Despite the steroidal skeleton of
the compounds, they are reportedly devoid of estrogenic, antiestrogenic
and progesterone-like activity, and also do not activate or inhibit transac-
tivation of other nuclear receptors involved in lipid metabolisms [158]).
However, weak activation of the pregnane X receptor was found which
possibly explains the induction of certain CYP isoenzymes.

Although no comprehensive regulatory toxicity data have been pub-
lished for gugulipids, the toxicity seems low. In general, adverse effects
reported for products were mild and mostly related to gastrointestinal
problems. Findings concerning a possible stimulation of thyroid function
are controversial so far [157].

7.2 Plant sterols, stanols and stanol esters

Phytosterols are non-nutritive plant-derived compounds with a structure
similar to that of cholesterol, the difference being in a modified side chain
in the plant sterols. p-Sitosterol (105) and campesterol (106) are the most
abundant phytosterols. They occur in all plant membranes, and the con-
tent is particularly elevated in fat-rich vegetables and derived products
such as nuts, fruits and vegetable oils. Stanols (107, 108) occur as minor
metabolites in plants, but are readily prepared by hydrogenation of cor-
responding plant sterols.
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Plant sterols have been long known to reduce plasma LDL-cholesterol
levels, by competing with dietary and biliary cholesterol absorption in the
intestine. After a number of animal studies in the early 1950s, -sitosterol
was introduced in 1957 by Eli Lilly as a drug for the treatment of hyper-
cholesterolemia [159]. Because of its poor solubility and bioavailability,
doses of up to 18 g/day had to be given. Phytosterols were soon aban-
doned, but renewed interest arose more recently with the possible use of
plant sterols and sterol derivatives as nutraceutical agents. Phytosterols
and phytostanols are esterified with fatty acids, and these higly lipophilic
esters can be readily incorporated into the lipid phase of foods such as
margarines.

Metaanalysis of more than 40 clinical intervention studies with such
products showed that a daily intake of 2 g of plant phytostanols lowers
cholesterol levels by 10%, and by 15% with an intake of 3 to 4.2 g [159].

Sterols, phytosterols and cholesterol alike, are absorbed as micelles.
Phytosterols displace cholesterol from these micelles, making it less avail-
able for reabsorption. However, bioavailability of plant sterols and stanols
is low, due to poor intestinal absorption and a high biliary elimination
rate. Cholesterol and plant sterols are absorbed into enterocytes via ABC
G5 and G8 transporters, which also function as efflux transporters [160].
The uptake of plant sterols is low, and the outward transport higher than
with cholesterol, resulting in an overall low resorption rate of 1.5 to 5%
for sterols, and 0.05 to 0.15% for stanols [161].

The toxicity of sterols and stanols has been extensively studied. Animal
studies showed no evidence of toxicity, including a lack of reproductive
and genotoxicity. Sterols have been clinically used for five decades without
any signs of toxicity, and the FDA and EU Scientific Committee has sanc-
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tioned their use in foods. There has been some concern about a lowered
resorption of lipophilic vitamins, but reductions by 10 to 15% have been
considered as within the range of individual variation [161].

7.3 Glucosidase inhibitors

Glycosidases are enzymes that catalyze the cleavage of glycosidic bonds in
oligosaccharides or glycoconjugates. The activity of glucosidases is funda-
mental to biological processes such as degradation of dietary polysaccha-
rides, lysosomal glycoconjugate catabolism and glycoprotein processing,
and biosynthesis of oligosaccharide units in glycoproteins and glycolipids
[162]. Glycoprocessing enzyme inhibitors have also been explored in the
treatment of cancers and as antiviral drugs [163] as reviewed earlier in this
chapter.

Currently three compounds are used as drugs, namely acarbose, a micro-
bial metabolite, miglitol (109) and N-butyl-1-deoxynojirimycin (110). The
latter two are derivatives of iminosugars or polyhydroxyalkaloids which
bear structural resemblance with monosaccharides. These compounds
inhibit glucosidases because they are able to mimic the conformation
and charge of the oxycarbenium ion intermediate generated in the tran-
sition state during the cleavage of the glycosidic bond. Nojirimycin was
discovered in 1966 as the first iminosugar. In the meantime, numerous
mono- and bicyclic iminosugars have been identified, bearing piperidine,
pyrrolidine, pyrrolizidine, indolizidine or nor-tropane skeletons [164].
Representative examples include 1-deoxynojirimycin (111) from Morus
alba (Moraceae) 2,5-dideoxy-2,5-imino-D-mannitol (112) from Derris ellip-
tica (Fabaceae) mimicking D-frucofuranose, castanospermine (82) from
Castanospermum australe (Fabaceae), alexine (113), a pyrrolizidine from
the Alexa leiopetala (Fabaceae), and calystegine A3 (114) from Calystegia
sepium (Convulvulaceae).

Isolation of 1-deoxynojirimycin followed after the observation that
extracts of mulberry leaves were able to suppress the postprandial glucose
peak. The discovery that the alkaloid inhibited mammalian a-glucosidase
activity prompted development towards a drug candidate. However, the
compound was only moderately active in vivo. Numerous derivatives
were synthesized with the aim to increase potency, and miglitol (109)
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was finally developed to a commercial drug. N-butyl-1-deoxynojirimycin
(Zavesca) (110) was initially developed as an anti-HIV agent. The com-
pound inhibits processing a-glucosidase I and to impair viral entry at
the level of post-CD-4 binding, probably due to an effect on components
of the viral envelope, and a structural change in the V1/V2 loop region
of gp-120 [164]. However, difficulties to achieve therapeutic concentra-
tions limited the practical use as an antiviral drug. The compound was
subsequently found to be a specific inhibitor of the glucosyltransferase-
catalyzed biosynthesis of glucosylceramide. Deficits in glucocerebrosidase
occur in type I Gaucher’s disease, a hereditary lysosomal storage disorder
leading to neuropathology. Zavesca and structurally related iminosugar-
derivatives are being developed for substrate reduction treatment or chap-
erone-mediated therapy for a number of other lysosomal storage disorders
[165].

7.4 Other antidiabetic agents

Traditional Chinese medicine has a rich collection of plants that have
documented effects in treating blood glucose imbalances and diabetes.
Animal pharmacology and clinical studies show that these single herbs
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or herbal mixtures show diverse effects, such as protection of pancreas
islets and beta cells, reduction of insulin resistance, and improvement of
microcirculation. However, the molecular mechanisms and compounds
responsible for the activity are mostly unknown [166]. Also the tradi-
tional Ayurvedic medicine has a rich collection of plants with antidia-
betic properties, some of which are corroborated by animal pharmacol-
ogy and clinical data [167]. A systematic review of data available on
herbs used in glycemic control of diabetes showed that there is reason-
ably good evidence for a number of plants, but clinical studies typically
had a preliminary character [168]. The antidiabetic potential of purified
plant metabolites has been reviewed but, with exception of the imino-
sugars, none of the plant derived compounds have been developed to
commercial drugs [169].

8 Alzheimer’s disease

Chronic neurodegenerative diseases are caused by a combination of events
that gradually impair normal neuronal function. Among these, Alzheim-
er’s disease (AD) is the most commonly occurring disorder. In the USA
alone, 4.5 million patients suffer from AD [170]. Given that age is the
most important risk factor, the prevalence will substantially increase in
industrialized countries due to an increase in life expectancy [171]. The
pathology of Alzheimer’s disease is characterized by two major lesions,
namely extracellular amyloid plaques and intracellular neurofibrillary
tangles of hyperphosphorylated tau protein. As either a cause or a conse-
quence of these pathologies, neuronal cells undergo apoptosis due to exci-
totoxicity, impaired energy metabolism and mitochondrial dysfunction,
and oxidative stress [172]. Apoptosis of acetylcholine-containing neurons
leads to characteristic deficits in cholinergic neurotransmission. Currently
approved drug treatments include acetylcholin esterase (AChE) inhibi-
tors and NMDA antagonists. The neurotransmitter acetylcholin is rapidly
hydrolyzed after release at the synapse by AChE. Inhibitors increase the
concentration of neurotransmitter and thus compensate, at least in part,
for the deficit in cholinergic neurons. The rationale for using cholinergic
drugs is that they are agonists at nicotinic cholinoreceptors and compen-
sate for low neurotransmitter levels.
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8.1 Physostigmine

The first and prototypical AChE inhibitor was physostigmine (115), an
alkaloid from the calabar bean (Physostigma venenosum, Fabaceae). Physo-
stigmine was isolated in 1864 as the toxic principle of an African ordeal
poison and was subsequently introduced as a glaucoma treatment. Recent
clinical studies with the compound showed cognitive benefits in normal
and AD patients, but a short half-life prevented further development. The
carbamate moiety of the compound is essential for its activity. It interacts
with a serine in AChE which is normally involved in the cleavage of ACh
by transient formation of a covalent bond with the acetyl moiety. Via a
nucleophilic attack of the serine, the carbamoyl group of physostigmine
is covalently bound to the catalytic site of the enzyme. Subsequent hydro-
lysis is slow, and the alkaloid thus acts as a quasi-irreversible inhibitor.
Modification of the side chain and introduction of quaternary ammonium
derivatives led to peripherally active AChE inhibitors such as neostigmine
(116) which has been used for the treatment of myasthenia gravis. Devel-
opment of lipophilic analogs, able to cross the blood-brain barrier, led to
rivastigmine (117) which was introduced in Alzheimer therapy in 2000
[173].

8.2 Huperzine A

Huperzine A (118) is an alkaloid isolated from the clubmoss Huperzia ser-
rata. This herbal drug has been used in traditional Chinese medicine to
treat various diseases. Huperzine A belongs to the class of Lycopodium alka-
loids which are unique to clubmosses. The compound is a potent, revers-
ible and selective inhibitor of AChE, with a 1,000-fold selectivity over
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butylcholinesterase [174]. The compound has no affinity for cholinergic
receptors [1735]. Interestingly, the alkaloid possesses some neuroprotective
properties which may be due to its ability to block excitatory action at
NMDA-type glutamate receptors. Bioavailability and penetration through
the blood-brain barrier are high. Several clinical studies have been con-
ducted with huperzine A, and significant improvement over placebo was
reported [174]. The template of huperzine A has been the starting point
for numerous synthetic efforts to find compounds with an improved activ-
ity and safety profile. ZT-1 (119), a Schiff base prepared by condensation
of huperzine A with 5-chloro-o-vanillin, is reportedly more selective as
an AChE inhibitor and shows less toxicity than the parent compound by
retaining potency, bioavailability, and duration of action. ZT-I has success-
tully passed Phase I clinical trials and is reportedly in a large multicenter
Phase II study [176].

8.3 Galanthamine

Galanthamine (120) was first isolated from the Caucasian snowdrop
(Galanthus woronowii, Amaryllidaceae) by Bulgarian chemists in 1952,
and the AChE inhibitory properties of the alkaloid were discovered in
1960 [177]. Galanthamine belongs to the class of Amaryllidaceae alkaloids
which are unique to this plant family. The pharmacological profile of the
compound differs from that of other AChE inhibitors. In various models,
the alkaloid was shown to be only a moderate inhibitor of the enzyme. It is
a good ligand for nicotinic ACh receptors and appears to act as an allosteric
potentiating ligand. Galanthamine also enhances GABA and glutamate
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release in hippocampal slices, and dopamine in the striatum. There is
also evidence for neuroprotecant properties in models using -amyloid or
thapsigargin as toxic stimuli.

Galanthamine has been clinically tested in mild to moderate AD
patients. A Cochrane review concluded that the drug showed efficacy on
global ratings, cognitive tests, and assessments of daily living and behav-
ior. Functional long-term clinical studies indicate a substantial delay in
cognitive decline in the longer term, up to 4 years. This observation is
consistent with a neuroprotective effect that goes beyond the symptomatic
effects attributed to pure AChE inhibitors.

There have been limited efforts to develop galanthamin derivatives.
Ring-D open analogs had lower AChE inhibitory activity than the parent
compound. Based on X-ray structural analysis of the (-)-galanthamine
AChE complex, some bis-ligands with significantly higher potency were
designed [177]. None of these compounds seems to be tested in animal
models.

8.4 Other AChE inhibitors

If one consults the natural products literature, numerous reports on plant
derived AChE inhibitors can be found. They encompass a wide range of
structural classes. One may speculate that this is the result of converging
evolution, given that AChE inhibition is an effective defense strategy of
a sessile organism against predators. Most compounds, however, are only
moderately potent and thus not suitable starting points for drug devel-
opment. Reviews on natural AChE inhibitors have been published [173,
178].

8.5 Ginkgo biloba

The special extract EGb761 is obtained from the leaves of Ginkgo biloba
(Ginkgoaceae) by a complex extraction and fractionation process which
leads to an enrichment of flavonoid glycosides (24%) and the terpenoid
lactones, ginkgolides A—C (121-123) and bilobalide (124) (6%). The extract
was initially commercialized as a phytomedicine to treat peripheral and
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central vascular disorders. Recent clinical studies provided evidence of
clinical benefits in AD patients, and EGb761 is approved in certain coun-
tries as drug for this indication.

Given the complex composition of EGb761 its pharmacological prop-
erties are equally complex and likely a result of synergistic effects of the
constituents. The extract has antioxidant properties, inhibits synthesis and
release of various mediators of inflammation, protects against neuronal
death induced by various neurotoxic agents, and reduces mitochondria-
initiated apoptosis [179]. EGb761 increases a-secretase activity in vitro and
in vivo, and reduces glutamate-associated excitotoxicity by a non-com-
petitive antagonism. Bilobalide appears to be responsible for this activity.
The antioxidant properties have been attributed to the flavonoid fraction,
whereas ginkgolides are PAF antagonists, and antagonists at glycine and
GABA, receptors. Neuroprotective and cognitive enhancing properties of
EGb761 have been demonstrated in various animal models [180].

Over the past decade, EGb761 has been submitted to clinical trials in
AD patients. The extract had reproducible effects on cognitive function
and delayed progression of the disease [181]. A large study conducted in
France over 7 years suggested a preventive effect in an aged population
cohort [182]. On the basis of this study, two large interventional studies
have been initiated in the USA and in France [180].

Regulatory toxicology showed a remarkable safety of Ginkgo extract.
The LD, in mice, for example, is >9,600 mg/kg [179]. EGb761 had no sig-
nificant adverse effects in formal clinical trials. In doses up to 240 mg/day,
the drug was usually well tolerated and the significance of adverse events
was similar to the placebo groups [181]. The outcome of the ongoing trials
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will be critical for the future role of Ginkgo extracts in pharmacotherapy of
AD, and in particular the possibility for preventive administration in the
elderly without a clinical diagnosis of the disease.

8.6 Curcumin

The anti-inflammatory, antioxidant and cancer chemopreventive proper-
ties of curcumin (56) are well known and have been reviewed earlier in
this chapter. There is some epidemiological evidence associating curry
consumption with cognitive function and lower incidence of AD [183,
184]. Furthermore, epidemiological studies indicate a reduced AD risk
associated with long-term use of non-steroidal anti-inflammatory drugs.
Extending on these lines, curcumin was tested in an Alzheimer transgenic
mouse model and shown to lower oxidized protein and IL-1f in the brain
of these animals. Insoluble and soluble -amyloid, and plaques were sig-
nificantly reduced. Curcumin inhibits aggregation of the amyloidogenic
abeta-42 oligomer and reduced amyloid levels and plaque burden in vivo
[185, 186]. A placebo controlled Phase II clinical study sponsored by the
US National Institute on Aging was initiated in 2003 to test the safety and
tolerability of two doses of curcumin in patients with mild to moderate
AD. Considering the safety record of turmeric as one of the most widely
consumed spices, evidence of a clinically beneficial effect in AD patients
might open the perspective of a preventive use of curcumin in elderly.

9 Industrial scale production of plant derived drugs —
supply and conservation issues

Sustainable, ecologically responsible and economically viable production
of plant material is important for industrial exploitation of plant derived
metabolites to be used as such or as starting material for synthesis. Typi-
cally, plant biomass is harvested from the wild or is cultivated. In both
cases, the production is dependent on a number of factors that are dif-
ficult or impossible to control. Harvests may be dramatically affected by
weather, pests and plant diseases. There may be considerable difficulties
to cope with fluctuating needs for supply. Given the particularities of any
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given plant/compound combination, the solutions that have been found
to ensure supply differ considerably. A selected number of examples should
highlight this.

The anticancer bisindole alkaloids vinblastine (9) and vincristine (10)
occur in the Madagascan periwinkle, Catharanthus roseus, only in minute
amounts. One ton of the plant material yields about 1 g of vinblastine
and 20 mg of vincristine. Cultivation of this perennial herb is not diffi-
cult, and commercial cultures were initially established in Australia, Africa
and India. However, a practical synthetic route for these bisindoles, via
oxidative coupling of the much more abundant ‘monomeric’ precursors
vindoline and catharanthin, was developed [187]. The starting compounds
for synthesis are extracted from leaves or roots, or produced in plant cell
culture [188].

When the demand for Gingko special extract EGb761 started to grow in
the early 1980s, the Dr. Willmar Schwabe group of pharmaceutical com-
panies had to find a sustainable and secure supply for the leaf material, to
replace local manual collection in East Asia. The French partner Beaufour-
IPSEN then established Ginkgo biloba plantations in the USA and France.
Within a few years, cultures of several millions trees came into operation.
The plantations were optimized for mechanized cultivation and harvest.
Leaves are stripped off in late summer using modified cotton pickers,
immediately dried in industrial heat dryers and packed into bales. Qual-
ity management is secured by applying Good Agricultural Practice (GAP)
regulations all along the production process [189].

In the development of paclitaxel (Taxol®) (14), supply of the drug for
clinical trials already was a major challenge. Paclitaxel is only found in the
thin bark of Taxus species, and the concentration of the compound is low.
Harvest of the bark leads to destruction of the plant which belongs to the
slowest growing trees, and the bark of three mature trees provides only 1
g of paclitaxel. When the first clinical trials required some 13,000 trees of
Pacific yew to be felled in the unique temperate rainforests of northwestern
USA, there were significant environmental concerns. It was calculated that
commercial sourcing from the bark would lead to a global eradication of
all yew species within few years. Ensuring a sustainable supply was quint-
essential for a successful commercial development. Fortunately, a suitable
precursot, 10-deacetylbacchatin I1I was found to occur in rather high con-
centration in the renewable leaves, and practical routes for semisynthesis
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of paclitaxel were found [190]. Thus, a sustainable industrial production
from yew clippings could be established. Attempts to produce paclitaxel
in plant cell culture started in the late 1980s. A first patent filed in 1991
described yields of 1-3 mg/l in cell suspension cultures. Commercial cell
culture-based paclitaxel production was subsequently established by Samy-
ang Genex (Korea) and Bristol-Myers Squibb/IVAX (USA). A production of
140-295 mg/l is reportedly achieved in high-density culture condition
[191, 192]. Paclitaxel can be considered as the first economical success of
a cell culture-based production of a pharmaceutical.

The most advanced stage for production of critical plant-derived natu-
ral products is by recombinant microbial biocatalysis. The first compound
to be produced in this manner is shikimic acid (125) which serves as start-
ing material for the synthesis of the neuraminidase inhibitor oseltamvir
(Tamiflu®) (126) [193]. Shikimic acid is an intermediate in the biosynthesis
of essential amino acids and phenylpropanoids, and occurs in high con-
centration in the fruit of star anise (Illicium verum, Illicaceae). The dramati-
cally increasing demand for Tamiflu led to a supply shortage for shikimic
acid. Fermentation of a genetically modified E. coli currently supplies
approximately 30% of the demand for the USA market.

However, there are cases of successful drugs for which the supply issue
has not yet been resolved. A case in point is podophyllotoxin (21), which
is extracted from the rhizome of Podophyllum hexandrum. The compound
has limited use as such but is the starting material for synthesis of the
anticancer drugs etoposide (22) and teniposide (23). P. hexandrum grows
naturally in most Himalayan states of India where it is collected from the
wild. The plant has a slow regeneration in nature, and the species has
now become endangered due to uncontrolled collection. Work on mass
propagation and attempts for plant cell culture production of podophyl-
lotoxin have been reported but not developed to industrial scale [194].
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The North American species P. peltatum is being evaluated as an alternative
source, and podophyllotoxin can be obtained from podophyllotoxin-4-O-
B-D-glucoside contained in the leaves via controlled enzymatic hydrolysis
[195]. However, even though high yielding accessions have been selected,
economically viable cultivation is not yet achieved. There is currently no
economical synthetic route to podophyllotoxin.

The case of P. peltatum highlights the problem of insufficient or lack-
ing control mechanisms for endangered species that most developing
countries are facing. Not only the production of prescription drugs, but
also an increasing demand for certain herbal medicines and food supple-
ments can lead to uncontrolled collection from the wild which imperils
natural plant populations. Three selected examples, among others, from
the African continent include Hoodia gordonii (Asclepiadaceae), claimed
to be an appetite supressant, Harpagophytum procumbens (Pedaliaceae),
popular as an antirheumatic phytomedicine, or Drosera madagascariensis
(Droseraceae). The latter species is collected as a replacement for the Euro-
pean Drosera rotundifolia which is strictly protected. On the other hand,
there are examples of successful implementation of sustainable harvesting
procedure for sourcing from natural habitats. One case in point is Quillaja
saponaria (Rosaceae), a tree that grows in a limited area in Chile and is
harvested as a raw material for industrial extraction of Quillaja saponins.
Originally, mature trees were felled to obtain the saponin-containing bark.
Instead, harvesting of shoots and branches is sustainable and has been
implemented successfully [1435].

10 Plant-derived drug discovery after the convention
on biological diversity

In June 1992, 150 government leaders at the Rio Earth Summit signed
the Convention on Biological Diversity (CBD), which has been ratified
since by a large majority of the United Nations Member States. The Con-
vention was dedicated to promoting sustainable development and was
conceived as a practical tool for translating the principles of Agenda 21
into reality.

Three objectives should be reached with the aid of the CBD: the con-
servation of biological diversity, sustainable development of biological
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resources, and equitable sharing of resulting benefits. In accord with the
principles of the CBD, numerous countries have put in place various forms
of regulations and legislation which control the acquisition of biological
materials and indigenous knowledge.

For academic and industrial research groups, the implementation
of these regulations had profound impact on the way natural product
research is carried out. Agreements to access biological materials now
require lengthy negotiations. With plants, the intellectual property issues
can be daunting if one considers that plant distribution does not follow
national boundaries and that numerous plants have been naturalized in
other countries or are exported, e.g., as ornamental plants. Possible indig-
enous knowledge on plants may render the intellectual property issues and
benefit sharing even more complex. The hope that the CBD would lead to
a higher level of international collaboration has not materialized; rather
the opposite has happened. During the 1990s and after 2000, several phar-
maceutical companies renounced to natural product screening, the com-
plications of the negotiation process usually could not meet the timelines
of the industry. On the other hand, there have been a number of successful
cooperative agreements between academic groups, pharmaceutical indus-
tries and governmental institutions in biodiversity-rich countries [196].
Countries such as China have successfully negotiated large contracts with
the pharmaceutical industry.

A major obstacle in reaching pragmatic solutions has often been the
discussion about the value of biological resources and the issue of just
compensation [197]. Highly divergent opinions have been voiced since the
Rio Earth Summit. On the one hand, there have been accusations of ‘biopi-
racy’ [198], and numerical simulations suggesting that the bioprospecting
value of certain genetic resources could be large enough to support market-
based conservation of biodiversity [199]. On the other hand, there are the
outcomes 15 years after the Rio Summit. The example of INBio (National
Biodiversity Institute) of Costa Rica, one of the flagships of biodiversity
conservation, shows that the money for bioprospection still largely comes
from public research agencies and that no major royalty generating patent
has resulted so far from their past and current cooperation with several
leading pharmaceutical and biotechnology companies [200]. Thus, source
countries should rather emphasize knowledge transfer and capacity build-
ing [201].
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11 Conclusions

If one compares the compounds and projects described in this chapter
with those reported in earlier reviews on the subject [9, 202-204], the
continuous influx of new plant-derived molecules into the drug develop-
ment pipeline is obvious. Equally important has been the progress in our
understanding of the molecular targets for these compounds.

Compared to other biomes, higher plants are taxonomically well char-
acterized and their secondary metabolism has been widely explored. Thus,
the majority of secondary metabolites known today originate from plants.
Should one, therefore, refrain from plant-based lead discovery and favor
lesser explored sources? While there is certainly no reason not to study
lesser known groups of organisms, higher plants are far from exhausted as
sources for new drug leads. Indeed, several new lead templates have been
discovered from plants since 1990 with compounds currently in clinical
trials [23]. Also, it should not be forgotten that the vast majority of phy-
tochemicals have been isolated in an academic setting by scientists who
were primarily interested in their structural features and biosynthesis.
Most compounds have never been tested for any bioactivity, and if they
underwent some sort of testing, the bioassays were usually rather simple
and narrow in their scope. The largest screening effort for plants and plant-
derived compound has been by the National Cancer Institute (NCI) of the
United States, in the fields of anticancer and antiviral drug discovery. How-
ever, all the plants and pure substances which were screened have to be
considered as ‘uninvestigated’ with respect to any other pharmacological
activity. Therefore, the continuing success of plant-derived drug discovery
and development will largely depend on the quality of the research being
carried out, and on the innovativeness of the scientists attempting to
unravel the secrets of natural products.
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Evolutionary mechanisms underlying secondary metabolite diversity

Abstract

The enormous chemical diversity and the broad range of biological activities of secondary
metabolites raise many questions about their role in nature and the specific traits leading to
their evolution. The answers to these questions will not only be of fundamental interest but
may also provide lessons that could help to improve the screening protocols of pharmaceuti-
cal companies and strategies for rational secondary metabolite engineering. In this review, we
try to dissect evolutionary principles leading to the emergence, distribution, diversification
and selection of genes involved in secondary metabolite biosyntheses. We give an overview
about recent insights into the evolution of the different types of polyketide synthases (PKS)
in microorganisms and plants and highlight unique mechanisms underlying polyketide
diversity. Although phylogenetic and experimental data have significantly increased our
knowledge about the role and evolution of secondary metabolites in the last decades there is
still much dissent about the impact of natural selection. In order to understand the evolution
towards metabolic diversity we therefore need more thorough investigations of the ecological
role of secondary metabolites in the future.

1 Introduction

Secondary metabolites are defined as a group of natural compounds that,
in contrast to primary metabolites, are not directly involved in growth,
development or reproduction of organisms. Typically, secondary metabo-
lites belong to diverse chemical substance classes and are regarded as char-
acteristic for individual species (chemotaxonomy). The term ‘secondary’ in
the context of metabolism was introduced in 1891 by the German plant
physiologist Kossel [1]. Facing a steadily growing conglomeration of newly
identified substances produced by living organisms, Kossel suggested to
concentrate the research endeavours on the ‘essential’ molecules, i.e., the
ubiquitous ones, which he called ‘primary’. Thus, this discrimination was
not based on function, but rather it was purely phenomenological and
resulted in an ad hoc definition. Although the terms ‘primary metabolism’
and ‘secondary metabolism’ are commonly used, there are a number of
substances that are not easy to classify. Lipids or polysaccharides, for
example, play essential roles for each organism but some compounds
of these classes may provide individual characteristic features for their
producing organisms [2]. The basis of the specific functions of secondary
metabolites is their prevalent potent biomolecular activity that assures a
specific interaction with their targets. In that way, secondary metabolites
frequently act as biological warfare agents against predators, parasites and
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diseases or may fulfil intrinsic physiological functions for their producing
organisms [3].

But how have secondary metabolites evolved and which evolutionary
mechanisms have led to their striking diversity and their species—specific
occurrence? The answers to these questions are not only of a fundamen-
tal nature. They may also provide lessons that could help to improve the
screening protocols of pharmaceutical companies and strategies for ratio-
nal secondary metabolite engineering. In this review we attempt to give
an overview about existing hypotheses about the evolution and diversifi-
cation of biosynthetic enzymes involved in secondary metabolite produc-
tion. Secondary metabolites include diverse ‘small molecule’ classes, such
as alkaloids, terpenoids, glycosides or peptides. We will, however, mainly
focus on the diverse types of polyketides produced by microorganisms
and plants. Polyketides from bacteria and plants include some of the most
important drug leads such as erythromycin, tetracycline and epothilone
[4, 5]. The different types of synthases involved in polyketide production
exemplify very different evolutionary strategies of organisms to generate
secondary metabolite diversity. Apart from discussing an individual selec-
tion of examples we will try to draw some general conclusions about the
evolutionary strategies that have led to the plethora of secondary metabo-
lites in individual organisms.

2 Evolution of secondary metabolite biosynthesis
enzymes from primary metabolism

It is generally assumed that pathways of secondary metabolism originate
from precursors in the primary metabolic network. Individual secondary
pathways may have started to evolve as the result of incidental duplication
and subsequent mutation of one of the gene copies [6]. In many cases,
ancestry of such enzymes from primary metabolism can be easily antici-
pated. Many enzymes from secondary metabolite pathways use universally
present precursors and show sequence similarity to their primary counter-
parts. With the increasing amount of sequence information in databases
robust phylogenetic analyses can be applied to test the evolutionary con-
nection between the different enzyme types. Polyketide synthases (PKS),
as an example, use the same type of enzymatic reactions like essential fatty
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Figure 1

Schematic representation of fatty acid synthases (FAS) and polyketide synthases (PKS). Enzyme
systems carrying the catalytic sites on separate proteins are classified as type Il FAS and PKS, respec-
tively. Enzyme systems possessing a multidomain architecture are classified as type | FAS and PKS,
respectively. PKS Il are characterised by a single domain architecture. Distinct proteins are shown
as squares and domains integrated within proteins as circles, respectively. Optional domains of PKS
| are indicated.

Abbreviations: KS, ketosynthase; KSo. and KSB, subtypes of KS in PKS Il systems; AT, acyltransferase;
DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein; CHS, chalcone
synthase

acid synthases (FAS). The multidomain type I PKS in bacteria and fungi
resemble type I FAS from animals; whereas type II PKS are similar to type
II FAS from bacteria and plants that carry their catalytic sites on distinct
proteins ([7], Fig. 1). The PKS superfamily of enzymes further includes
the chalcone and stilbene synthases that were designated as type III PKS
(Fig. 1). These homodimeric single-domain proteins represent the simplest
type of PKS and were originally considered as plant specific; however more
recently the presence of PKS III encoding enzymes was repeatedly reported
for different groups of bacteria [8-10]. A first step towards an understand-
ing of the evolutionary history of the different types of PKS is to evaluate
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their relationship with FAS from primary metabolism. This question has
been addressed in independent studies for PKS I, PKS II and for PKS III,
respectively. An analysis of ketosynthase (KS) domains and proteins of FAS
(I, II) and PKS (I, II) has revealed that PKS and FAS have passed through
a long joint evolution process. The phylogenetic analyses suggest that
first the more ancient type II FAS and PKS evolved from their ancestor
proteins before the first ‘fusion-type’ multidomain FAS emerged in some
actinobacteria and fungi. These multidomain FAS differ in their domain
architecture from PKS I and from FAS I in animals. Presumably, a second
multidomain enzyme evolved independent from the fungal type FAS and
served as ancestor for the iterative and modular types of PKS I in bacteria
and fungi and for the FAS of animals (Fig. 2). These striking correlations
also explain the astonishing fact that animal FAS are much more similar to
bacterial and fungal PKS I than to FAS from fungi. FAS and PKS therefore
represent an example where secondary metabolite biosynthesis enzymes
not only descend from primary metabolism enzymes but have never fol-
lowed a separate path in evolution. Such a close connection of primary
and secondary metabolism is not always common. An example that might
be more characteristic is the evolution of PKS IIl. The most similar type
of enzyme in the database is the FabH type ketosynthase that belongs to
type II FAS systems. The phylogenetic analysis of FabH enzymes and PKS III
from bacteria and plants has suggested that eubacterial PKS III derive from
a eubacterial FabH ancestor protein. However, the evolutionary distance
between the two enzyme types is remarkable. It can be speculated that the
development of a PKS III type enzyme from a FabH type enzyme occurred
only once during evolution. Following this scenario, eubacterial PKS III
can be predicted to be the ancestors of the diverse plant chalcone and
stilbene synthases and that type III PKS are not an original invention of
plants (Fig. 2). The examples of the diverse types of PKS may represent the
different routes that have led to the emergence of secondary metabolite
biosyntheses and their products. It may not always be easy to recognise the
primary progenitor proteins for each secondary metabolite pathway and in
some cases missing evolutionary links could circumvent the uncovering of
specific relationships. Nevertheless, the first step towards the development
of secondary metabolism follows common principles. It seems much more
difficult to understand the striking distribution of the secondary metabo-
lites in different organisms.
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Figure 2

Schematic representation of the phylogenetic relationships between the different types of FAS and
PKS based on amino acid sequences of KS domains. KS domains of diverse types of PKS in bacteria
and plants descend from FabF and FabH type KS that are part of type Il FAS systems in eubacteria. The
tree combines the results from Jenke-Kodama et al. (2005) and Gross et al. (2006) and unpublished
data. The branch lengths are arbitrary. Clade credibility values are given in the original publications.
Schematic representations of PKS types are shown in Figure 1.

3 Factors influencing the distribution of biosynthetic
enzymes among species

Compared to the primary metabolic network, secondary metabolites and
their biosynthetic pathways show many more variations with respect to
the organisms they occur in and show an often patchy distribution even
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among closely related strains of the same species. This irregular distri-
bution has most likely resulted from a sum of evolutionary processes
and even a thorough analysis is prone to failures as the different factors
may interfere. At first, enzymes involved in the biosynthesis of secondary
metabolites underlie general speciation processes. Enzymes have evolved
independently in different species and their evolutionary distance usually
reflects the time that has passed since the last common ancestor of those
species existed. However, enzymes involved in secondary metabolite path-
ways may be subject to different diversification and selection processes in
the species (see following chapters) and are not necessarily as well con-
served as most enzymes of the primary metabolism. A second factor that
may influence the distribution of these enzymes is the so-called ‘birth and
death’ evolution that is often characteristic of multigene families [11].
Many enzymes of secondary metabolite pathways are derived from dupli-
cation events and have established such enzyme families. According to
the ‘birth and death’ model some of the duplicated genes are maintained
for a long time, whereas others are deleted or become non-functional
through deleterious mutations [11]. This model applies to families such as
the immunoglobulins, the major histocompatibility complex (MHC) and
disease resistance genes [11]. The ‘birth and death’ theory also provides a
possible explanation for a species—specific loss (or retention) of second-
ary metabolite enzymes. Indications for an involvement of ‘birth and
death’ evolution on the distribution of PKS I genes were found in a recent
analysis of the completely sequenced genome of Streptomyces avermitilis.
In addition to three giant modular PKS gene clusters encoding pathways
for avermectin, oligomycin and an uncharacterised polyene, the genome
contains a number of PKS genes that are probably nonfunctional due to
substantial mutations and appear to be fragmented remnants of once
functional clusters (ORFs) [12]. These ORFs match the characteristics of
typical bacterial pseudogenes like truncation or disruption over a sizeable
portion [13]. For instance, the protein encoded by ORF pks8-2 consists of a
single KS domain, which is flanked at the C-terminus by remnants of a KS-
AT interdomain region. The KS domain itself is shortened dramatically in
length from typically around 420 residues to only 265 residues. This is due
to a number of large deletions that are distributed over the whole domain
with some of them affecting strictly conserved regions. Similar observa-
tions were made for the pksl and pks9 ORFs in the S. avermitilis genome.

126



Evolutionary mechanisms underlying secondary metabolite diversity

A third factor that has an impact on the distribution of secondary
metabolites, in particular in bacteria, is the horizontal transfer of the
responsive genes. Whereas horizontal gene transfer (HGT) between bac-
teria and higher eukaryotes can be considered as a rare event in evolution
it generally plays a major role for the distribution of certain gene families
in bacteria [14].

One aspect that is limiting the success of HGT events of secondary
metabolite gene clusters is the toxicity of the products for the producing
organisms. Many antibiotics affect prokaryotic DNA, protein translation
or cell wall synthesis [15]. The producing bacteria have to cope with these
bioactivities either by sequestering the metabolites or by modifying them
into noneffective variants. Streptomyces verticillus, the producer of the bleo-
mycin family of antitumor antibiotics, has evolved at least two indepen-
dent strategies to avoid suicide. The BImA protein shows a very high affin-
ity to the glycopeptides thus keeping the metabolite apart from the target
DNA [16]. A second protein, BImB acts as an N-acetyltransferase capable of
inactivating bleomycins and related antibiotics [17]. In many other cases,
sequestering of antibiotics is achieved by specific efflux pumps. Examples
for polyketide antibiotics that are accompanied by this type of resistance
strategy include leinamycins of Streptomyces atroolivaceus [18] and pyolute-
orins of Pseudomonas fluorescens [19]. Yet another resistance strategy is used
by the pactamycin producer Streptomyces pactamus and the tylosin pro-
ducer Streptomyces fradiae. Here, resistance against the antibiotics involves
methylation of the 16S RNA and 23S RNA targets, respectively [20, 21].
Taking the individuality of these resistance strategies into advance it is not
surprising that genes conferring resistance against specific antibiotics are
frequently clustered with the corresponding biosynthetic genes. Although
phylogenetic evidence is missing it can be speculated that biosynthetic
genes and resistance genes went through a concerted evolution process. A
successful HGT event of antibiotic gene clusters would accordingly have to
include the transfer of resistance genes. As both types of genes often form
part of a genomic island, an important precondition for a joint HGT event
is fulfilled. Two examples of secondary metabolite gene clusters that are
located on mobile genomic elements are the yersiniabactin biosynthetic
gene cluster that is part of a high pathogenicity island (HPI) in E.coli [22]
and the coronatin biosynthesis cluster that is frequently located on plas-
mids in phytopathogenic Pseudomonas strains [23]. However, in most cases
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direct evidence for the transfer of genomic islands is missing. Nevertheless
it can be speculated that HGT is one of the major reasons for the patchy
distribution of secondary metabolite clusters in bacteria.

How difficult it is to assess the influence of the different factors on the
distribution of secondary metabolite pathways can be exemplified for PKS
and their genes. In bacteria, PKS I and II genes are confined to specific
groups or genera, whereas most bacteria seem to have lost the ability
to produce polyketides or have never evolved this feature. Partly, this
was apparent from screening surveys that have revealed actinobacteria,
myxobacteria, pseudomonads, bacilli and cyanobacteria as predominant
producers of such compounds. In the postgenomic era this observation
is now largely being confirmed by the absence of PKS genes from most
bacterial genomes present in the database [7]. The impact of HGT for the
distribution of PKS I seems to differ between bacterial groups. Whereas in
actinobacteria and cyanobacteria most PKS I genes may have evolved from
common ancestors, HGT may have played a major role for the evolution
of PKS I in proteobacteria. In the first case, individual differences between
strains could result from speciation, diversification and ‘birth and death’
evolution. Unlike in actinobacteria and cyanobacteria, PKS genes in y-pro-
teobacteria are frequently located on mobile genomic islands that differ
from the ‘core’ genome in their GC content [24]. There are, however, other
bacteria (in particular myxobacteria) where the evolutionary history of PKS
remains obscure. Whereas the distribution of the sequences in phyloge-
netic trees clearly indicate HGT events (followed by frequent duplication
events in myxobacteria) no further support for this theory comes from the
analysis of the GC content of these genes [7]. A GC content analysis would
also fail to detect HGT between closely related species. The impact of HGT
on PKS evolution can therefore not be assessed without an experimental
verification.

In contrast to bacteria, for the evolution of secondary metabolite
enzymes in plants usually a vertical descent can be anticipated. Never-
theless, an irregular distribution of secondary metabolite genes is also
characteristic for these higher eukaryotes. As explained above, these pat-
terns could be explained by ‘birth and death’ evolution processes and by
a strain- or genus specific diversification of the enzymes. Such an evolu-
tionary scenario can thus also be presumed for the family of chalcone and
stilbene synthases (PKS III) in plants. A phylogenetic comparison of PKS III

128



Evolutionary mechanisms underlying secondary metabolite diversity

sequences from bacteria, fungi and plants clearly rules out the possibility
of a HGT between these large organismic groups [8].

In order to explain the inconsistent distribution pattern of secondary
metabolites therefore only rarely HGT must be invoked. It seems more
important to understand the mechanisms for the diversification of sec-
ondary metabolite biosynthesis enzymes and the underlying selection
pressure.

4 Mechanisms leading to the diversification of
enzymes and their products

In order to interpret the impact of diversification processes on the evolu-
tion of secondary metabolites, an understanding of the enzymatic basis of
their diversity and of the capability of the respective biosynthetic enzymes
to produce high amounts of different compounds is needed. Nature has
found different solutions to fulfil this task. There are special biosynthetic
systems that are found exclusively in the context of secondary metabolism
and, on the other hand, there are typical enzyme pathways as found in
primary metabolism. Although their general organisation is very different
from each other, they seem to serve the same aim, namely to provide the
potential to produce many different structures by means of rather limited
genetic resources.

A unique diversification principle is found in modular PKS I. Although
PKS I is highly similar to FAS the modular organisation facilitates the
production of manifold compounds. The basis of the product diversity
is the construction kit-like principle underlying a typical PKS I assembly
line. Each module catalyses one cycle of elongation thereby prolonging
the polyketide chain by one building block. It depends on the module
type which kind of building block is incorporated and to which reduction
level it is modified after formation of the new C-C bond. A similar prin-
ciple can be anticipated for modular non-ribosomal peptide synthetases
(NRPS). The existence of modules with different substrate specificities
and variable domain compositions in conjunction with the possibility
of combining them in a permutational manner results in a vast diversity
of polyketide or peptide structures. One can calculate that a PKS system
of six elongation modules is theoretically capable to produce more than

129



Holger Jenke-Kodama, Rolf Miiller and Elke Dittmann

100,000 different structures [25]. Indeed, experimental approaches were
used to combine different sets of modules in the laboratory for many
years [26, 18] before the growing number of complete bacterial genome
sequences provided insight into nature’s way of handling biosynthetic
modularity. In a recent study the actinobacterium Streptomyces avermitilis
served as the model organism as its genome encodes the largest number
of PKS modules of all currently available bacterial genomes and most of
these modules can be assigned to the biosynthesis of already characterised
polyketide compounds. Using phylogenetic reconstruction methods it
could be demonstrated that about two thirds of the modules cannot be
explained as the outcome of a mere duplication process. Rather, they show
extensive exchange of domains ([8]; Fig. 3). Furthermore, the putative
recombination sites were mainly identified within interdomain regions
and the recombination-based reprogramming of modules was confined
to domains which account for the structural diversity of the polyketide
backbone. Modularisation of PKS I and reprogramming of modules by
recombination can likely occur in a relatively short period of time. Sup-
port for this theory comes from an analysis of the mycolactone biosyn-
thetic gene cluster that is implicated in the Buruli ulcer desease [27]. The
KS domains of this cluster that catalise the C-C bond forming steps show
97% identity among each other and most probably result from recent
duplication events. The evolution of this toxin has therefore with all prob-
ability occurred after speciation in the specific host-pathogen environ-
ment. Secondary metabolites that are highly specific for their ecological
niches could have evolved by fast diversification and selection processes.
Taken together, modular PKSs can be interpreted as molecular machines
invented by nature to create chemical diversity in a ‘gene-saving’ way. To
produce relatively small molecules by means of giant enzyme complexes
only makes sense because of the inbuilt flexibility of the assembly line.
Taking this into account, it also becomes clear why these biosynthesis
systems occur only in the production of secondary metabolites. They pro-
duce a certain compound and concurrently bear the potential to change it
easily by recombination processes without the necessity to mutate amino
acid residues in the enzyme’s active centre or in other functionally impor-
tant regions. One can speculate that the same principles and conclusions
apply to the likewise modularly organised NRPSs, albeit an analogous
study analysing these systems is still missing.
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Figure 3

The modular architecture of multimodular PKS [ facilitates a frequent exchange of gene segments by
recombination. Shown here are the phylogenetic relationships of different domain types that are part
of multimodular PKS | encoded by the actinobacterium Streptomyces avermitilis. The strain encodes
three major PKS | complexes that can be assigned to the synthesis of the avermectin (Ave), a polyene
macrolide (Pte) and oligomycin (OIm). In a first step, all three PKS gene cluster have presumably
evolved by duplication from a single pathway specific ancestor module. This evolutionary history is
reflected by KS domain sequences that go back to a cluster specific ancestor in all Ave, Pte and Olm PKS
modules, respectively. In a second step, recombination has occurred between different module types
leading to an exchange, loss or gain of AT, DH and KR domains. The different subtypes of AT and KR
domains are shown in different colours. Only those modules that show similar phylogenetic distances
of all their domains to the respective domains of another module can be explained by whole module
duplications (indicated by asterics). 65% of the modules show phylogenetic incongruities, indicating
recombination events following duplication. These data suggest that recombination is a major driving
force for the diversification of multimodular PKS I. Figure taken from [12].
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Besides these special secondary metabolism systems, there are many
classical pathway-type reactions for the biosynthesis of natural products
as in the case of terpenoids, phenylpropanoid-derived compounds and
alkaloids. Nevertheless, enzymes involved in the respective pathways
can be expected to have some specific features compared to their ‘pri-
mary counterparts’. It has been discussed that biosynthetic enzymes
involved in secondary metabolite production exhibit a broader substrate
specificity and that they are typically organised in branched pathways
and matrix pathways [2]. These attributes were predicted as prerequisites
for the generation of a large variety of structures with a limited number
of enzymes. In order to support their so-called Screening Hypothesis,
Firn and Jones searched the literature for studies that provided evidence
for their predictions and compiled dozens of impressive examples [28].
For instance, it could be demonstrated that in Scotch spearmint a muta-
tion in a single enzyme resulted in the production of a series of new
p-menthane monoterpenes. The mutation caused an oxygenation at C3
instead of the typical C6 position and gave rise not only to one new com-
pound but to a whole series as the enzymes following the oxygenation
step are capable of converting the new substrate due to their capability to
process a variety of substrates [29]. An ostensive case of a grid-like path-
way organisation was identified for astaxanthin biosynthesis in Agrobac-
terium aurantiacum where p-carotene can be converted into astaxanthin
via eight different intermediates by the action of only two enzymes, a
hydroxylase and a ketolase [30]. For PKS III of plants, it was shown that
their evolution follows the gene duplication model with point muta-
tions in the active centre leading to new products by divergent cyclisa-
tion mechanisms. In that way, stilbene synthases have evolved several
times independently from chalcone synthases [31-33]. Taken together,
different lines of evidence suggest that enzymes involved in secondary
metabolism are to some extent organised or equipped to be capable of
producing a maximum of chemical variety. However, not every single
step of a secondary metabolism pathway is necessarily arranged in this
way. Many enzymes involved in the production of natural products
catalyse very specific reactions, e.g., in the biosynthesis of the phenyl-
propanoids and alkaloids [34]. The evolution of chemical diversity and
the development of a specific bioactivity are only two aspects of one
concept.
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5 Hypotheses about functional roles of secondary
metabolites

Natural selection of organisms will favour advantageous traits that either
increase general fitness or defence capabilities. Selection is therefore
directly connected to the functional roles of secondary metabolites. The
enormous diversity of secondary metabolites from plants and microorgan-
isms has provoked many speculations and debates about their biological
significance. A widespread hypothesis, particularly in the older literature,
is the assumption that secondary metabolites are waste or detoxification
products of organisms [35]. Another prevalent opinion is that secondary
metabolites primarily represent an arsenal of natural chemical warfare
[36]. Opponents of this theory have suggested that secondary metabolites
form a pool of nonfunctional variety and function as ‘inventive’ metabo-
lites [37]. Yet other authors favoured the opinion that these metabolites are
remnants of former functional metabolites [38]. These historical examples
do not present a complete enumeration, but they give an overview about
the most interesting and influential suggestions in the last century. Some
of them are obviously not suited to explain the whole range of diversity;
others are clearly disproved by experimental data.

The view on secondary metabolites as simple waste products of primary
metabolism reflects the lack of knowledge about biological functions of
secondary metabolites in the first half of the last century. A second problem
of the waste product theory is that it cannot provide an explanation for the
high number and diversity of secondary metabolites. It is also in contradic-
tion with the fact that plants and microbes, the main producers of second-
ary metabolites, do not need such a detoxification system. Plants are able
to control their metabolic inputs and microbes would be expected to export
waste compounds to their surroundings instead of developing a myriad of
energy consuming reactions to transform them. If detoxification pathways
were essential earlier in evolution, their components would have evolved a
long time ago and would most likely have resulted in more or less conserved
reaction sequences in different groups of organisms. Furthermore, there are
many examples of compounds for which it is a well-established fact that they
play an important role in ecological interactions [39, 40]. We cannot exclude
that some compounds may serve or have served a role as waste or detoxifica-
tion products. However, this idea is far from giving a general assertion.
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In the last few years another perception of secondary metabolites in
microorganisms obtained larger acceptance: the role of secondary metabo-
lites as communication signals in complex communities [41]. It is being
argued that the high concentrations required for antibiotic activities
of compounds are rarely achieved under true physiological conditions
whereas subinhibitory concentrations can still lead to global transcrip-
tional changes in the producing microorganisms or their neighbours in
the habitat. Indeed, a number of recent studies support a role of different
types of secondary metabolites in signalling and cellular interactions.
As an example, it could be shown that antibiotics such as erythromycin
and rifampicin, at low concentrations, alter global bacterial transcrip-
tion patterns as measured by the stimulation or inhibition of a variety of
promoter—lux reporter constructs in a Salmonella typhimurium library [42].
In Myxococcus xanthus, DKxanthenes, a unique class of pigments, were
shown to have a strong influence on fruiting body formation and viability
of spores [43]. Another example for an impact of secondary metabolites
on cellular interactions is provided by the potent cyanobacterial toxin
microcystin that was shown to influence expression and oligomerisation
of a surface exposed lectin and hence cell-cell recognition and cell-cell
attachment in the colonial cyanobacteria [44].

In the field of plant secondary metabolism, the idea of chemical war-
fare and of important relations between phytochemical diversity on the
one hand and ecological interactions on the other hand became more
and more influential from the 1960s. This view has been supported by an
increasing number of studies that analysed the co-evolution within ecolog-
ical systems. Secondary metabolites produced by plants can facilitate host-
symbiont signalling as it has been demonstrated for luteolin, a widespread
plant flavone that induces nod gene expression in rhizobacteria [35]. Plants
have also evolved many ways to cope with their insect herbivores. If plants
are attacked by generalist or specialist herbivores they react with direct or
indirect defence strategies [45]. Examples for plant secondary metabolites
conferring direct defense include nicotine in Nicotiana attenuata [46] or
pyrrolizidine alkaloids of angiosperms [29]. Volatile organic substances
(VOCs) of plants are known to attract natural enemies of herbivores. A
well studied example is the indole emission of maize that was shown to be
induced by fatty acid derivatives in the regurgitants of beet armyworms
[47]. Plants were also shown to react on insect egg deposition with emis-
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sion of attractants of egg parasitoids [48]. Secondary metabolites of plants
may also act as hormones, as it has been discussed for brassinosteroids of
Arabidopsis that play an important role in control of cell elongation and
de-etiolation [36]. The multiplicity of ecological roles of plant secondary
metabolites that were described is impressive and has strengthened the
opinion that secondary metabolites are not only fortuitously formed sub-
stances, but are rather physiologically important compounds, which origi-
nated from adaptation processes driven by natural selection. Nevertheless,
there is still one facet that is not clarified satistyingly: Is it really reasonable
to assume that all secondary metabolites fulfil a specific function? As we
shall see, most of the dissent comes from the issue of natural selection and
its role for the evolution of secondary metabolism.

6 Role of selection and adaptation on the evolution
of secondary metabolites

A prime example for the dissent about how we can explain the evolution
of secondary metabolism is a review article published in 1996 with the
title: Phytochemical diversity: adaptation or random variation? [49], as many
publications discussing the topic gave the impression that a decision had
to be made between these two alternatives under the tacit assumption that
they were mutually exclusive. In this context, we have to remind ourselves
of several principle insights of evolutionary biology. Natural selection is
the only explanation for adaptation and natural selection can act on popu-
lations only if there is variation among its members and this variation is
random with respect to the direction of adaptation. In other words: ran-
dom (i.e., undirected) variation is the basis of natural selection and natural
selection, in turn, is the basis of adaptation. Therefore, it makes no sense
to regard variation and adaptation as alternatives.

Applying this to the ‘secondary metabolism problem’, we can say: the
more variation in molecular structures an organism is able to produce,
the higher the chance to produce a ‘starting point’ for subsequent adapta-
tion. The process of adaptation then potentially leads to substances that
intervene into very specific physiological responses and bind to recep-
tors with sophisticated complementarity, as it is for example unveiled by
DNA-binding antibiotics like the bleomycins [50]. How to explain such a
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molecular fitting accuracy? It is very likely that at first there was a more or
less fitting ancestor molecule, which came into existence by mere chance.
In the course of an ecological interaction this molecule and the respec-
tive enzyme/enzyme system was passed through a process of fine-tuning.
Without that interaction with the environment the ancestor molecule
would have possibly been removed from the metabolism. This concept,
however, inevitably implies that a certain fraction of the compounds that
we subsume under the category ‘secondary metabolism’ has no function
or practically no function at present. Starting from that objection, Firn
and Jones proposed a new hypothesis in the early 1990s [51] and have
enhanced it continuously over the last 15 years [2, 28]. This so-called
Screening Hypothesis is based on the realisation that, for any molecule, it
is arare property to have a potent biological activity. Thus, organisms have
to generate as much chemical variability as possible in order to increase
the probability to find a molecule that fits into a certain function. From
that point of view, the appearance of secondary metabolism has originated
from the interplay of creating a vast majority of chemical structures and
screening these compounds in their environment for new useful func-
tions. Yet, many scientists seem to feel uncomfortable with that realisa-
tion and there is still an intense debate in the literature concerning the
question whether we have to interpret our state of knowledge as a lack of
knowledge or simply as the actual existence of functionless compounds.
Recent contributions to the debate deal with plant volatiles [52-55], start-
ing with a review article about the emission patterns of volatile isoprenoids
and possible explanations for these findings and ending up in a dispute
about the correctness of the Screening Hypothesis, which indeed declares
many secondary metabolites functionless. The critical objection against
compounds without current function is that their existence, at least if their
fraction exceeds a marginal level, would be inconsistent with evolution-
ary theory. The reasoning behind this statement is that the production of
secondary metabolites causes fitness costs and therefore, when there is no
selective advantage conferred by those metabolites genotypes producing
them would be selected against [49]. Since selection operates on the cur-
rent fitness and not on future potentials there would be no or hardly any
substance without a function. Consequently, the vast majority of natural
products would have to be assumed to fulfil a physiological function that
would bring a selective advantage.

136



Evolutionary mechanisms underlying secondary metabolite diversity

There is no doubt that many more compounds will provide an advan-
tage for the producing organisms than we know to date. Nevertheless the
‘fitness costs’ argument in this general form is not completely convincing.
For instance, we have to take into account the time periods necessary to
select against secondary metabolites producing genotypes. Strikingly, the
discussion seems to be restricted to qualitative statements, whereas quan-
titative studies are missing. Thinking only in terms of ‘fitness costs’ with-
out regarding time and without any estimation of these costs could also
be used to justify the opinion that there is no range for genetic invention
at all: All gene duplications temporarily lead to increased fitness costs, as
it will take a while to develop a new beneficial function, and this would
mean that all duplication products will be removed more or less immedi-
ately due to the fitness costs.

Although there is evidence for unique evolutionary mechanisms lead-
ing to diverse chemical structures we still don’t understand why so many
different structures are selected and maintained even in closely related
strains. We are also far from being able to estimate the percentage of
secondary metabolites that fulfil true physiological functions. Labora-
tory conditions that are commonly used to probe functional relevance
of secondary metabolites hardly represent the environment. In order to
judge the impact of natural selection on diversification and maintenance
of secondary metabolites we therefore need a deeper understanding of the
ecological roles of secondary metabolites.
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Biodiversity, chemical diversity and drug discovery

Abstract

Drugs developed from microbial natural products are in the fundaments of modern phar-
maceutical companies. Despite decades of research, all evidences suggest that there must
remain many interesting natural molecules with potential therapeutic application yet to be
discovered. Any efforts to successfully exploit the chemical diversity of microbial secondary
metabolites need to rely heavily on a good understanding of microbial diversity, being the
working hypothesis that maximizing biological diversity is the key strategy to maximizing
chemical diversity. This chapter presents an overview of diverse topics related with this basic
principle, always in relation with the discovery of novel secondary metabolites. The types of
microorganisms more frequently used for natural products discovery are briefly reviewed, as
well as the differences between terrestrial and marine habitats as sources of bioactive second-
ary metabolite producers. The concepts about microbial diversity as applied to prokaryotes
have evolved in the last years, but recent data suggest the existence of true biogeographic
patterns of bacterial diversity, which are also discussed. Special attention is dedicated to the
existing strategies to exploit the microbial diversity that is not easy to tackle by conven-
tional approaches. This refers explicitly to the current attempts to isolate and cultivate the
previously uncultured bacteria, including the application of high throughput techniques.
Likewise, the advances of microbial molecular biology has allowed the development of
metagenomic approaches, i.e., the expression of biosynthetic pathways directly obtained
from environmental DNA and cloned in a suitable host, as another way of accessing micro-
bial genetic resources. Also, approaches relying on the genomics of metabolite producers are
reviewed.

1 Introduction

Biodiversity is a concept usually referring to the number of species (or
other taxonomical entities) in a given ecosystem or geographic area. For
the purposes of this article, biodiversity will be defined as concerning those
biological species that are studied specifically for their value as producers
of small molecule organic compounds, so-called secondary metabolites.
These compounds are isolated, characterized and studied by chemists and
biologists to evaluate their biological, pharmacological and/or chemotaxo-
nomic potential, or simply to explore chemical diversity. Terrestrial plants
have been the most and longest studied sources, having afforded a large
number of natural products that have been used for treatment of various
diseases dating back to historic times. Most of the old remedies were based
on plant extracts, and this led to the discovery of very useful drugs, such
as aspirin and many others. The discovery of penicillin from Penicillium
spp. in 1930s introduced microbial sources for the discovery of biologi-
cally and therapeutically relevant natural products, followed by a slow
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but steady progress on discoveries of natural products from marine organ-
isms. All in all about 194,000 natural compounds have been listed in the
first volume of the 2006 Chapman and Hall Dictionary of Natural Products
from all sources. Year by year comparison of the list indicate an increase of
about 5% new natural products per year. Of these approximately 18,000
are derived from marine sources (courtesy of Prof. John W. Blunt, Univer-
sity of Canterbury, New Zealand) and reported annually in reviews [1-4]).
There are approximately 32,500 natural products reported from microbial
sources (Antibase database), including about 1,000 derived from marine
microbes. While plants and marine macroorganisms are great sources of
secondary metabolites with unsurpassed chemical diversity, they have lost
some popularity in the pharmaceutical industry in recent times, mainly
due to real or perceived fear of the difficulty of large scale supply. Most of
the discussions in this article will be on microbial sources, which in prin-
ciple can be grown in the artificial conditions to any desirable scale, thus
guaranteeing an unlimited and uninterrupted supply of the quantities of
raw material needed for drug development.

2  Microbial sources

One of the basic questions to address in any pharmaceutically relevant
drug discovery effort from natural products is on what group of organisms
is most productive and should be focused to improve the probability of
success of finding new chemical entities as leads to build drug candidates.
Filamentous fungi and bacteria from the Actinomycetales have been tra-
ditionally the focus of industrial and academic groups for more than the
last 60 years. The list of breakthrough medicines derived from secondary
metabolites produced by these organisms is long and its impact is wide-
spread across many therapeutic areas, from infectious diseases to oncology,
immunosuppression, atherosclerosis, and others (Tab. 1). In addition, the
number of metabolites with some type of biological activity reported from
actinomycetes or fungi is astounding (around 19,000, according to Bérdy
[5]), and account for about 60% of all the bioactive microbial metabolites
reported to date [5]. It is not clear whether the higher proportion of bio-
logically active compounds reported from microorganisms is due to the
fact that they have been historically the major focus of larger pharmaceuti-
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cal companies, and were subjected to systematic bioassay guided isolation
compared to the other sources such as plants and marines.

It is not unreasonable therefore to argue that since these microorgan-
isms have been already so extensively studied, the chances of finding truly
novel metabolites from either actinomycetes or fungi are too low to be
worth the effort. However, the evidence suggests that only a minor fraction
of all the species or genetically distinct strains of bacteria and fungi exist-
ing in nature have been cultured in the laboratories. About 6,000 species
of prokaryotes have been described to date, and although the number of
existing bacterial species is difficult to estimate [6, 7], the existence of 10°
to 10° bacterial strains has been estimated [8]. Of course, it is not known
how many of those will be actinomycetes. As for fungi, about 70,000 fun-
gal species have been formally described (though not all of them have been
cultured), but the number of species existing in the environment is likely
to be in the range of 1.5x10° [9].

Likewise, it is tempting to speculate that the number of known metabo-
lites from actinomycetes and fungi represent only a minor fraction of the
total chemical universe produced by these organisms. In fact, mathemati-
cal models suggest that the number of antibiotics still to be discovered
from actinomycetes could well be above 10°, suggesting that the number
of compounds characterized to date would represent less than < 5% of the
total [10]. New species and even major taxa of fungi and actinomycetes are
being discovered every day, opening windows of opportunities and pro-
viding evidence that our knowledge of these microorganisms is far from
exhaustive. Moreover, these species are producing new chemistries with
brand new structural classes possessing interesting biological activities,
suggesting that their potential in natural products research is by no means
exhausted [11]. Last but not least, the availability of the first sequences of
complete genomes of organisms from these groups has confirmed also their
enormous potential. For example, the analysis of the genomic sequences
of two Streptomyces species, S. coelicolor [12] and S. avermitilis [13], revealed
the presence of more than 20 gene clusters encoding for the synthesis of
polyketides (PKs) or non-ribosomal peptides (NRPs), the two most impor-
tant biosynthetic classes of microbial secondary metabolites. These gene
clusters are significantly more than the number of compounds actually
isolated from these strains. Similar results have been shown in fungi [14].
This suggests that we are still far from having a complete understanding
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Table 1

Examples of microbial natural products relevant for the pharmaceutical industry

Biological Metabolite Biosynthe- Commercial Producing organism
activity tic type*  product**
Antibiotic Penicillins NRP Penicillin G, V, Penicillium spp.
Ampicillin, Methicillin, Aspergillus spp.
Amoxicillin, Carbe-
nicillin
Cephalosporins  NRP MEFOXIN (cefoxitin), Acremonium spp.
CECLOR Emericellopsis spp.
(cefaclor), CLAFORAN Amycolatopsis lactam-
(cefotaxime) durans
Streptomyces clavuligerus
Thienamycin NRP PRIMAXIN Streptomyces cattleya
(imipenem)
Erythromycin PK ZITHROMAX Saccharopolyspora
(azithromycin) erythraea
Vancomycin Glyco- VANCOCIN Streptomyces orientalis
peptide
Streptomycin  AG Streptomyces griseus
Gentamycin AG Micromonospora purpurea
Tetracyclines PK TYGACIL Streptomyces spp.,
(tygecycline) Dactosporangium spp.,
Actinomadura brunnea
Mupirocin BACTROBAN Pseudomonas fluorescens
(pseudomonic
acid)
Daptomycin NRP CUBICIN Streptomyces roseosporus
Antifungal Amphotericin B PK AMBISOME, Streptomyces nodosus
AMPHOTEC
Pneumocandin  NRP + PK  CANCIDAS Glarea lozoyensis
B, (caspofungin acetate)
Anthelminthic Avermectin PK IVOMEC (ivermectin) Streptomyces avermitilis
Immunosup- Cyclosporin A NRP SANDIMMUNE Tolypocladium spp.,
pressant other Hypocreales
Tacrolimus PK PROGRAF Streptomyces tsukuba-
(FK506) ensis
Rapamycin PK RAPAMUNE Streptomyces hygrosco-
(sirolimus) picus
Mycophenolic ~ PK-ISOP CELLCEPT Penicillium spp.
acid (mycophenolate Verticicladiella abientina
mofetil) Septoria nodorum
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Table 1 (continued)

Biological Metabolite Biosynthe- Commercial Producing organism
activity tic type*  product**
Antitumor Bleomycin Glyco- Streptomyces verticillus
peptide
Doxorubicin PK ADRIAMYCIN, DOXIL = Streptomyces peucetius
Daunorubicin ~ PK DAUNOXOME Streptomyces peucetius
and other Streptomyces
spp.
Lipase inhi- Lipstatin PK XENICAL (orlistat) Streptomyces toxytricini
bitor
Cholesterol-  Lovastatin PK MEVACOR, ZOCOR  Aspergillus terreus,
lowering (simvastatin) Monascus ruber, other
fungi
Mevastatin PK PRAVACHOL Penicillium spp.

(pravastatin)

Anti-migraine Ergotamine Trypto- ERGOSTAT, Claviceps spp.
phan-ISOP  CAFERGOT

(*) NRP = non-ribosomal peptide; PK = polyketide; AG = aminoglycoside; ISOP = isoprenoid
(**) Trade names in capitals. Non-capitalized names or names in parenthesis refer to marketed
semisynthetic derivatives from the original natural compound. Only some representatives are
indicated.

about how to fully exploit the metabolic potential of these microbes under
laboratory conditions.

All these arguments, combined with the new technologies used in mod-
ern drug discovery, improved cultivation techniques, and highly refined
and sensitive analytical techniques that today allow rapid dereplication of
known compounds and the characterization of new molecules present at
low concentrations, reinforce the idea that there is significant promise in
continuing exploring the potential of both filamentous fungi and actino-
mycetes as sources of new leads for drug discovery. It goes without saying
that the new and sensitive biology must play a key role if natural products
discovery is to succeed.

Interestingly, secondary metabolic pathways are not evenly distributed
across these two large microbial groups. Thus, about 70% of all the metabo-
lites described from Actinobacteria are produced by species of one single
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genus, Streptomyces [15], the rest being distributed across other families,
mainly Micromonosporaceae and Pseudonocardiaceae. Likewise, there are
certain genera within fungi, such as Penicillium, Aspergillus, Trichoderma
or Fusarium, which are much more productive than any of the remaining
fungal genera [16].

Other microbial major taxa well known to produce bioactive secondary
metabolites include the cyanobacteria and the myxobacteria [5, 17]. Simi-
lar to actinomycetes, cyanobacterial genomes are large in size and dedicate
a significant portion of genes to the biosynthesis of secondary metabolites,
particularly those belonging to the PKs and NRP classes. For example, the
genome of Nostoc punctiforme appears to carry up to 15 gene clusters of
these two classes [18]. A study using degenerate PCR probes revealed the
existence of a significant diversity and novelty in the genes encoding for
both PK and NRP synthases across a number of strains of cyanobacteria,
suggesting that undifferentiated filamentous and heterocystous strains are
the most likely source of novel metabolites [19]. More than 600 bioactive
metabolites have been described to date from cyanobacteria [5, 20, 21],
and some compounds have progressed to clinical trials in the oncology
area, exemplified by several derivatives of the dolastatins, metabolites
originally isolated by a mollusk (the sea hare Dolabella auricularia) but later
shown to be produced by cyanobacteria [18, 20, 22].

Myxobacteria (class Deltaproteobacteria, phylum Proteobacteria) also
bear very large genomes (around 10 Mbp). Detailed analysis and mapping
of the genes encoding for polyketides and non-ribosomal peptides in spe-
cies of Sorangium have revealed the existence of at least 10 clusters of genes
encoding the biosynthesis of secondary metabolites [23]. About 80 basic
scaffolds and 450 structural variants have been described from myxobacte-
ria [24]. Although no products from myxobacteria have reached the market
so far, several compounds are in clinical development for treatment of
various forms of cancer. Several derivatives of epothilone, produced by the
myxobacterium Sorangium cellulosum [23], are among the most promising.

Despite the promise shown by these two classes of bacteria, a more
efficient exploitation of these microbial groups in modern drug discov-
ery efforts needs significant improvement in the methods for isolation
and cultivation. Axenic cultures are often difficult to obtain, at least in
part because of co-cultivation requirements of these with other bacteria
in many cases [18, 25, 26]. This certainly represents an obstacle not only
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when one needs to generate the large number of isolates required for
industrial purposes, but also for the scale up of the cultures needed to
obtain enough material for drug development [23, 26, 27]. Despite these
difficulties, new approaches to the industrial exploitation of cyanobacte-
ria have been reported. These include improved cultivation techniques to
harvest material and combinatorial biosynthesis to generate analogs with
improved properties [18].

Other bacteria within the phyla Proteobacteria (e.g., Pseudomonas), the
Firmicutes (Bacillus) and the Bacterioidetes have also shown to produce bio-
active secondary metabolites, but the level of productivity does not match
with that of actinomycetes or fungi. Approximately 800 compounds have
been reported from Bacillus species, and a similar number from Pseudomo-
nads [5]. One of the most relevant and medically useful secondary metabo-
lite produced by bacteria out of the Actinobacteria is pseudomonic acid
(mupirocin) (Tab. 1). The latter is a marketed antibiotic used in clinic for
topical application, and is produced by Pseudomonas fluorescens [28]. Sec-
ondary metabolites produced by Bacillus species include many examples of
PKs and NRPs, several of which have been studied in some detail regarding
the genetics of their biosynthetic pathways [29]. Several NRPs produced by
bacilli, such as polymyxin and bacitracin, have been marketed as antibiot-
ics useful for topical application [30].

3 Microbial diversity

When talking about increasing microbial diversity for a natural products
screening, even within well studied groups such as fungi and actinomy-
cetes, it is critical to understand the factors driving microbial diversity in
natural environments. For fungi there is ample evidence for a fair degree
of ecological specialization. Plant endophytes, enthomopathogenic, nema-
tode-trapping, coprophilous, marine or freshwater fungi, to mention just a
tew, represent different fungal assemblages, notwithstanding the existence
of some limited overlap as well as a number of cosmopolitan species, which
can be recovered from almost every substrate. Moreover, within some of
those groups, a high degree of affinity to specific types of substrata may be
seen. For instance, many endophytic and phytopathogenic fungi are spe-
cifically associated to particular plant species or groups of species (e.g., [31,
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32]). In addition, like terrestrial plants and animals, fungi also exhibit bio-
geographic patterns of diversity, so much so that many species are not only
ecologically specialized but geographically restricted as well. Thus, many of
the fungi found in the tropics are never found in temperate regions and vice
versa (e.8., [33, 34]). Thus, it is possible to find substantially different fungal
species by changing the focus of the isolation efforts to different types of
natural substrata, ecological niches and geographic sources.

This situation is however far less clear for prokaryotes. In essence,
there remains significant scientific debate on whether bacteria exhibit any
biogeographic distribution patterns at all. The statement “everything is
everywhere — the environment selects”, as originally coined by Beijerink
and Baas-Becking [35] in the early years of the 20th Century, has pervaded
our understanding and concepts on microbial biogeography for decades.
According to this hypothesis, and likewise for fungi, different environ-
ments contain distinctive microbial assemblages, but the huge dispersal
capabilities of bacteria erases the effects of past evolutionary and ecological
events, thus preventing the existence of any biogeographic distribution
patterns, which are based on the genetic differentiation of populations
geographically distant. Cosmopolitan distribution of microbes is usually
justified by the enormous size of microbial populations, which would
increase dispersal probabilities and decrease the chance of local extinction.
However, the fact is that little work has been done to verify this hypoth-
esis in any systematic way (that is, distinguishing between the roles of
historical contingencies from contemporary environmental factors), or to
study what environmental factors play greater influence on the structure
of microbial communities. Many reports have appeared that show that
microbial communities are not spatially random and correlations with
environmental or geographic characteristics such as latitude, depth, salin-
ity, vegetation and other factors do exist [35]. However, very limited stud-
ies have been undertaken to differentiate the role of environment factors
versus geographic distances for the variation of microbial species. A recent
report [36] suggests that bacterial diversity follows very different biogeo-
graphical patterns to those that are known for plants and animals. In this
study, neither temperature, latitude and those variables typically predict-
ing animal or plant diversity had much influence on microbial diversity.
The diversity and richness of soil bacterial communities was largely inde-
pendent of geographical distance, differing mainly by ecosystem type. The
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only factor that was apparently related to bacterial diversity was the pH of
soil, with acidic soils showing lower diversity than soils at neutral or basic
pH. However, there are a number of contrasting reports in which the effect
of both distance and environmental factors were assessed, and that suggest
the existence of true biogeographic patterns for different types of prokary-
otes [35]. Likewise, free living microbial eukaryotes in marine ecosystems
have been suggested to have a worldwide distribution [37]. Importantly,
environmental effects have a predominant influence at smaller spatial
scales (below a few kilometers); it is at larger scales (hundreds or thousands
of kilometers) where the influence of distance is more likely to be detected.
An additional evidence for the existence of microbial biogeography comes
from studies showing patterns of taxa-area relationships similar to those
seen in plants and animals [35, 38].

In any case, even if it were true that microbial diversity is just driven
by ecological forces, a prospecting strategy aiming to increase the diversity
of microbes for studies of natural products research should include a good
range of geographic areas where multiple environmental conditions may
be found, preferably those including uncommon and under-explored hab-
itats. Likewise, any sound prospecting strategy should include a thorough
exploitation of even the small areas, since often multiple microhabitats
can be found within short distances. Just as an example, as many as 13
different eco-regions are identified within the state of Massachusetts, with
several sub-ecosystems within each [39].

Another aspect that is not clear is what role time plays in the changes
in microbial biodiversity. Changes in environmental conditions might
cause changes in microbial population due not only to invasion or domi-
nance by new species better adapted to the new circumstances, but also
due to mutations in the same original species, leading to the production
of new metabolites to adapt to the new environment (for instance, to fight
new predators). It would be interesting to test if a soil sample collected
at the same location after significant time (~25 years), during which sig-
nificant environmental changes may have occurred, would contain iden-
tical microorganisms producing identical compounds, or the microbial
biota would have changed to adapt to the new environmental conditions,
including the appearance of new genes for biosynthetic pathways produc-
ing different compounds. Unfortunately, those kinds of experiments are
hard to undertake, for obvious reasons.
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4  Role of terrestrial and marine habitats

Historically, soil-derived actinomycetes and fungi dominated early natural
products screening efforts. Indeed, most of the microbial-derived drugs
were produced by (or based on metabolites produced by) soil microorgan-
isms, with few exceptions (e.g., the antifungal agent caspofungin — Canci-
das™, a semisynthetic derivative of pneumocandin B, produced by Glarea
lozoyensis, a fungus isolated from water [40]). However, it is well known
that there are many other ecological niches and types of substrates besides
soil harboring abundant and diverse microbial communities, including
actinomycetes and fungi. Some of those habitats have been explored since
the late 1980s or early 1990s, and they have shown to be a productive
source of metabolically talented microbes. A good example is that of fungal
endophytes, living asymptomatically invading plant tissues, that produce
interesting metabolites such as the antifungal agents enfumafungin [41]
and moriniafungin [42], the parasiticide nodulisporic acids [34, 43], the
insulin mimetic desmethyl-asterriquinone B1 [43, 44] and many others
(e.g., [45]). It has been claimed that some fungal endophytes could be able
to synthesize the same metabolites that are produced by the host plant
(due to horizontal gene transfer), the classical example being that of taxol,
originally isolated from Taxus brevifolia, but apparently also produced by
some endophytes of yew species [45]. Other terrestrial habitats such as
leaf litter, herbivore dung, lichens, rock surfaces or even arthropods, have
shown to be a valuable source of filamentous fungi, actinomycetes and
other bacteria that can be used for natural products research purposes
[46-49].

The marine environment has been investigated for several decades as
a source of bioactive molecules isolated mainly by invertebrates such as
sponges, tunicates, bryozoans and mollusks. Not surprisingly, due to the
US National Cancer Institute funding for marine natural products initia-
tive, the most relevant examples are a number of antitumor compounds
that have reached clinical trials, such as bryostatin, ecteinascidin 743,
kahalalide F, aplidine, discodermolide and several others [22]. It has been
hypothesized that at least some of the compounds isolated from marine
invertebrates would actually be produced by bacterial symbionts. This
hypothesis was initially based on the structural and biosynthetic simi-
larities of metabolites isolated from marine macroorganisms that were
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of unequivocal bacterial origin, but recent works have shown evidences
that this could be indeed the case, since parts of the putative biosynthesis
genes for some compounds initially isolated from invertebrates have been
cloned from metagenomic libraries obtained from the associated microbial
flora [50, 51].

In any case, the marine environment has also attracted a lot of atten-
tion as the source of new microbial taxa with potential interest in natural
products research. The existence of fungi exquisitely adapted to the marine
environment has been known for more than a century, although most
of the cataloged species were described after 1950. Obligate marine fungi
comprise a list of a few hundred species that are adapted to growth and
dispersal in an aquatic environment [52], but in addition, marine sub-
strates such as driftwood, seaweeds, or mangrove parts allow the isolation
of many fungi belonging to terrestrial taxa. It is unclear whether these are
present in marine habitats just as viable propagules or actually they are
physiologically active (i.e., facultative marine fungi). In any case, almost
300 biologically active molecules have been reported from marine fungi
or, more generally speaking, from fungi isolated from marine substrates,
mostly during the last two decades [53].

The study of marine actinomycetes has quite a different history.
Although strains of actinomycetes had been isolated from marine sedi-
ments at least during the 1970s, actinomycetes were at that time consid-
ered to be rare in the marine environment, and the predominant thought
was that they were metabolically inactive in the sediments, present just as
dormant spores of terrestrial origin contributed by rivers [54, 55]. It was
not until the late 1990s and early years of the new millennium that the
interest on marine actinomycetes, from the ecological point of view as
well as from the perspective of natural products research, was revived and
experienced a considerable boost. Until that point, only one marine acti-
nomycete species (Rhodococcus marinonascens) had been formally described
[56]. In recent years though, several new genera and species of marine
Actinobacteria have been described which are widespread in marine sedi-
ments from different geographic origins (e.g., [55, 57-60]). Some of these
actinomycetes can be isolated from other marine substrates as well, such as
sponges and tunicates [60, 61]. Even more interestingly, strains from these
new taxa produce several novel metabolites with antibiotic and antitumor
properties, such as the salinosporamides [62], sporolides [63], the terpe-
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noid chloro-dihydroquinones [64], the marinomycins [65] and others [58],
as well as known metabolites such as rifamycins [66].

In summary, it is clear that expanding the diversity of microbial spe-
cies, particularly actinomycetes and fungi, is feasible and can be achieved
by exploring less explored ecological niches and habitats such as marine
environments [17].

5 Microbial diversity and dereplication of strains

Maximizing diversity within the microbial groups, even if it does not
ensure success, is one of the cornerstones of any rational strategy designed
to find new natural products with biological activity, but it remains an
imperfect science and is a critical challenge. It is relatively easy to isolate
hundreds or even thousands of strains of fungi, actinomycetes and other
bacteria in a relatively short time by using indirect methods ([16, 67]).
Moreover, semi-automated platforms for microbial isolation have been
described [67]. However, deciding which strains are worth being tested in
a screening process is a much more daunting task. Many of the isolates
will be clones, and therefore with identical metabolic potential, and it is
necessary to minimize the inclusion of redundant isolates in the screening
process. A number of strategies have been described to facilitate the ‘derep-
lication’ of genetically identical strains, using tools ranging from morphol-
ogy to chemotaxonomy markers, including molecular approaches [16]. A
critical point though is that even a minimum level of taxonomic analysis
requires considerable resources. It is necessary to carefully evaluate at what
point the dereplication efforts should be focused, considering other alter-
natives such as the identification of metabolites in the fermentation broths
by analytical methods. However, while the latter process has the obvious
advantage of being a dereplication based on actual chemical compounds,
it does necessitate a fermentation process, and as a result it needs consid-
erable efforts compared to taxonomically oriented approaches, which are
applied before the fermentation step. To make things even worse, some
secondary metabolites are produced by not only different species of the
same genera but also different genera and even relatively distant taxa [68,
69]. This makes biodiversity an imperfect surrogate of chemical diversity,
which is actually what one needs to maximize. However, the principle that
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maximizing diversity increases the chances of success to find structural
novelty remains one of the few valid axioms in industrial natural products
screening programs.

6 Exploiting the hidden microbial diversity

It is now commonly accepted that the number of bacterial species living
in natural substrates such as soil is much larger than what can be isolated
by conventional culturing methods [6, 7]. The estimates range from about
10* species per gram of soil, mainly based on DNA reassociation experi-
ments [7, 70, 71] to 10° species per gram of clean non-polluted soils [72].
This broad range of estimates is at least in part related to the inherent
difficulties associated with making accurate predictions using mathemati-
cal models based on limited data [73]. In addition, the ambiguity of the
species concept as applied to microbes adds one more level of complexity
[35, 70, 71]. In general, the level of taxonomic resolution in studies on
microbial diversity is usually much coarser for macroorganisms, so much
so that a single Latin binomial may actually refer to a complex of ‘cryptic’
species, a phenomenon well documented for microbial eukaryotes but
likely to apply to other microorganisms as well [74]. As for what natural
product research groups may be concerned, there is enough evidence that
the number of genetically distinct microbial strains (i.e., different poten-
tial producers of novel metabolites) is huge and we have only scraped the
surface of this chemical universe after decades of work.

However, if it is indeed true that the number of species to be grown in
pure culture largely exceeds those that have been cultured to date, it is not
yet clear how many - if any — ‘unculturable’ bacteria will bear the necessary
genes to produce the new compounds that we are seeking. As discussed
above, it is well known that the distribution of secondary metabolic path-
ways seems not to be present across all prokaryotic phyla, and is apparently
concentrated in five groups (Actinobacteria, Firmicutes, Bacterioidetes,
Cyanobacteria and Proteobacteria) across the more than 50 phyla so far
described [6], about half of which have been cultivated in laboratories.
Interestingly, those five phyla contain more than 90% of all cultivated and
published species [75]. This leaves the question wide open as to how many
bacterial species across those that have shown to be difficult to cultivate
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under standard conditions will be really productive and remains to be seen
how useful these species would be for drug discovery purposes. Actually,
the fact that about half the recognized phyla within the prokaryotes do not
have any cultured representative [15] may be interpreted in two opposite
directions. Those phyla could be either ‘talented’ or ‘non-talented’, i.e.,
capable or incapable of producing secondary metabolites, respectively. In
the absence of more substantial genomic information or direct evidence
of metabolites produced in culture, it is not easy to predict whether the
vast number of species that remain to be cultivated will indeed produce
secondary metabolites of interest. However, it is not unreasonable to keep
expectations high in the developing strategies aiming to dig deeper in this
black box of ‘unculturable’ bacteria.

In essence, two types of strategies have been developed in the last
decade that focus on addressing the exploitation of these genetic resources.
The first strategy is directed towards improving the success rate in the
cultivation of prokaryotes formerly thought to be reluctant to growth in
laboratory conditions. The second strategy refers to the exploitation of
those hidden biosynthetic pathways in the absence of any cultivation pro-
cess of the organisms harboring those genes, by using molecular genetic
techniques on DNA directly extracted from the environmental sample;
these have often been referred to as ‘metagenomic’ approaches.

6.1 Improvement of cultivation of intact organisms

The huge difference between the number of microbial species predicted in
a given environmental sample and the actual number of strains that can be
isolated and cultured from the same sample using conventional microbio-
logical techniques may be due to several factors, from the existence of truly
non-cultivable cells to the damage by oxidative stress of otherwise viable
cells during the manipulation of the sample, the inhibition of growth by
high concentrations of substrate or the absence of signaling molecules
produced by neighboring cells from other species [39]. Not all these factors
are equally prone to manipulation or correction under laboratory condi-
tions, but at least two of them have been successfully used to increase the
number of cultivated species from a sample, namely the addition of cell-
signaling agents and the use of oligotrophic isolation media.
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The use of oligotrophic isolation media as a way to improve the ability
to culture bacteria has been widely reported [75]. For instance, Janssen et
al. [76] used diluted nutrient broth as isolation medium on soil samples,
combined with extended incubation times (>10 weeks), to recover bacte-
rial species that had not been previously cultured, some of them repre-
sented groups of organisms that had few cultivated representatives, such as
the Acidobacteria or the Verrucomicrobia. As for the effect of signaling mol-
ecules, the addition of cyclic AMP and several acyl homoserine lactones
known to work as signaling molecules in prokaryotes has been reported
to significantly increase the percentage of planktonic bacteria that can be
cultivated [75, 77].

Other related strategies rely on the use of natural substrata containing
living cells as the source of nutrients and potential signaling agents, using
membrane systems that allow the diffusion of small molecules but pre-
vent the contamination by undesired bacteria. This strategy was originally
described for the isolation of marine bacteria using diffusion chambers
incubated in an aquarium simulating the natural environmental condi-
tions [78]. Using this approach a large number of diverse colonies could
be recovered, although new phylotypes were not obtained. Some of these
bacteria were unable to grow when placed on artificial media, but they did
when put in the presence of other microorganisms. Likewise, Ferrari et al.
[79] reported the use of polycarbonate membranes as growth support and
non-sterile soil slurry as a culture medium, which was expected to provide
not only the limited nutrients but also the signaling molecules required
for the growth of oligophilic microcolony-forming bacteria. Using this
system, the authors reported the recovery of colonies from bacterial species
not previously cultivated, including members of the candidate division
TM7, which lacked any cultivated representative to date [75, 79].

6.2 Environmental metagenome (eDNA) approach

An alternative way to access the unculturable microorganisms is repre-
sented by various approaches that utilize extraction of total DNA from
environmental samples, which is digested and ligated into a vector and
then introduced into a surrogate or heterologous host. These strategies
are based on the knowledge that genes involved in the biosynthesis of
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secondary metabolites are usually arrayed in clusters, physically contigu-
ous in the microbial chromosome. Thus, large fragments of DNA can be
cloned that allow access to metagenomic DNA or environmental DNA
(eDNA) that in theory is capable of expressing partial or complete natural
biosynthetic pathways [80-83] in heterologous hosts that do not pro-
duce secondary metabolites. Escherichia coli was used as a heterologous
host in a first approach whereas Streptomyces lividans was used in the
second approach. A series of novel N-hydroxy amides called terragines
were isolated from soil eDNA expressed into a Streptomyces lividans host
[84], and a series of long-chain N-acyl amino acids [85] and its synthases
[86], violacein [87], long-chain acyl phenols [88], long-chain fatty acid
enol esters [89], palmitoylputrescine [90], N-acyl arginine and tryptophan
derivatives [91], isocyanide [92, 93] and antibiotic tubromycins [94] were
isolated using E. coli as a host. This approach has the potential to repre-
sent the true Holy Grail of natural products discovery, but has yet to yield
compounds of any significance and it has been rather disappointing so far.
At present, this approach is mainly in the realms of academic laboratories
and industry is waiting for initial successes before it can jump in. Actu-
ally, some of the companies that pioneered the initial work in this field
have either totally abandoned this strategy or re-focused their efforts in
a different direction.

A related transgenic approach has been reported for the cultivation of
slow-growing fungi, in which cosmid-size genomic DNA isolated from
individual fungal colonies was cloned and introduced into Aspergillus nidu-
lans host. The resultant transgenic strains were fermented and analyzed for
secondary metabolites, leading to identification of two compounds that
were not produced by the host control [95]. Many fungi are not amenable
to be grown in sufficient scale in artificial culture conditions, but it is fea-
sible to get enough biomass for DNA extraction from very small colonies
cultured in the laboratory (as in the case described above), or directly from
the field, e.g., as fruiting bodies (e.g., mycorrhizogenous basidiomycetes)
or lichens (in the case of lichenized ascomycetes). Thus, this approach
presents in principle an attractive method to exploit the metabolic poten-
tial of fungi refractory to current cultivation techniques.

In any case, alot more work needs to be done to validate these approaches
and to re-engineer them into authentic industrial-scale platforms if they
are to become real novel natural product discovery engines.
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7 High throughput isolation approaches

Recent progress has been made in combining the new cultivation tech-
niques described above with systems that allow the high throughput iso-
lation that is desirable to sustain natural products screening efforts. Most
of these approaches are based on the concept of extinction culturing, by
which the cell populations in the environmental samples are diluted down
to the point of containing only one cell type per vessel (plate, tube, well
in a microtiter plate, etc.). This idea was originally applied to the recovery
and cultivation of marine bacteria by Button et al. [96]. The authors of
this study concluded that the number of viable cells in marine samples
was much higher than originally expected (approximately 60%), though
most marine bacteria reached stationary phase before attaining any vis-
ible turbidity, therefore, the low estimates of viability observed by the
traditional techniques. However, this concept was not really amenable to
high throughput until the use of microtiter plates, automated cell array
and imaging systems replaced the use of conventional Petri dishes and
visual inspection.

A first high throughput cultivation method using low nutrient media
was described by Connon and Giovanonni [97], which allowed the isola-
tion and cultivation of many new marine bacteria (orders of magnitude
higher than that obtained by using conventional agar plates), including
members of the clade SAR11, which are the dominant bacterial taxa in
seawater [98]. Full automated inoculation of microtiter plates for the rapid
generation of extinction cultures can be achieved by using automatic dis-
pensing devices. A good example is the MicroDrop® AutoDrop microdis-
penser system, which is able to deliver very small droplets (as small as 170
pico liter), working similar to an ink jet printer. This system is not only very
tast but also avoids having to perform an initial dilution of the samples
[99]. This technique has been extensively used to characterize bacterio-
plankton communities, allowing the cultivation of previously uncultured
bacteria [99, 100].

Another related technique that uses gel microdroplets to encapsulate
single cells was developed by Diversa Corporation. This encapsulation
system is combined with parallel cultivation under low nutrient flux con-
ditions, after which flow cytometry is used to separate those microdro-
plets containing microcolonies [101]. In addition to high throughput,

159



Sheo B. Singh and Fernando Pelaez

this system allows growing the encapsulated microcolonies in a diversity
of conditions (including those mimicking the natural conditions of the
environmental samples), thus maximizing the chances of success. Appar-
ently, after sorting the microcolonies, most of the cultures (67%) grew into
microtiter plates containing organic-rich media to cell densities higher
than 0.1 (measured by optical density at 600 nm).

Despite current knowledge that a lot more organisms exist than have
been cultured and with high dilution and high throughput techniques
can be cultured, the question remains whether these organisms possess
biosynthetic genes capable of producing interesting secondary metabo-
lites. Furthermore, even if the organisms were able to produce interesting
compounds; will they have the robust growth that is typically required
to support the production of detectable metabolites in industrial scale
screening laboratories? It is not clear how microcolonies of a small num-
ber of cells can be made compatible with the needs of natural products
research, where significant biomass is required for production of secondary
metabolites in enough mass not only to be detected by the primary and
the secondary screens but also to provide sufficient amount for isolation
and structure elucidation, leaving aside the needs of additional material for
drug development. Although it has been claimed that these new cultiva-
tion methods will allow the use of these new prokaryotes in drug discovery
programs [39, 75], the true potential of these new approaches, expressed
as new biologically active molecules produced by previously unculturable
bacteria, remains to be seen. In any case, it is clear that these alternatives
present a significant opportunity and need more exploration.

8 Genomics-guided natural products discovery

As mentioned above, microorganisms may contain significantly more
biosynthetic genes than compounds actually isolated after their growth
in laboratory media [102]. In some cases this is due to (a) bioassay-guided
isolation leading to detection only of compounds with a given type of
bioactivity in particular, (b) not all biosynthetic pathways are activated in
the growth conditions used or (¢) totally dormant genes. The knowledge
of gene clusters is relatively limited, and as a result the nature of dormant
genes could not be known. This could be circumvented by the genome

160



Biodiversity, chemical diversity and drug discovery

scanning technology described by the group of Ecopia BioSciences Inc.
[102, 103], by which natural product gene clusters are scanned in a high
throughput fashion without sequencing entire genomes. This is then cou-
pled with a growing database consisting of genes from a variety of microor-
ganisms encoding diverse known natural products with maximal chemical
diversity. This approach appears to be quite successful in the identification
of a large number of gene clusters predicting a large number of chemi-
cally diverse novel structures. Mining of this gene cluster database with
specific bioinformatics tools allows prediction of novel structures which
could be potentially produced after culturing the organisms in variety of
growth conditions, particularly using high throughput cultivation meth-
ods. Structure prediction provides the ability to analyze the fermentation
broths by analytical methods for specific compounds.

In a recent report [102], this technology was used to study 60 microbial
strains that were known to produce 65 natural products. In addition to
65 gene clusters that encode the same number of natural products, they
found >600 gene clusters encoding for the biosynthesis of potentially
new natural products. This is exemplified by the discovery of ECO-02301,
a novel antifungal agent from Streptomyces aizunensis NRRL B-11277, a
well characterized organism which is a known producer of bicyclomycin
(Fig. 1). The genome scanning identified 11 natural product gene clusters
in addition to the gene cluster responsible for the synthesis of bicyclomy-
cin. One of these gene clusters encoded for the synthesis of ECO-02301,
and this was predicted by the bioinformatics tool with sufficient accuracy
to allow its detection by HPLC in fermentation extracts, and peak guided
isolation [104]. As has been illustrated earlier, this method further con-
firms that even known microorganisms have potential to produce many
more compounds (may be more than 10-fold) than have been isolated so
tar. This method has potential to allow prediction of chemical diversity
and allows the scanning for structural derivatives for potential SAR studies.
It does not however allow prediction of biological activity. This approach,
if really high throughput, and provided that it become cost effective, can
be a very effective tool for dereplication of newly isolated microorganism
from natural habitats.

Itis clear from the discussion above that microorganisms may be capable
of producing more compounds than have been isolated so far. Although it
is not clear whether some biosynthetic pathways may be silent and never
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Chemical structures of ECO-02301 and bicyclomycin

expressed, it is likely that the reason why many of those metabolites have
not been isolated is due to the limited number and diversity of growth
conditions that can be applied to each organism, in the absence of high
throughput culturing techniques. However, if that were the case, these
technical challenges are being addressed now. Of particular note is the
recent introduction by Duetz and collaborators [105, 106] of a new method
for cultivation of microorganisms in 96-well plates. This method provides
for the first time real opportunities to perform effective fermentations of
microbial strains in multiple conditions, minimizing both scale and cost.
This system is compatible with standard automation equipment, allowing
the parallel handling of the strains and the optimization of culture condi-
tions with manageable resources. It is well known that growth conditions
play a critical role in the activation of biosynthetic genes and thus in the
production of a variety of secondary metabolites [16]. This high through-
put cultivation approach provides the possibility to maximize the exploita-
tion of the metabolic potential of microorganisms.

9  Chemical diversity

It is well recognized that natural products provide unparalleled chemical
diversity and has been demonstrated by computational methods that they
are more akin to drugs than random chemicals [107, 108]. Natural products
are represented by molecules spanning from the simplest of the structures
such as aspirin to the highly complex such as palytoxin (Fig. 2) [109]. The
former is a highly valuable clinical anti-inflammatory drug, whereas the
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Chemical structures of aspirin and palytoxin

latter is one of the most toxic compounds known to mankind. Structural
diversity represented by natural product drugs or potential drug candidates
is shown in Table 1 and Figures 3-9. The natural product structures are
produced by specific biosynthetic pathways inherent to producing organ-
isms. The complexity of the structure is clearly defined by the complexity
of genetics of the organisms. What controls biosynthetic machineries in
each organism is unclear. The simplicity and complexity of structures
represent advantages and challenges when natural products are identified
as chemical leads against a drug target or as drugs. Simpler and smaller
structures with differentiating functional groups are more amenable for
selective chemical modifications (e.g., from lovastatin to simvastatin and
other statins, Fig. 7) than larger complex multifunctional structures (e.g.,
FK506, cyclosporine (Fig. 8), and caspofungin (Fig. 3)). However, many
times those complex structures provide exquisite potencies and selectiv-
ity against their biological targets because of multicenter ligand-protein
interactions. In several cases, resources and intellect has been dedicated by
synthetic chemists to reduce the complexity of the structure and not only
retain the activity but occasionally produce simpler yet more potent com-
pounds. This is best exemplified by the preparation of simplified totally
synthetic analogs (e.g., analog 2) of bryostatin 1 (Fig. 9) [110, 111].
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It is noteworthy that some classes of biosynthetic genes are cosmopoli-
tan, being present in most living organisms such as plants, marine inver-
tebrates, fungi and prokaryotes. These widespread biosynthetic pathways
would include polyketide synthases, non-ribosomal peptide synthases,
fatty acid synthases and isoprenoid synthases. Interestingly, although they
use the same building blocks (aminoacids, acetyl-CoA, etc.) they pro-
duce distinctly different compounds, often due to selective decoration
by enzymes at specific steps. However, significant differences exist in the
basic biosynthetic machineries leading to biosynthesis of drastically dif-
ferent chemical structures as well. For example, Streptomyces are less likely
to produce isoprenoids than eukaryotic organisms. It is this difference in
the biosynthetic machinery that intrigues the natural product commu-
nity which may lead to the biosynthesis of novel natural products not yet
discovered. The question does arise though whether completely new bio-
synthetic machineries exist that are capable of using different yet undis-
covered or known pools of small building blocks in arrays different than
known machineries, and thus producing yet unimagined/undiscovered
molecules. The question is where those organisms are? How can we find
them? And how can we make them express those potential biosynthetic
pathways?

10 Drug discovery

The question of why secondary metabolites are produced by living organ-
isms continues to evade us and is vigorously debated. It has been proposed
that some of the higher eukaryotes such as plants and animals produce
secondary metabolites as a way to defend themselves from predators;
microorganisms would produce them to defend from other organisms
that surround them or use them as signaling molecules with other organ-
isms [112]. However, it is hard to unequivocally prove either of these
hypotheses and only circumstantial evidence has been proposed. Until
we understand the reason why these secondary metabolites are produced
and how they are used by the producing organisms, the debate as to what
organisms should be screened for what drug targets is nothing more than
arandom approach and mainly based on previous successes. Nevertheless,
natural products have taught us numerous lessons, as nicely summarized
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by Clardy and Walsh [113]. It is unreasonable to expect that all natural
products will interact with specific and required biological targets, and
actually only a small percentage do. Of those which do interact, only even
smaller numbers will have drugable properties and can be converted into
drugs. Therefore, to identify a natural product-biological target pair, one
needs to have specific biological assays that can selectively detect these
compounds from the mixture of many others. Therefore the success of
natural products drug discovery depends on the availability of highly
robust, sensitive and high throughput biological screening assays. Tight
coupling of robust assays with broad biodiversity and efficient natural
products chemistry is the key to success of natural products programs
[114], as exemplified by the discovery of platensimycin by Wang et al.
[11]. Lack of efficiency in any of the pieces can significantly derail natural
products programs. Recently, significant improvements have been seen
in all aspects of the technologies and disciplines associated with natural
products (microbiology, natural products chemistry and assay technolo-
gies). Those groups who can combine them effectively at one place will
have the potential to make a profound impact on the discovery of natural
product drugs and leads. Many practitioners of today’s drug discovery
and development rely heavily on the Lipinski‘s rule of five [115], which is
violated by many highly successful natural products drugs that have been
critical to saving millions of human lives. If one has to rely on such a rule
then natural products and the drug discovery inevitably will benefit from
a similar rule tailor made for natural products.
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High impact technologies for natural products screening

Abstract

Natural products have historically been a rich source of lead molecules in drug discovery.
However, natural products have been de-emphasized as high throughput screening resources
in the recent past, in part because of difficulties in obtaining high quality natural products
screening libraries, or in applying modern screening assays to these libraries. In addition,
natural products programs based on screening of extract libraries, bioassay-guided isolation,
structure elucidation and subsequent production scale-up are challenged to meet the rapid
cycle times that are characteristic of the modern HTS approach. Fortunately, new technolo-
gies in mass spectrometry, NMR and other spectroscopic techniques can greatly facilitate the
first components of the process — namely the efficient creation of high-quality natural prod-
ucts libraries, bimolecular target or cell-based screening, and early hit characterization.

The success of any high throughput screening campaign is dependent on the quality of
the chemical library. The construction and maintenance of a high quality natural products
library, whether based on microbial, plant, marine or other sources is a costly endeavor.
The library itself may be composed of samples that are themselves mixtures — such as crude
extracts, semi-pure mixtures or single purified natural products. Each of these library designs
carries with it distinctive advantages and disadvantages. Crude extract libraries have lower
resource requirements for sample preparation, but high requirements for identification of
the bioactive constituents. Pre-fractionated libraries can be an effective strategy to alleviate
interferences encountered with crude libraries, and may shorten the time needed to identify
the active principle. Purified natural product libraries require substantial resources for prepa-
ration, but offer the advantage that the hit detection process is reduced to that of synthetic
single component libraries. Whether the natural products library consists of crude or partially
fractionated mixtures, the library contents should be profiled to identify the known compo-
nents present — a process known as dereplication. The use of mass spectrometry and HPLC-
mass spectrometry together with spectral databases is a powerful tool in the chemometric
profiling of bio-sources for natural product production. High throughput, high sensitivity
flow NMR is an emerging tool in this area as well. Whether by cell based or biomolecular
target based assays, screening of natural product extract libraries continues to furnish novel
lead molecules for further drug development, despite challenges in the analysis and prioriti-
zation of natural products hits.

Spectroscopic techniques are now being used to directly screen natural product and
synthetic libraries. Mass spectrometry in the form of methods such as ESI-ICRFTMS, and
FACS-MS as well as NMR methods such as SAR by NMR and STD-NMR have been utilized
to effectively screen molecular libraries. Overall, emerging advances in mass spectrometry,
NMR and other technologies are making it possible to overcome the challenges encountered
in screening natural products libraries in today’s drug discovery environment. As we apply
these technologies and develop them even further, we can look forward to increased impact
of natural products in the HTS based drug discovery.

1 Introduction

Successful drug discovery programs can be based on a number of strate-
gies. In screening approaches, limited information is available concerning
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the structural characteristics of potential lead molecules. Thus, collections
of compounds (libraries) are assayed against the biomolecular target in
order to identify compounds (hits) that can then be chemically elaborated
into so-called ‘lead’ molecules. Optimization of these drug leads in terms
of potency and physical properties subsequently furnishes compounds
suitable for development into clinical candidates. By contrast, so-called
‘rational’ approaches are based on more detailed information about the
target, and this key information then is used to develop chemical strate-
gies to obtain chemical leads. This information may take the form of a
small molecule which is already known to bind the target, or conversely,
an x-ray structure or homology model of the target into which molecular
candidates may be designed or computationally ‘docked’. Natural products
can furnish leads using either of these approaches. Natural products often
possess exquisite potency, and frequently have mechanistic specificity
and ‘biological friendliness’ sufficient to bypass the hit-to-lead phase and
or even lead-optimization phase entirely. Natural products are also a rich
source of drug leads via screening approaches, but have been overlooked in
the recent past, partly because of difficulties in creating high quality natu-
ral products screening libraries or in applying modern screening assays to
these libraries.

Drug discovery in the pharmaceutical industry is often based on a
process-driven strategy that incorporates target-directed, high throughput
screening (HTS) of chemical libraries followed by rapid hit-to-lead and
lead optimization phases [1]. This process is illustrated in Figure 1. In the
traditional natural products approach, following detection of a library
hit, the active natural product is extracted from the source, concentrated,
fractionated and purified, yielding one or more pure biologically active
compounds. In order to keep pace with synthetic library screening hits
these activities must be accomplished within the time frame for screening
and hit identification of synthetic compounds (Fig. 1). Thus, traditional
natural products programs based on screening of extract libraries, bioassay-
guided isolation, structure elucidation and subsequent production scale-up
are greatly challenged to meet the rapid cycle times that are a characteristic
of the modern HTS approach [2]. The classical natural products process
must often overcome a number of hurdles. The first is to reliably detect
robust hits and identify known or otherwise uninteresting compounds
(dereplication), in order to avoid replication of effort on compounds that
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Natural Products
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Figure 1.

High throughput screening-based small molecule drug discovery. Upper bar shows general phases
of the process while lower bar shows unique natural products screening processes that should be
accomplished within the hit-to-lead phase. Amounts of pure compound required for each phase are
shown. Enabling technologies for natural products screening are listed at the point where they can
maximally impact

Abbreviations: FAC-MS, frontal affinity chromatography mass spectrometry; HPLC-MS, liquid chro-
matography-mass spectrometry; LDP HTS, lifetime discriminated polarization high throughput scree-
ning; MASS, multi-target affinity specificity screening; NP fractionated libraries, natural product
fractionated libraries; STD NMR, saturation transfer difference NMR; FT-ICR-MS, Fourier transform ion
cyclotron resonance mass spectrometry; HPLC-NMR-MS, liquid chromatography-nuclear magnetic
resonance-mass spectrometry.

are not of interest. The second major hurdle in the process, de novo struc-
ture determination of compounds that are new molecular entities (NME),
is an area that has been revolutionized by many advances in spectroscopic
techniques, particularly high resolution NMR technologies. While many
approaches have been developed to lower the third hurdle, that being the
isolation and purification of the active principles (often a minor compo-
nent) from a complex matrix, it remains as a major bottleneck that con-
tinues to impact natural product drug discovery [3]. In the HTS approach,
it is essential that new technologies be leveraged in order to facilitate the
rapid navigation of natural product hits through the detection, validation,
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isolation, hit-to-lead and lead optimization phases. This article will exam-
ine the issues surrounding HTS-based natural products drug discovery,
and focus specifically on technologies that can be utilized to facilitate the
first components of the process — namely the efficient creation of natural
products libraries, their screening, and early hit characterization. Of par-
ticular note are new technologies in mass spectrometry, NMR and other
spectroscopic techniques that have greatly facilitated HTS-based natural
product drug discovery programs.

2  Construction and characterization of natural
products libraries

2.1 Screening of natural products libraries — general aspects

Historically the pharmaceutical industry has enjoyed considerable success
from lead generation programs based on screening crude extract libraries,
for a sizable proportion of current therapeutic agents are derived from these
efforts [4]. Before the advent of biotechnology, the difficulty of obtaining
purified protein targets directly from tissues necessitated that screening be
performed using cellular in vitro or whole animal systems. The expense and
low throughput of these assays made it necessary to screen crude natural
products extracts in order to achieve suitable chemical diversity exposure
for the assay. When applied to crude or partially purified natural products
libraries in the 1970s and 1980s, these screens had good ability to detect
active components, in particular with respect to the microbial targets that
were the focus of drug discovery efforts. Recent advances in cloning and
protein expression have facilitated the production of purified protein tar-
gets in sufficient quantities for large-scale cell-free assays to directly detect
catalytic inhibition or target binding [5]. These developments in conjunc-
tion with sophisticated laboratory automation and miniaturization have
greatly expanded the number of targets amenable to HTS and have at the
same time expanded screening capacity and throughput. They have also
introduced more demanding requirements on screening library integrity
and compound physical properties. The end result is the requirement to
screen ever-larger libraries against an ever-greater number of targets, in
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a limited amount of time, with assays less friendly to natural products
extracts.

As an example we consider the case of protein kinases — enzymes which
catalyze the phosphorylation by ATP of protein tyrosine or serine/threo-
nine residues, and which play a central role in the cellular signaling path-
ways controlling activation, growth and proliferation of cells. Numerous
HTS technologies have been developed to detect specific kinase inhibitors
using expressed and purified kinases. Initially assays were based on mea-
suring the transfer of radioactive phosphate (32P or 33P) from ATP to a pro-
tein or synthetic peptide substrate, a robust but low throughput technique.
Newer HTS kinase assay platforms are based on fluorescence intensity, time
resolved fluorescence or fluorescence polarization [6]. However, early com-
plications in using assays of this type for screening natural products librar-
ies came from two sources. First, in order to detect competitive substrate
inhibitors, it is best to screen at a compound concentration close to the K |
of the enzyme for ATP, which is typically micromolar or greater. This poses
a challenge with natural products libraries where the relative concentra-
tions of individual components in a sample are often not known precisely,
and may vary by three orders of magnitude or more. Consequently, at any
given assay dose, the levels of trace components may not be high enough
for detection while the highly abundant inactive components may exhibit
inhibition via non-specific binding, perturbation of the assay pH or other
physical properties. Alternatively, the amount of active compounds present
may be far in excess, leading to dose independent non-specific inhibition.
This problem can be overcome with new approaches such as quantitative
high throughput screening (QHTS). QHTS is a titration based approach
which can be effective in screening libraries which contain compounds
that vary greatly in potency or abundance, and at the same time can fur-
nish concentration-response curves in the primary screen. The approach
was demonstrated on a 60,000-member library screened against pyruvate
kinase. QHTS relies on assay robustness, automation, and miniaturization
in the form of a 1,536 well format [7].

In assays based on readout of fluorescence, difficulties are encountered
when natural product samples contain compounds that either emit or
absorb radiation at excitation or emission wavelengths of the fluorophore
(typically flourescein), or when insoluble components cause light scatter-
ing [8]. This liability is shared with synthetic screening libraries as well,
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Figure 2.

Comparison of general schemes for constructing natural products screening libraries.
Representative HPLC chromatograms of natural products extracts are shown. Shaded areas depict
those components of the extract to be included in the library. Vertical lines show fractionation pattern
for pre-fractionated and pure compound or peak-based library.

but the issue is exacerbated with natural products since the presence of
these interfering compounds may not be fully characterized. It has now
been shown that in kinase, protease and phosphatase assays, fluorescent
compound and light scattering interferences can be overcome by increas-
ing the fluorophore concentration in the assay, by using red-shifted wave-
length dyes [9], or by the technique of lifetime discriminated polarization
[8]. Further, an effective strategy that helps to alleviate these kinds of inter-
terences as well as shorten the time needed to isolate the active principle is
the use of purified or pre-fractionated screening samples from the original
crude extract (Fig. 2).

When developing an overall screening strategy for natural products
it is essential to consider the assays to be employed, the strengths and
weaknesses of those assays as they relate to natural product library design,
and the technologies and resources available to address the anticipated
drawbacks. It cannot be over-emphasized that the results of any high
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throughput screening exercise are ultimately determined by the quality
of the library itself. High throughput screening of poorly designed or
constructed natural products libraries yield few viable hits. Secondly, the
construction and maintenance of a high quality natural products library,
whether it be based on microbial, plant, marine or other sources remains
a costly endeavor. Some basic approaches to natural products screening
library design are shown in Figure 2. The library itself may be composed of
samples that are themselves mixtures — such as crude extracts (10’s to 100’s
of components per sample), semi-pure mixtures (roughly 3-10 compounds
per sample) or single purified natural products. For crude libraries, samples
can be prepared with a minimum of processing, often by merely extracting
the fermentation broth, plant or animal material with solvent followed
by evaporation and plating. Crude extract libraries have lower resource
requirements for sample preparation, but require the most resources for
identification and dereplication of the bioactive constituents. The het-
erogeneity of the library samples adds two additional levels of complex-
ity once the hits are detected. The first is that the complexity of natural
products crude libraries, and the chemical nature of many of the compo-
nents found therein, often challenges the robustness of HTS technology.
The highly polar or highly lipophilic components of the crude extract
can interfere with the functioning of the assay, causing false positives or
false negatives (Fig. 2). The second is that one or more rounds of chemical
purification and biological assay may be necessary to identify and isolate
the active component(s) from the extract. This requires the continued
availability of assay resources to support the isolation and purification
along with additional time to resolve the hit and furnish pure compound
for further biological evaluation. In fast-paced hit-to-lead programs, this
constraint is a liability.

Pre-fractionated libraries can be an effective strategy to alleviate inter-
ferences encountered with crude libraries, and may also shorten the time
needed to identify the active principle (Fig. 2). There are many variations
of this approach and each offers advantages of expediency or purity gained
at the cost of up-front partial purification [10-12]. Samples produced by
the pre-fractionation approach are simpler mixtures and the final resolu-
tion of active components requires fewer purification steps. Interferences
are reduced due to the fact that extremely polar and extremely non-polar
components are separated from the bulk of the library samples. Moreover,
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the relative concentration of minor components is increased over that in
the crude, thereby enhancing the opportunity to uncover novel biologi-
cally active metabolites. The advantages of the pre-fractionation approach
need to be balanced against the resource investment necessary to select,
prepare, characterize and maintain such a partially purified natural prod-
uct library. Since it creates several samples from a single extract, pre-frac-
tionation increases the size (and cost) of the library for a given number
of extracts. Given the often-substantial costs associated with HTS assay
reagents, especially against high value targets, it is essential that redun-
dancy in screening libraries be minimized. This entails analytical charac-
terization of the natural product library contents in the form of HPLC-MS
or other techniques, in order to assure a minimum of redundancy and a
maximum of chemical diversity.

Purified natural product libraries offer the advantage that the hit detec-
tion process is similar to that for synthetic single component libraries, and
the robustness of the hit identification process depends primarily on the
purity and chemical integrity of the library itself. Purified libraries offer
considerable advantage in the detection of quality hits and in moving
forward immediately, since the bioactive principle requires no isolation
from a mixture. The downside to this approach is that even with modern
methods of separation and automation, substantial resources are required
to prepare pure natural product libraries and trace components will not be
tully captured in pure form [12]. However, the increasing migration of the
industry toward precision ultra high throughput screening coupled with
the overall accelerated pace of drug discovery have prompted a move toward
highly processed or even pure natural product libraries [13]. Advances in
automated separations and sample processing have made purified natural
products libraries much more achievable [11]. Besides familiar separation
methods such as reversed phase HPLC, newer applications of countercur-
rent and super critical fluid extraction and chromatography are finding use
in natural products library construction [14, 15]. In any library strategy it
is essential to accurately characterize the content of the library in order to
minimize duplication and maximize chemical diversity and integrity [16].
The purity and integrity maintenance of a sizable pure compound library
is an often-underestimated technical challenge [17]. This is particularly
true for pure natural products libraries that contain complex unidentified
molecules.
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Pure natural products work well for screening if care is taken to avoid
unstable or so-called problematic compounds. They have high chemi-
cal diversity and biochemical specificity, which differentiate them from
synthetic and combinatorial compounds [18, 19] and which make them
tavorable lead structures for drug discovery [20]. Natural products are
marked by higher numbers of chiral centers and greater stearic complex-
ity than either synthetic drugs or combinatorial libraries, and while syn-
thetic molecules contain significantly higher numbers of nitrogen, sulfur
and halogen containing groups, natural products bear higher numbers
of oxygen atoms [19, 21]. Natural products can be differentiated from
trade drugs or other synthetic molecular libraries on the basis of scaffold
architecture and pharmacophoric properties [22]. They differ significantly
from synthetic drugs and combinatorial libraries in the ratio of aromatic
ring atoms to total heavy atoms (lower), number of solvated hydrogen
bond donors and acceptors (higher), by greater molecular rigidity [23],
and they have a broader distribution of molecular properties such as
molecular weight, logP and diversity of ring systems. Indeed, less than
one fifth of the ring systems found in natural products are represented in
current trade drugs.

It is often cited that natural products lack suitable drug-like properties
or are structurally too complex for efficient post-screen hit-to-lead devel-
opment. Detailed analysis however shows that high-quality natural prod-
uct libraries compare quite favorably in terms of drug-like properties as
well. Feher and Schmid examined representative combinatorial, synthetic
and natural product compound libraries on the basis of molecular diversity
and ‘drug-likedness’ properties such as molecular weight, number of chiral
centers, molecular flexibility as measured by number of rotatable bonds
and ring topology, distribution of heavy atoms, and Linpiski-type descrip-
tors [21, 24]. In the overall picture for drug-like properties, Schneider and
Lee determined that the fraction of natural product structures with 2 or
more ‘rule-of-5’ violations is equal to that of trade drugs, approximately
10% [22]. These differentiating characteristics of natural products versus
synthetic drugs are illustrated in Figure 3, which presents a comparison of
drug-like properties for the natural product rapamycin and the synthetic
drug Pantoprazole.
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Figure 3.

Comparison of drug-like properties of natural product and synthetic drug molecules

2.2 Analysis of natural products HTS hits

The large size of libraries now being subjected to ultra high throughput
screening has introduced new challenges in analysis and prioritization of
natural products hits. It is important to consider the nature of HTS data
itself in order to appreciate this issue. High throughput screening in large
pharmaceutical companies is frequently performed in ‘campaigns’ during
which an entire library is rapidly assayed in one or more phases. Such a
screening campaign often consists of a so-called primary phase, followed
by confirmation assay of the primary ‘hits’ and perhaps one or more addi-
tional assays to identify ‘false positives’. A ‘typical’ HTS data set profile,
whether it is an enzyme-based or cell-based assay, is shown in Figure 4.
The assay responses are distributed around a central value in a manner
that can be statistically characterized [25]. Positive ‘hits’ are contained in
an extended upper value ‘foot’ area. If the hit rate for the primary assay is
1%, (a typical value) and the natural products library consists of 50,000-
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Profiles of high throughput screen data

Left panel is plot of sample number versus % inhibition. Boxed area denotes samples designated as
‘active’. Right panel depicts dose response curves of active samples. Those samples in bins E and F
show curves dose-response suggesting specific active components. Curves in other bins suggest
non-specific activity.

100,000 samples, then the primary screen yields approximately 500-1,000
hits. These primary hits are often re-assayed to confirm the initial assay
results. Depending on the statistical method of designating primary hits
and the noise characteristics of the primary assay, 30-75% of the primary
hits will be confirmed in the confirmation assay, giving anywhere between
150-750 confirmed hits to be investigated. If the natural products library
is composed of pure compounds, then the confirmed hits can immedi-
ately be identified and prioritized according to hit-to-lead potential and
other important criteria. Many of these criteria are the same as those for
synthetic hits, and would normally include purity, integrity, molecular
complexity, potency, intellectual property constraints, and other drug-like
or lead-like properties such as molecular weight, solubility, membrane
permeability and stability [26].

When the natural products library consists of crude or partially frac-
tionated mixtures, then the samples should be profiled, often by LCMS,
to identify the known components present — a process known as derepli-
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Figure 5.
Examples of common non-specific and pan inhibitors frequently identified in high throughput scree-
ning of microbial natural products

cation. Recent advances in HPLC-MS have greatly facilitated this process.
Additional criteria are employed to prioritize the hits if the library is of
significant size, because the number of initial active samples is likely too
large for each hit to undergo bio-assay guided fractionation. Criteria must
be employed to ascertain the likelihood of the observed activity being due
to the presence of a natural product of interest. One of these criteria is
the presence of so-called non-specific compounds or pan-inhibitors such
as those shown in Figure 5. For example, the potent pan-kinase inhibitor
staurosporine is produced in many actinomycete fermentations and is
frequently identified as active in kinase assays [27]. Indeed, staurosporine
itself has served as a lead for the development of several clinical candidates
[28], however it might not be of interest if novel structural types were
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desired. Staurosporine itself might also mask the presence of additional
inhibitors if the extract is not well fractionated.

It is important to select a platform for high throughput screening
which has a high degree of compatibility with the natural products
library to be screened. A wide variety of screening platforms have been
developed for the major categories of drug targets — enzymes [29], G-pro-
tein coupled receptors (GPCRs) [30] and ion channels [31]. A full review
of these specific HTS technologies is beyond the scope of this chapter,
but a mention is made here of the increasing usage in high throughput
screening of cell based reporter assays engineered for specific targets [32].
These assays appear to be more amenable to natural product screening
than many enzyme assays. For example, a cell-based approach led to the
isolation of icariin (Fig. 6), a strong agonist of the neuromedin-U2 recep-
tor [33]. To search for inhibitors of tumor cell multi-drug transporters, a
fluorescent cell based assay was developed to screen a natural products
library of 3,523 compounds for modulators of the multi-drug transporter
protein component ABCG-2 in an engineered cell line. A total of 11 com-
pounds of moderate potency, including eupatin (Fig. 6) were identified
[34]. While there is as yet insufficient data to support conclusions, it may
be that cell-based systems will yield improved effectiveness with natural
product libraries, given the biological compatibility of natural products
themselves.

Whether by screening of large extract libraries, or smaller more defined
natural products compound libraries, the HTS approach continues to
yield highly active natural products with novel structures, biological
activity and drug potential. These are shown in Figure 6. To discover pla-
tensimycin investigators at Merck screened a library of 250,000 microbial
extracts using a combination of target based, whole-cell and biochemical
assays. These efforts led to the isolation of a new structural class of potent
and selective inhibitors of B-ketoacyl-(acyl-carrier-protein synthase I/
II) (FabF/B), a key enzyme in the biosynthetic pathway of fatty acids
in bacteria [35]. Additional screening using the same anti-sense based
whole-cell approach led to the isolation of phomalenic acids A-C, which
do not posses suitable drug-like properties, but which further validate
the approach [36]. Similarly, the novel antibacterial suaveolindole was
discovered using natural products library screening and high-throughput
natural products microchemistry [37]. An elegant example has been the
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Figure 6.
Recently isolated bioactive natural products from high throughput screening

discovery by screening that sanguinarine is a selective and cellular active
inhibitor of mitogen activated protein kinase phophatase-1 of MKP-1
[38]. This work employed a high content chemical complementation
assay to screen a diverse but compact natural products library for cel-
lular MKP-1 activity. The significance lies in the fact that there currently
is insufficient structural information on MKP-1 to enable the rational
design of inhibitors. New signal transduction inhibitors recently discov-
ered include normeridamycin [39]. In this case, screening of a microbial
extract library for compounds which bound FKBP12 identified normeri-
damycin as a trace component in an actinomycete culture. The com-
pound was found later to have potent neuroprotective activity. Marion
and co-workers employed a whole cell fluorescence polarization-based
assay using human PI3 kinase a expressed in SF9 insect cells to screen a
marine extract library and isolated liphagal, a selective inhibitor of PI3
kinase o [40].
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2.3 Mass spectrometry and natural products libraries

Mass spectrometry has long been a primary tool in the structure elucida-
tion of natural products and in post-screening stages of drug discovery
such as hit validation, dereplication and characterization. The high sensi-
tivity and unique molecular information provided by mass spectrometry
have also made it an indispensable tool in the characterization of natu-
ral products libraries as well. This is due mainly to the development of
reliable directly coupled high performance liquid chromatography-mass
spectrometer (HPLC-MYS) systems, and the general availability of natural
product databases [41].

To avoid redundancy, reduce time and cost, and perhaps most impor-
tantly, maximize the ‘hit quality’ of a natural products library it is essential
to select extracts for the library which contain the desired types of second-
ary metabolites. Whether or not a microbial culture produces secondary
metabolites is primarily determined by the genetic capacity of the organ-
ism coupled with response of the microbe to the fermentation conditions.
Given the fact that most microbial cultures do not produce secondary
metabolites, it is important to identify collections of organisms and cul-
ture conditions that result in secondary metabolite production, as well as
extraction and processing methods which retain secondary metabolites
while maintaining compatibility with HTS platforms. In terms of analyti-
cal methodology, HPLC and HPLC-MS have become the tools of choice
to address these needs. The reason is that a single run LCMS data set of a
natural product mixture contains an unsurpassed wealth of chemometric
data useful in characterizing the chemical content of an extract [42]. This
information includes chromatographic retention time, UV-VIS absorbance
spectrum, mass abundance, molecular mass, and molecular formula if
sufficient mass accuracy is obtained. All of these data can be incorporated
into a database and statistically leveraged to gain an accurate profile of
the library sample. The choice of which of these parameters to use and
the type of screening algorithm employed should be determined for the
most part by the design of the natural products library. As described above,
crude or semi-crude natural products libraries offer lower cost of construc-
tion and processing, but the evaluation of cultures for unique metabolite
production presents a challenge because of the complexity of the composi-
tion. Candidate extracts for library inclusion should show the presence of

191



Frank E. Koehn

unique secondary metabolites that enhance the existing diversity of the
library. The relative abundance of these molecules should be such that they
would give a detectable assay response at micromolar activity. The extract
should have a minimum of the many so-called ‘promiscuous’ metabolites,
compounds known to possess nonspecific activity in biological assays, or
so-called ‘Pan-inhibitors’. Common examples of these are shown in Figure
5. The presence of these compounds, particularly in large amounts, can
mask the activity of other specific, perhaps novel actives, and so they are
problematic. Media components in the extracts should be identified as
well. Thus the chemical fingerprint by HPLC-MS must be processed and
ranked according to the number of compounds present, their uniqueness,
relative abundance, and the presence of interferences. Crude, pre-fraction-
ated and purified compound libraries might differ in the relative weight of
these parameters in the culture selection process.

A number of approaches have been developed to compare and rank
chromatographic profiles. Initial approaches were based on transform-
ing the HPLC chromatogram of an extract into a retention time-peak
area matrix, emphasizing the most abundant peaks. This approach can
be difficult to apply to complex chromatograms with widely different
amounts of metabolites. In an early chemometric approach, Higgs and
co-workers found that the mean natural log of the area under the entire
HPLC-ELSD chromatogram could be used to determine the presence of
secondary metabolites. This same group then developed a direct infusion
electrospray mass spectrometry technique that gave comparable utility
for assessing microbial production. They utilized this approach to select
fermentation conditions for Actinomycete secondary metabolism [42].
Recently, approaches have been developed which apply pattern recogni-
tion routines such as factor analysis, principal components analysis and
cluster analysis to chromatograms and mass spectra. These methods can
be automated and utilize a much greater proportion of the chromatogram,
perhaps even the entire trace. Other methods have been developed to com-
pensate for the misalignment of peaks due to drifts in compound retention
in natural products extracts between runs. These operate either through
alignment algorithms [43, 44] or inclusion of internal standards for cali-
bration. Another approach, applied effectively to the selection of extracts
from organisms fermented under multiple media conditions, makes use of
the principle of a virtual chromatogram generated by co-addition of mul-

192



High impact technologies for natural products screening

tiple individual chromatograms. The various methods described above,
coupled with rapid advances in computer and instrument capabilities have
made the automated analysis and comparison of chromatographic extract
profiles a valuable tool in increasing the chemodiversity of collections,
media development and even investigation of taxonomic relationships
between organisms [45].

Mass spectral databases are now a mainstay of the dereplication process,
where molecular ion and fragment product masses contained in HPLC-
MS spectral libraries facilitate rapid assessment of HTS hits and library
components [46]. The pivotal development responsible for the success of
the LC-MS has been the introduction of efficient and general methods for
producing ions from the effluent of HPLC separations. The most general
of these methods known as electrospray ionization (ESI) and atmospheric
pressure ionization (API), can generate the ions essential for mass spectro-
metric analysis for greater than 90% of analytes, ranging from amino acids
to proteins and nucleic acids [47]. Correlation of both molecular weight
and UV absorption data with known compounds by database search-
ing ordinarily is sufficient to classify sets of compounds [41]. There are
many such mass spectral database libraries available, and while there are
limitations to these libraries, they have become powerful tools for natural
products profiling and dereplication [48]. The advent of multichannel
HPLC-MS technology has made it possible to assay the chemical integrity
and content of sizable natural product libraries, such as a 36,000 sample
fractionated plant library [49]. Often it is the in-house developed databases
that are most effective, since they are tailored to meet the particular needs
of the specific laboratory. For example, Fredenhagen and co-workers used
an ESI-HPLC-MS system interfaced with an electrospray (ESI) source and
ion-trap mass spectrometer to develop an extensive MS/MS dereplica-
tion spectral library [S0]. Natural products libraries can also be effectively
profiled and the source organisms can be classified using a metabolomics
based analysis of HPLC-MS data. [51].

2.4 NMR and natural products libraries
The rich chemical information, versatility, resistance to interference and

high dynamic range of NMR spectroscopy make it an unsurpassed tool in
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the investigation of natural product mixtures [52]. NMR spectra can be
qualitatively or quantitatively analyzed with one of many pattern recogni-
tion techniques in order to characterize natural products libraries or evalu-
ate whether an extract should be included in a library. The most popular of
these methods is principal components analysis (PCA). These multivariate
methods arose out of the field of metabolomics of biofluids [53], and they
are gaining acceptance in the library analysis of natural products, particu-
larly plant libraries [S4, 55]. Pierens and co-workers have extended this
approach by developing clustering methods for NMR spectra of marine
natural product mixtures. The aim of the group was to use flow-injection
microcoil NMR methods to characterize and dereplicate extracts in micro-
titre plates [56]. High throughput capillary scale microcoil NMR can effec-
tively be used to assess the chemical novelty and provide prompt structure
information on plated screening library components without the necessity
of re-isolation in larger quantities. Using microcoil probes at 600 MHz, one
and two-dimensional homonuclear spectra can be readily obtained on a
few micrograms of sample. Two-dimensional heteronuclear measurements
can be performed on 200 micrograms or less. These compound amounts
are readily obtained in a typical library primary fractionation [57]. The
NMR samples can be loaded into the probe for measurement by automated
direct sampling of the 96-multiwell plate [58]. Highly complex mixtures in
limited quantity can be extensively characterized by NMR, even without
separation — for example crude spider venoms [59]. At the time of this writ-
ing, there are no literature reports of microcoil applications to microbial
fermentation libraries. Other high-sensitivity NMR technologies such as
cryoprobe technology and 1 mm capillary technologies have been applied
in similar fashion to synthetic libraries, and reports on applications to
natural products are now beginning to appear in the literature for these
NMR technologies [60, 61].

Natural products extracts are a logical choice for characterization by
hyphenated HPLC-NMR-MS. In HPLC-NMR effluent from a chromato-
graphic column is directly analyzed in the NMR spectrometer without the
need for peak isolation and sample preparation. Although LC-NMR was
introduced over 20 years ago [62], its application to direct analysis of natu-
ral products did not become feasible until several technical hurdles were
overcome. Some of these, such as chromatographic peak diffusion, are
derived from the process of hyphenation. Others are inherent in the NMR
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technique itself, such as low sensitivity and detection of weak compound
signals in the presence of background solvent signals. These were a stum-
bling block to early LC-NMR applications [63]. Recent advances in NMR,
mass spectrometry and HPLC and SFC technology have made hyphenated
LC-NMR, and LC-NMR-MS practical options for screening [64] and analysis
of complex natural products mixtures, particularly those from plants [65,
66]. Early applications of LCNMR used either 1) on-flow detection, where
the spectrum is measured as the column effluent passes through the NMR
flow-probe, or 2) stopped-flow detection, where the chromatographic flow
is switched off in a timed fashion to ‘park’ the peak of interest in the flow
probe for measurement. The drawback to these early methods is that in on-
flow measurements, the limited measuring time and sample flow reduce
the quality of the spectrum. In stopped-flow applications, peak diffusion
out of the NMR flow cell and on the column broadens the sample peak,
reducing sensitivity and resolution. Advances in the HPLC-NMR technique
were offered by the development of peak capture and peak management
methods that effectively eliminated the need to perform the NMR mea-
surement during the chromatographic run. In each of these methods,
chromatographic peaks are trapped in a sample handling device during the
chromatographic run and later selectively delivered to the NMR probe for
measurement. The first is the use of loop storage units that reduced peak
the diffusion problems encountered with earlier stopped-flow or on-flow
methods [67]. Recent developments include on-line automated solid phase
extraction and peak trapping which improve sensitivity by narrowing of
the peaks while at the same time reduce the need for solvent suppression.
[68, 69].

HPLC-NMR requirements for solvent suppression have benefited from
methods which were initially developed for protein NMR [70]. Finally, the
inherent low sensitivity of HPLC-NMR (approximately 1,000-fold less sen-
sitive than mass spectrometry) has been improved to a great degree by the
development of cryogenic flow probes [71], microcoil (nanoliter volume)
NMR probes, and sample management methods described above [72].
Each of these sensitivity enhancement technologies has inherent advan-
tages and disadvantages, depending on the type of chromatography used
and whether or not the sample of interest is truly mass limiting [73]. In
any event, it is now feasible to fully characterize complex natural products
mixtures using one or more LC-NMR methodologies, even to the extent of
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minor components [74]. Direct coupling of electrospray mass spectrometry
for LC-NMR-MS has proven an effective combination for characterization
of compounds that might be difficult to study by LC-NMR alone. Since
the NMR measurement is the most costly in terms of measuring time, the
mass spectral information is very useful in determining which of the many
metabolites encountered in the natural products mixture is of interest for
measurement. [75]. Using LC-UV-SPE-NMR-MS it is now possible to per-
form automated analysis of natural products extracts where the individual
components are present in 10-50 microgram amounts [69, 76].

3 Screening of natural products libraries
3.1 Screening of natural products libraries by mass spectrometry

Mass spectrometry has become a viable assay method for high throughput
screening of natural products. This is due to the ability to detect and analyze
with high sensitivity and mass accuracy ligand-target complexes via elec-
trospray, APCI and other ‘soft’ ionization techniques. Significant successes
have been achieved in the use of electrospray ionization Fourier transform
ion cyclotron resonance mass spectrometry (ESI-FTICR) to screen natural
product microbial libraries against RNA targets. In a method termed Mul-
titarget Affinity/Specificity Screening (MASS), Hofstadler has shown the
ability to detect specific binding of the aminoglycoside antibiotic paromo-
mycin in chromatographic fractions derived from cultures of Streptomyces
rimosus ssp. paromomycinus [77]. Non-covalent adducts of paromomycins
with a synthetic RNA oligomer containing the E. coli A-site (site of action
of aminoglycoside antibiotics) were observed in the mass spectrometer.
The molecular weights of the aminoglycosides were determined by the
differences in mass between adducts and the free RNA. Mass spectrometry
can also be used to screen for covalent adducts of protein targets. Liu and
co-workers developed a method based on matrix-assisted laser desorption
time-of-flight mass spectrometry as an initial high-throughput screen-
ing step for natural products which covalently modify cysteine groups
in Keapl. This approach is based on the hypothesis that ubiquitination
and proteosome-mediated degradation of Nrf2 in the cytoplasm decreases
upon the covalent modification of cysteine sulfhydryl groups on Keap1 (a
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protein that sequesters Nrf2 in the cytoplasm) and results in higher Nrf2
levels both in the cytoplasm and in the nucleus. Two active constituents
were identified to be xanthohumol and xanthohumol D. In a subsequent
cell-based assay, xanthohumol and xanthohumol D were confirmed to be
potent inducers of quinone reductase, and reaction with Keapl was also
confirmed [58].

Fourier transform ion cyclotron resonance mass spectrometry has also
been effective in screening a natural product-based combinatorial library
for binding to bovine carbonic anhydrase II (3CAII) [78]. The fungal prod-
uct 3-chloro-4-hydroxyphenylacetamide was the library template, with
11 secondary amide analogs of this template constituting the combina-
torial library. Tight binding inhibitors of BCAII were identified by detec-
tion of a non-covalent complex corresponding to [BCAII + ligand] in the
mass spectrum. The equilibrium dissociation constant (K,) for the complex
was measured to be 77.4 nM. A competitive CAIl enzyme binding assay
validated the mass spectrometry screening result. Mass spectrometry has
recently been used to identify inhibitors of protein aggregation [79], and
also protein—protein interactions as well, when used in conjunction with
NMR based screening methods. Examples here include screens for inhibi-
tors of collagenase and RGS4 protein-protein interactions [80].

A key development in the validation of natural product hits and subse-
quent bio-assay guided fractionation has been the use of hyphenated mass
spectral methods [46]. One wishes to identify each of the ‘active’ binding
components as well as assign rank order to multiple binders according
to binding affinity. An effective method to accomplish this comes by the
coupling of mass spectrometry with frontal affinity chromatography (FAC-
MS), first developed in 1998 [81, 82]. FAC-MS works via the continuous
infusion of the ligand mixture over an immobilized target (protein). A con-
tinuous binding equilibrium is reached between the bound and unbound
populations of ligand, the result being that individual ligands that bind
the target are retained and the elution volume required for the ‘front’ of
ligand to exit the column is increased over that for non-binding molecules.
The degree to which the breakthrough volume is increased over the void
is a direct measure of the binding affinity. Those ligands with the greatest
affinity for the target will have the longest ‘breakthrough’ times. Using
mass spectrometry as a detector in FAC is invaluable since it allows for
selected or universal monitoring of the breakthrough times of each mixture
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component by molecular mass. In natural products samples, the masses of
the binding principles are often not known. The utility of FAC-MS can be
extended by the inclusion of an indicator molecule in the assay, in this case
a molecule which binds the target and who’s known ‘breakthrough’ time
is perturbed (typically reduced) by the binding of other ligands. By the
use of weak ligands as indicators, the effective range of detection for FAC-
MS extends from picomolar to 0.5 millimolar. The K, values for specific
ligands can be accurately measured by plotting the breakthrough volume
as a function of ligand concentration [83]. Furthermore, the screening
capacity of FAC-MS can be as high as 10,000 compounds/day, depending
on the number of compounds per run and conditions [83]. In the case of
natural products, non-ideal characteristics of the extracts would limit the
screening capacity for initial hit identification. However, the potential for
FAC-MS as an analytical biosensor to characterize natural products screen-
ing hits, once they are detected, is intriguing. To date, the method has
been most effective in the deconvolution and post-screen identification of
active components in crude natural product extracts [84].

3.2 Screening of natural product libraries by NMR

NMR methods for detecting ligand-protein binding to targets have existed
since the early 1980s, although the effective use of NMR to screen chemi-
cal libraries for drug discovery began a decade later [85]. The delayed
implementation was due to the need for improvements in automation,
sensitivity and software, design and synthesis of suitable chemical librar-
ies, and availability of protein targets suitable for NMR binding experi-
ments. Although NMR requires the use of expensive instrumentation,
and throughput is lower than screening methods based on photometric
or chemical detection, it is becoming clear that NMR methods can fill a
unique niche in the screening of chemical libraries for low affinity ligands
[86]. An NMR screen detects ligand—protein binding via binding-induced
modulation of the either 1) the target (protein) spectrum (target-detected) or
2) the ligand spectrum (ligand-detected). In the first case, the altered protein
spectrum gives information on the protein sites affected by the interac-
tion. In the second case (ligand-detected methods), binding information
about the ligand molecule is provided. Numerous experimental methods
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and NMR pulse sequences have been developed for both approaches, each
with its own distinct advantages and disadvantages [87]. Which approach
is most effective depends on the nature of the information desired, the
availability and size of the target protein, and the binding constant (K))
of the protein-ligand complex.

In general, target-detected methods rely on the use of isotopically
labeled protein, either 1°N, 13C, or both. Upon exposure in solution to
binding ligands (either single or mixture) the native protein spectrum is
perturbed, i.e., chemical shifts of interacting resonances are altered. Vari-
ous types of high throughput two-dimensional spectra can be recorded
for the native and bound protein. Depending on the type of experiment
measured and the extent of spectral assignment possible for native protein
and complex, the pattern of spectral perturbation yields information as to
the specific protein residues involved in the binding interaction. Ligand
mixtures are often used in the binding experiment to improve throughput.
Additional NMR experiments are performed to deconvolute the identity of
the specific binding components once a ‘hit’ is detected. The pioneering
work in this area was reported by the Abbot group, using a fragment-based
library approach combined with 'H-1>N HSQC two-dimensional spectra, a
method they described as SAR by NMR [88]. Under the SAR by NMR pro-
tocol, a synthetic chemical library composed of small molecular weight
fragments is combined with the target protein solution. Based on pertur-
bations of the chemical shifts of the 'H-'>N HSQC signals in the protein
(which are previously assigned to their sequence position), the protein
binding regions for each ligand can be estimated. Binding interactions are
noted for those fragments that bind to different, but proximal (within a
few Angstroms) sites on the protein. The molecular fragments, which typi-
cally bind very weakly due to their sub-optimal size, are then joined via a
chemical linker to furnish a starting drug lead. The rationale is that bind-
ing synergy will occur upon linkage of the fragments. In the first report
of the method, the Abbot group used SAR by NMR to find high affinity
ligands for FK506 binding protein [88]. The Abbot group later extended the
method to use protein labeled with 13C in the methyl groups of valine, leu-
cine and isoleucine in order to improve sensitivity [89]. By using cryogenic
probe technology and compound libraries of 100 fragments per sample,
they showed it is possible to screen libraries of 200,000 compounds in a
few weeks with a single 500 MHz NMR spectrometer, using less than ten

199



Frank E. Koehn

nanomoles of protein [90]. This can still be a sizable protein requirement,
depending on the difficulty of protein expression and purification. There
are also limitations as to the size of proteins amenable to the SAR by NMR
method. When the target becomes large, i.e., MW >30 kDa then signal
overlap in the HSQC spectrum and relaxation effects can diminish the
quality of the results. The protein size limit can be extended by he use of
13C and deuterium labeling [89] or TROSY methods [91].

The use of fragment libraries and compound mixtures in NMR screening
is a popular strategy owing to the specific advantages associated with frag-
ment-based libraries [92]. Arguably, molecular fragment based approaches
access greater chemical diversity per unit effort when compared to other
molecular library methods. Lack of chemical diversity however, is not a
shortcoming of natural product libraries — rather it is their accurate char-
acterization. In any event, the use of protein detected NMR methods such
as SAR by NMR has made an impact in the screening of synthetic librar-
ies [90], but its use to directly screen natural products libraries has been
limited. Natural product libraries are most often themselves mixtures of
unknown composition, so it is likely that the difficulty of natural prod-
uct hit deconvolution has been an obstacle to the use of SAR by NMR for
natural products screening [93].

Ligand-detected NMR screening methods are effective for detecting rela-
tively weak binding complexes with K;’s in the high nanomolar to low mil-
limolar range. As a result, they have received greater application in natural
products screening. Ligand-detected methods are based on a number of
NMR observables, including binding induced line broadening, magnetiza-
tion transfer of saturation, binding-induced diffusion effects, and binding
competition with known ligands [86]. The most popular of these in terms
of natural products screening has been saturation transfer difference (STD)
spectroscopy [94]. In the STD experiment, the target protein is mixed with
a large ligand excess (ca. 100:1 ligand:protein) and the sample is irradiated
at the edges of the spectrum to excite the protein resonances. When ligand
molecules bind to the protein, rapid spin diffusion results in the signals of
the ligand being saturated along with the protein. Molecules that do not
bind the protein are unaffected. A difference spectrum is measured between
the spectrum resulting from the saturation transfer and an off-resonance
control, resulting in a spectrum bearing signals only from molecules which
bind to the protein. Signals from the non-binding ligands are filtered out.
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Figure 7

Principles of saturation transfer difference (STD) NMR in the STD experiment, a large excess of scree-
ning small molecule mixture composed of binders (triangle) and non-binders (ellipse) is exposed to
target protein. The process is composed of the following steps: 1) Free ligand molecule (triangle)
binds protein at rate constant K , 2) Irradiation saturation is applied to protein resonance but away
from the ligand resonances. Bound ligand molecule (triangle) is saturated via spin diffusion, 3)
Saturated ligand dissociates at rate constant K  and free ligand population (binders only) becomes
saturated, 4) Saturation of free ligand is built up in bulk population, 5) Saturation of free ligand is lost
by relaxation. Re-association to protein occurs and saturation transfer cycle is repeated. 6) Difference
spectrum is measured between on and off protein resonance, resulting in signals (in box) only from
those protons on binding ligands.

This is depicted in Figure 7. STD NMR spectroscopy utilizes significantly less
protein than target-detected methods, on the order of 0.1 nanomole per
sample. An additional advantage is that for larger molecular weight ligands
such as natural products, ligand protons in direct contact to the protein
show stronger STD enhancements those that are not in direct contact. This
can be especially advantageous for complex natural products, for the STD
enhancements yield important information about the structural elements
responsible for binding. In addition, the chemical exchange rates between
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bound and unbound ligands which make a system favorable for STD stud-
ies, namely binding in the micromolar range, also make the ligand-protein
binding favorable for transferred NOE studies. A recent example of this
application is the epitope mapping of he antimitotic tubulin binding agent
HTI-286, a close analog of the marine peptide hemiasterlin [95]. Through
adjustment of the STD experimental parameters to account for the effects
of differential relaxation, Milton and co-workers were able to characterize
the essential structural elements in HTI-286 that were involved in tubulin
binding. They also determined the bound conformation of the molecule
using STD and transferred NOE methods. Perhaps the best example to date
on the use of transferred NOE NMR methods to characterize the tubulin
binding properties of natural products is that of epothilone A and its bind-
ing conformation [96]. The STD technique offers the advantages of relative
robustness with respect to ligand type and lack of dependence on protein
size. In fact, larger target proteins have been shown to give superior results
due to increased rates of spin diffusion. STD NMR has been applied to the
direct screening of crude aqueous natural products extracts from the mush-
room Pleurotus ostreatus against a target lectin protein [97].

Several other ligand-detected NMR screening methods based on some
type of saturation or NOE transfer have been developed. Some of these
either have been applied to natural products screening directly, or hold
out the potential for successful use. The NOE pumping technique is in
essence a reversal of the STD method, where the loss of a ligand signal
intensity caused by NOE-mediated magnetization transfer from the ligand
to the target is detected in a one-dimensional experiment [98]. Since this
method relies on specific excitation of the ligand, its utility for screening
mixtures is somewhat limited. However, the method is effective for deter-
mining binding characteristics of ligand molecules once they have been
identified [98]. The WaterLOGSY method is based on magnetization relay
from the bulk solvent H,O to ligand protons in the complex via the water
molecules trapped by the protein-ligand interaction. WaterLOGSY offers
the advantage of increased sensitivity over other methods such as STD
[99]. When used in conjunction with a SHAPES-based fragment library to
find ligands for an RNA target, it was found to be the most sensitive of the
techniques evaluated [100].

Diffusion based methods rely on the fact that the diffusion rate of a
free ligand is diminished upon binding to a macromolecule target [101].
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Surprisingly, diffusion based methods have received less attention for nat-
ural product screening than one might expect, given the initial successes
reported in use of the techniques on natural products type samples. One
such early example for drug discovery is the use of Affinity-NMR to unravel
the specific binding components in a mixture of tetrapeptides that bind
vancomycin [102]. As in most applications, the primary limiting factor in
the application of NMR screening to natural products has been the limited
availability of well-characterized natural products libraries. As NMR instru-
mentation becomes increasingly more powerful, we can anticipate that
NMR screening of natural products libraries will see increased application
in the years ahead.

4  Conclusion

Natural products research is rich in its contribution to drug discovery. It
can be argued that no other source of chemical diversity can compare with
the depth and breadth of therapeutic agents that have their origins in the
secondary metabolites produced by living organisms. These contributions
have come via numerous strategies, some direct and focused, some by
serendipitous routes, and many by screening. The rational approach to
lead discovery, using natural products as biologically validated starting
points, continues to be an effective means of developing drug candidates.
Today’s drug discovery environment however, with its increasing reli-
ance on automated high throughput screening of chemical libraries and
rapid hit-to-lead development, does not favor traditional natural products
screen-based approaches. This is because the enhanced chemical diversity
offered by natural products libraries is offset by the often-lengthy (by
contemporary standards) periods needed for screening, hit validation and
dereplication. If screening of natural products is to continue as an impor-
tant engine for lead generation, it will be necessary to reduce the time
and resources needed to assay natural products libraries and to identify
and isolate the important bio-active components. Many of the necessary
economies can be found in the construction of improved natural products
libraries themselves, and in the means by which they are screened. Cur-
rent and emerging advances in mass spectrometry, NMR and other tech-
nologies are making it possible to overcome these challenges. As we apply
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these technologies and develop them even further, we can look forward
to continued and even increased impact of natural products in HTS based
drug discovery.
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Virtual screening for the discovery of bioactive natural products

Abstract

In this survey the impact of the virtual screening concept is discussed in the field of drug
discovery from nature. Confronted by a steadily increasing number of secondary metabolites
and a growing number of molecular targets relevant in the therapy of human disorders, the
huge amount of information needs to be handled. Virtual screening filtering experiments
already showed great promise for dealing with large libraries of potential bioactive molecules.
It can be utilized for browsing databases for molecules fitting either an established pharma-
cophore model or a three dimensional (3D) structure of a macromolecular target. However,
for the discovery of natural lead candidates the application of this in silico tool has so far
almost been neglected. There are several reasons for that. One concerns the scarce availability
of natural product (NP) 3D databases in contrast to synthetic libraries; another reason is the
problematic compatibility of NPs with modern robotized high throughput screening (HTS)
technologies. Further arguments deal with the incalculable availability of pure natural com-
pounds and their often too complex chemistry. Thus research in this field is time-consuming,
highly complex, expensive and ineffective. Nevertheless, naturally derived compounds are
among the most favorable source of drug candidates. A more rational and economic search
for new lead structures from nature must therefore be a priority in order to overcome these
problems.

Here we demonstrate some basic principles, requirements and limitations of virtual
screening strategies and support their applicability in NP research with already performed
studies. A sensible exploitation of the molecular diversity of secondary metabolites however
asks for virtual screening concepts that are interfaced with well-established strategies from
classical pharmacognosy that are used in an effort to maximize their efficacy in drug discov-
ery. Such integrated virtual screening workflows are outlined here and shall help to motivate
NP researchers to dare a step towards this powerful in silico tool.

1 Introduction

In the field of drug discovery we are confronted by a paradox situation:
highly efficient tools and advanced technological and molecular know-
how, e.g., in the area of genomics, combinatorial chemistry, high through-
put screening (HTS), robotized and miniaturized process cycles, could find
entrance in big pharmaceutical industries. These costly procedures were
expected to raise the number of launched drug substances; however the
results were disappointing [1, 2]. In 2002, Adam Smith, the chief-editor of
Nature presented the sobering data of research and development expenses
of the 20 leading pharma companies versus new drugs on the market. They
have steadily fallen in recent years despite the increasing financial efforts
[3].

On the other side we are faced by a high traditional impact of naturally
derived medicines and incredible success stories of natural products (NPs)
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as potent remedies from the beginnings of human therapeutic activity to
modern research and drug development. Nevertheless, most large phar-
maceutical companies scaled down or terminated their work in NPs opera-
tions. The reasons behind this are that the drug discovery process starting
from natural sources is hardly compatible with the today’s highly auto-
mated drug discovery technologies. Thus, the pre-eminence of combinato-
rial chemistry as the preferred method for generating new drug leads has led
to the comparative neglect of this valuable resource. William Strohl from
Merck Research Laboratories summarized the difficulties of NP programs
versus synthetic chemicals in his editorial remarks in Drug Discovery Today
[4]. These include (i) the existence of already found potent antimicrobic
and antitumor NPs and the lack of sufficient dereplication programs which
prevent their repeated discovery; (ii) the fact that — in contrast to the highly
sophisticated molecular targets — NP extracts are generally regarded as too
‘dirty’, too difficult to assay and too time-consuming; (iii) obtaining an
assay hit resulting from a bio-guided fractionation, the NPs’ structure still
has to be elucidated compared with synthetic chemicals; (iv) NPs are often
deemed as too structurally complex, possessing multiple hydroxyl moi-
eties, ketones and chiral centers. Strohl nevertheless concluded by listing
a number of advantages applying an active NP program, which he finally
described as an ‘expensive endeavor’ which, however, is ‘well worth the cost'.

The use of NPs has been the single-most successful strategy for the
discovery of new drug leads, which is clearly shown by different statistics
[S, 6]. With increased calls in recent years for further research on NPs [7,
8] there are again signs that they may play a more active role in the future
drug discovery process, since their reintroducing may help to re-discover
the sweet spot in drug discovery [1].

2 Status of NPs

To date some 200,000 natural compounds [9-11] have been published. The
terrestrial flora has been intensively investigated over the last decades; the
potential in finding new NPs slumbering in untapped biota is however
nearly inconceivable. It is estimated that only 5-15% of the approximately
250,000 described high plant species have ever been in the focus of phy-
tochemical and pharmacological investigations [12]. More sobering is the
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percentage in the field of bacterial (less than 1%) and fungal species (less
than 5%) [13].

The main part of known NPs belongs to secondary metabolites. These
compounds provide living systems with their characteristic features man-
datory for surviving. They contain an inherently large-scale of structural
diversity. About 40% of the chemical scaffolds of published NPs are unique
and have not been made by any chemist [14].

In the past 100 years researchers have discovered many potential thera-
peutic targets. Since the completion of the human genome, 30,000 to
40,000 genes and at least the same number of proteins are assumed [15].
Thus, we are up against an increasing number of macromolecular targets,
like proteins, receptors, enzymes, and ion channels — that might be of
pathological concern for humankind. Among them, proteins continue to
attract significant attention from pharmaceutical technology as a valuable
source of drugable targets [16]. Proteins provide the critical link between
genes and disease, and thus are the key to understanding the basic biologi-
cal processes. Up to now drug discovery has been performed against only
approximately 500 targets [17], though the number of potential targets are
estimated to be in the range of 2,000 to 5,000 [2, 15].

Taken together, it can be assumed that a large number of drug leads
and hits are conserved in the inexhaustible pool of NPs pre-screened by
evolution. But how to dig out and to recognize the respective drug leads
is a challenging task for both industry and academia, for medicinal chem-
ists, pharmacognosists and pharmacologists. NP research is affected with a
wealth of time-consuming and cost intensive investigations. Collection of
the natural material, phytochemical analysis, isolation and identification of
the constituents is just the basic procedure. A biological screening of extracts
or even the arbitrary testing of isolated metabolites is feasible and often per-
formed, though is not at all a focused procedure, thus unpractical and too
expensive. The NPs’ diversity has to be accessed in a more rational way.

3 Holistic versus molecular approaches in drug
discovery from nature

During the last century and even today the discovery of bioactive NPs and
their development into potential drug candidates are mainly covered by
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Traditional early drug development of a nature based drug candidate

a holistic approach. A characteristic workflow of this procedure is given
in Figure 1. Starting from the knowledge or assumption about a biological
effect the natural material is selected and adequately extracted. If a positive
effect in the obtained multi-component extract is recorded, it is attempted
to trace it back to the active principle/s by intense phytochemical and
analytical investigations (Fig. 1). This can for instance be achieved by a
bioactivity-guided fractionation. A more targeted approach focuses on
innovative technological tools combining analytical and biological infor-
mation. An overview of recent developments in this area and successful
examples thereof are presented by Potterat and Hamburger [18, 19].

As soon as the constituent regarded to be responsible for the overall
effect is isolated, further research focuses on a molecular level including
structure elucidation and pharmacological profiling. Synthesis and testing
of series of derivatives enable an insight into a structure-activity-relation-
ship and pharmacokinetic aspects. Finally, potential drug leads become
drug candidates after some intense toxicological studies and after the veri-
tied effectiveness in vivo (Fig. 1).

Recent advances in lead identification from nature work on a molecular
base more than on a holistic one. A first prerequisite for that is on bioin-
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Bioinformatics <t = Chemoinformatics

Protein <—> Lead R m— Drug

Figure 2.
Schematic correlation between bioinformatics and chemoinformatics

formatics comprising 3D structures from genes and proteins (bioinformat-
ics), substantial knowledge on molecular target functions with accurate
structural information and protein-ligand interactions. Secondly, it is
essential to refer to unambiguously characterized structures of secondary
metabolites preferably with some information to their biological effect.
Based on available structural as well as biological knowledge from both
sides, information can be deduced from chemoinformatics to bridge the
gap between known ligands and the discovery of new lead structures

(Fig. 2).

4  Computational approaches for the discovery of
lead structures from nature

The increasing understanding of fundamental principles of protein-ligand
interactions and the steadily growing number of 3D-structures of poten-
tial and experimentally proved ligands provide undreamed of possibili-
ties towards more rationalized concepts in drug discovery. However, too
much is expected of the human brain to profit from the already published
information. Thus, efficient and effective approaches benefit from today’s
knowledge about NPs. In the area of medicinal chemistry, computational
methods, like virtual screening experiments, have already proved to satisfy
these requirements. They are needed to exploit the available structural
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information, to understand specific molecular recognition events, and
to clarify the function of the target macromolecule. Though rationalized
procedures in the search for bioactive natural products are in great demand
to find the ‘needles in a haystack’, computational assistance could hardly
break into natural product research.

The common idea of all computational approaches within the early
drug discovery process is to mine more or less large compound databases
in silico and to select a limited number of candidates proposed to have
the desired biological activity. For this process the term ‘data mining’ was
coined in 1996 [20], which was concisely defined by Gasteiger and co-
authors: ‘to extract knowledge from a large set of data in order to make predic-
tions of new events’ [21].

Within the lead discovery process, virtual screening technologies have
largely enhanced the impact of computational chemistry and nowadays
chemoinformatics plays a predominant role in early phase drug research
[22, 23]. The key goal of the use of such methods is to reduce the overall
cost associated to the discovery and development of a new drug, by iden-
tifying the most promising candidates to focus the experimental efforts
on. Recently published books and reviews on the impact of computa-
tional chemistry for lead structure determination highlight these efforts
[24-27].

If the 3D structure of the biological target is known, high through-
put docking turned out to be a valuable structure-based virtual screen-
ing method to be used [28-31]. Within this context, the scoring of hits
retrieved still remains a question that is often discussed. In fact, currently
the major weakness of docking programs lies not in the docking algo-
rithms themselves but still in the inaccuracy of the functions that are used
to estimate the affinity between ligand and target, the so-called scoring
functions. Previously, Stahl and Rarey analyzed scoring functions for vir-
tual screening [32], giving valuable insight into strengths and weaknesses
of currently used models for affinity estimation. The combination of sev-
eral different scoring functions termed as consensus scoring turns out to
be one of the possible answers to the question raised previously. In fact,
several authors recently described their efforts in this area; an example is
given in reference [33]. In a theoretical study, other authors demonstrate
that consensus scoring outperforms any single scoring for simple statisti-
cal reasons and that a moderate number of scoring functions (i.e., three or
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four) are sufficient for the purpose of consensus scoring [34]. However, it
has been shown that consensus scoring alone is not suitable for all cases of
docking, and, as highlighted in a recent review by Krovat and co-authors,
considerable efforts are still devoted to the optimization of scoring func-
tions [28].

Because of the restricted free access to NP 3D libraries (see below), the
number of virtual screening studies published for the rational access to
bioactive NPs is limited. Some examples using high throughput docking
as a structure-based virtual screening tool will be given here: Liu and Zhou
applied a theoretical approach to find natural ligands as potential inhibi-
tors of the SARS-CoV protease, a virus target of the severe acute respiratory
syndrome [35]. They used a docking-based virtual screening cycle and
applied drug-like filters to finally propose 18 drug candidates out of two 3D
databases comprising metabolites from marine organism and compounds
from traditional Chinese Medicine. The same virus organism was the main
interest in the study performed by Toney et al., who focused on its main
proteinase, 3CLpro. The crystal structure of this attractive target was used
as the starting point for the virtual docking screening of the NCI database.
Searching for non-peptidyl inhibitors, the authors identified the naturally
occurring terpenoid alkaloid sabadinine (i.e., cevine; 1) as potential anti-
SARS agent [36].

The author group around Stefano Moro could identify ellagic acid (2)
as inhibitor of the protein kinase CK2 screening an in-house generated
database with almost 2,000 structures of natural compounds [37]. A com-
bination of four docking protocols and five scoring functions has been
utilized to dock and rank the molecules in the database. The consensus
docking suggested ellagic acid to be one of the most promising candidates.
This assumption could be verified by experimental studies revealing this
NP as highly potent CK2 inhibitor (K, = 20 nM).

Estrogen receptor-p plays a key role in regulating brain development
and estrogen-induced promotion of neurogenesis and memory. Using the
3D coordinates of the co-crystal structure of human estrogen receptor-f§
bound with genistein as starting point, Zhao and Brinton pursued a recep-
tor-based molecular docking approach [38]. They focused on the search for
natural estrogen receptor-f-selective ligands. Twelve candidate molecules,
which had been suggested by the database screening, were selected. The
authors determined their binding affinity and selectivity; three of the com-
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pounds belonging to the flavanoid family (3-5) displayed over 100-fold
binding selectivity to the estrogen receptor-f§ over a. A similar approach
was employed by Liu and co-authors. Applying a docking virtual screen-
ing filtering experiment, the authors discovered potent inhibitors of the
potassium ion channel from a Chinese NP database [39].

5 Pharmacophore concept in NP research

The pharmacophore concept has proven to be extremely successful, not
only in rationalizing structure-activity relationships, but also by its large
impact in developing the appropriate 3D-tools for efficient virtual screen-
ing [40]. Profiling of combinatorial libraries and compound classification
are other often-used applications of this concept. Although well estab-
lished in combinatorial chemistry, it has to be pointed out that the tools
described in this section have likewise a considerable impact on the rational
tinding of new potential lead compounds originating from the immense
source of secondary metabolites. The prior use of pharmacophore models
in biological screening of NPs is an efficient procedure since it quickly
eliminates molecules that do not possess the required features thus lead-
ing to a dramatic increase of enrichment, when compared to a purely
random screening experiment. In a previous study conducted by Doman
and co-authors [41], only 85 molecules or 0.021% revealed as protein tyro-
sine phosphatase-1B inhibitors (IC,,<100 uM) by a HTS of approximately
400,000 compounds. On the other hand, of 365 molecules suggested by
molecular docking, 127 or 34.8% were found to be active. Thus, docking-
based virtual screening enriched the hit rate by almost 1,700-fold over
random screening.

One should not forget, however, that additional molecular character-
istics not reflected by pharmacophore models (physicochemical proper-
ties relevant for ADME and toxicological properties) must be taken into
account when deciding upon which compounds should be further devel-
oped [42]. A rapid identification and elimination of compounds with
unsuitable physicochemical and pharmacokinetic properties is a pivotal
step in the early drug discovery process [43, 44]. They can be evaluated
traditionally or by high throughput screening, which are discussed in
detail by Avdeef and Testa [45]. This must be considered for synthetics
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as well as NPs, though studies revealed secondary metabolites not only
high scaffold diversity; biosynthesized molecules also show structural and
spatial characteristics that are closer to drug leads than those of synthetic
molecules [46, 47]. Typically, NPs include more chiral centers and their
stereochemical architecture is much more complex than that of synthetic
molecules. Furthermore, they usually contain more carbons, hydrogen
and oxygen, however, less nitrogen and other atoms compared to synthet-
ics. Surprisingly, NPs often show a molecular weight higher than 500 Da
combined with a high polarity [7], which is in clear contrast to Lipinski’s
rule of five [48]. Nevertheless only about 10% of NPs contain two or more
violations of Lipinski’s rules [47]. In summary, natural chemistry can be
seen as highly diverse scaffolds endowed with potential drugable pharma-
cophores.

6  Structure-based pharmacophore model

An inevitable prerequisite for generating a structure-based model is the
knowledge about the ligand-target interaction [49] including the avail-
ability of the 3D structure of the target either by X-ray crystallography or
NMR or constructed on the basis of the structure of homologous proteins.
A unique platform containing 3D coordinates of experimentally solved
protein structures is the Brookhaven Protein Data Bank (PDB [50]). A crys-
talline complex with a ligand bound to a protein’s active site is the best
requirement to start the construction of a structure-based 3D model. In
this case, one may profit from the exact information of the ligand’s bioac-
tive conformation which is preserved in the binding site of the crystalline
complex. The building of a structure-based pharmacophore is depicted in
a step by step way in Figure 3.

A new software tool has recently been described for the successful gen-
eration of such chemical features-based models: The software LIGAND-
SCOUT [51] is a program for ligand interpretation and data mining in the
PDB. The performance of this program allows the detection of relevant
interaction points between ligand and protein. The binding mode of the
ligand in the active site of a protein can be visualized in a sophisticated
way. LIGANDSCOUT's algorithms perform a stepwise interpretation of
the ligand molecules: Planar ring detection, assignment of functional
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group patterns, determination of the hybridization state and finally the
assignment of Kekulé pattern. The interpretation of the ligand molecules
is the basis for the next step, an automated generation of pharmaco-
phore models, derived from the data provided by a crystalline complex
of the PDB. An automatic detection and classification of protein-ligand
interactions into hydrogen bonds, charge transfer, and lipophilic regions
leads to a collection of chemical features in a pharmacophore model. The
graphical user-interface can provide an integrated view of protein, ligand,
pharmacophore model, and interaction lines. In a previously published
study, LIGANDSCOUT was used for the detection and interpretation of
crucial interaction patterns between ligands and the factor Xa protein
structure [52]. In a second step, the program CATALYST, a state of the art
virtual screening platform, was used for rapid virtual screening of multi-
conformational 3D structure databases. The information for the pharma-
cophore pattern (i.e., 3D coordinates of interaction points) was obtained
by the interpretation of LIGANDSCOUT pharmacophore definitions and
resulted in specific interaction models that were able to map the ligand in
their bioactive conformation and to retrieve selectively a 78% fraction of
the known factor Xa inhibitors within a small subset of the large Derwent
World Drug Index library. A further application of the LIGANDSCOUT
pharmacophore definitions covers the rationalized search for angiotensin
converting enzyme (ACE)-2 inhibitors by virtual screening of approxi-
mately 3.8 million compounds from various commercial databases [S3].

Figure 3

Concept for generating a structure-based pharmacophore model; Visualizing and calculation of

chemical features using LigandScout [51]:

a. Protein (e.g., CDK2) complexed with a ligand {shown in ball-and-stick mode; N-methyl-{4-[2-
(7-0x0-6,7-dihydro-8H-[1,3]thiazolo[5,4-E]indol-8-ylidene)-hydrazino]-phenyl}-methane-sulfon-
amide} in the active binding site (highlighted in the yellow cube)

b. Zoom up of the binding site with the ligand

c. Ligand with calculated distances to the interacting amino acid residues of the protein

d. Determination of interactions between the ligand and the target; evaluation and setting of che-
mical features (yellow sphere, hydrophobic feature; green arrow, hydrogen bond donor function;
red arrow, hydrogen bond acceptor function)

e. Subtraction of the protein; the ligand, the chemical features and exclusion volumes (= grey spheres;
representing areas not to be occupied by the ligand) are left

f. Subtraction of the ligand; the pharmacophore model remains comprising chemical features and
exclusion volumes
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Hit reduction and selection was achieved using a five feature hypothesis
based on a recently resolved inhibitor-bound ACE2 crystal structure. Sev-
enteen virtual hits were selected for their experimental validation in a
bioassay; the concept was confirmed since all of them were revealed as
ACE-2 inhibitors.

Barreca and co-authors developed a 3D structure-based pharmacophore
model with LIGANDSCOUT for the discovery of new scaffolds acting as
HIV-1 non-nucleoside reverse transcriptase inhibitors by virtual screen-
ing of large chemical databases. Six virtual hits were finally selected for
determination of their inhibitory effects. Those belonging to the new scaf-
fold class of the quinolin-2(1H)-one family exhibited reverse transcriptase
inhibitory activity at sub-micromolar concentrations [54].

In a recently published work, Schuster et al. presented a so-called
cytochrome P450 profiler [55]. Several structure-based (generated with
LIGANDSCOUT) and ligand-based pharmacophore models (using CATA-
LYST) for substrates and inhibitors of five cytochrome P450 isoenzymes
(1A2, P450 2C9, P450 2C19, P450 2D6, and P450 3A4) were created and
validated by the authors’ group. Their results showed that the models were
suitable for fast pharmacokinetic profiling of large drug-like databases.

In this context the parallel screening is of particular interest. Whereas
in usual virtual screening cycles interactions of thousands or even millions
of 3D database entries are browsed against one pharmacophore model, it
is contrary in the case of parallel screening; low-energetic conformers of
one structure are screened for their potential interactions against numerous
models. The basics of parallel screening have just recently been presented
by Steindl and co-authors [56, 57]. Furthermore, the authors exemplified
this strategy for the activity profiling using a set of HIV protease pharmaco-
phore models [58]. This in silico concept is of particular interest to virtually
scrutinize drug candidates for their preliminary activity profiling relevant
to putative side effects and toxicity [40]. According to the obtained interac-
tions to virtually screened antitargets (e.g., hERG, sigma-1, sigma-2, alpha-
1A, alpha-1B, alpha-1D, alpha-2A, alpha-2B, alpha-2C, D2L, D3, D4.2,
5-HT,,, 5-HT,,, 5-HT,, H1, 12, A2A, A2B, cytochrome P 450) a first insight
to potentially risky affinities is provided before time and cost intensive
toxicological studies are performed.

The virtual screening approach using a structure-based pharmacophore
model has revealed some first application examples in NP research: Niko-
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lovska-Coleska and co-authors successfully pursued this in silico strategy in
the area of X-linked inhibitors of apoptosis (XIAP) [59]. A high resolution
3D structure of the XIAP BIR3 domain complexed with the N-terminal end
of the Smac/Diablo protein [60], which is an endogenous ligand of the
respective XIAP binding pocket, was used as the starting point to virtually
screen an in-house 3D-NP database. Embelin (6) from the Japanese Ardisia
herb emerged as virtual small molecule weight hit, which was found to be
a fairly potent inhibitor of XIAP using a fluorescence polarization binding
assay.

In our group, we previously focused on acetylcholinesterase (AChE) [61];
according to the cholinergic hypothesis of the pathogenesis of Alzheimer’s
disease, inhibitors of the AChE are successfully used as therapeutic strategy.
Based on the co-crystal structure of AChE with its ligand galanthamine,
a structure-based pharmacophore model was generated and used for an
in silico screening of a multi-conformational database consisting of more
than 110,000 NPs. From the obtained hit list, promising, virtually active
candidates were selected, namely scopoletin (7) and its glucoside scopolin
(8). Their AChE inhibitory effect was first verified from the crude extract
of Scopolia carniolica roots using a bioautographic TLC assay. The isolated
coumarins showed a significant and dose-dependent inhibition of the
AChE in the microplate enzyme assay as well as in the in vivo test. The
i.c.v. application of both coumarins on rats resulted in a long-lasting, pro-
nounced and - in case of the glucoside — even in a two-fold higher increase
of the neurotransmitter’s concentration than the one caused by the posi-
tive control galanthamine.

7 Ligand-based pharmacophore model

Very often, however, lead discovery projects have reached a well-advanced
stage before detailed structural data on the protein target has become avail-
able, even though it is well recognized that modern methods of molecular
biology together with biophysics and computational approaches enhance
the likelihood of successfully obtaining detailed atomic structure informa-
tion. A possible consequence is that often scientists identify and develop
novel compounds for a target using preliminary structure-activity informa-
tion, together with theoretical models of interaction. Only responses that

225



Judith M. Rollinger, Hermann Stuppner and Thierry Langer

Figure 4.

Concept for generating a ligand-based pharmacophore model using the Catalyst program (Accelrys
Inc., CA)

a. critical selection of active ligands

b. alignment of low-energetic conformers of the selected ligands

c. derivation and determination of common features

are consistent with the working hypotheses contribute to an evolution
of the used models. Within this framework, the chemical feature-based
pharmacophore approach has proven to be successful [62] allowing the
perception and understanding of key interactions between a receptor and a
ligand on a generalized level. A function-based pharmacophore represents
the common ensemble of steric and electrostatic features of different com-
pounds which are necessary for their interaction with a specific biological
target structure (Fig. 4).

Such pharmacophore models together with large 3D structure databases
originating either from in-house compound collections, from commercial
vendors, or from natural products databases have proven to be extremely
useful in silico screening experiments. When using ligand-based phar-
macophore models as screening filters instead of protein 3D structures,
affinity estimation is only based on geometric fit of compound atoms or
groups to features of the model. In these cases, the values calculated are
often far away from reality, however, still are useful for filtering possible
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hits from non-binding molecules. Additionally, in pharmacophore fitting
procedures, calculation demands are considerably lower than in docking
algorithms allowing the number of compounds to be processed in the
same time to be by far higher than even in high throughput docking.

Since in most of the studies no experimental information on either the
biological conformation of the ligand or the target protein are currently
available, the ligand-based chemical feature pharmacophore approach can
provide essential information for medicinal chemists. Several successful
applications within this subject have been performed using the CATA-
LYST program, one of the leading software packages in chemical feature-
based pharmacophore modeling. Schuster and co-workers succeeded in
the identification of 11#-hydroxysteroid dehydrogenase type 1 inhibitors
applying a common feature-based pharmacophore model for their virtual
screening filtering experiments [63]. Similarly, the authors preceded by
suggesting compounds with a proposed inhibition to the cytochrome
P450 19 isoenzyme [64]. Several reviews covering successful applications
of such feature-based methods have been published by Kurogi et al. [65],
by Krovat et al. [28] and by Giiner et al. [66]. They outline the theoretical
background and describe several significant studies including 3D database
search strategies.

In the field of NPs only a very limited number of studies report from the
rationalized access to bioactive compounds via ligand-based virtual screen-
ing. For example, this method was pursued for the discovery of inhibitors
of the COP9 signalosome (CNS) associated kinases CK2 and PKD [67].
Using NPs curcumin and emodin as lead structures, a virtual screening of
an in-house database was carried out. Among the virtual hits seven NPs,
e.g., anthraquinone (9) and piceatannol (10), were found to significantly
induce apoptosis by inhibition of the CSN-associated kinases using in vitro
and cell culture experiments. A further study has demonstrated the power
of the ligand-based approach applied to pharmacophore modeling of
sigma-1 ligands [68]. Therein, some reliable pharmacophore models could
be extracted solely from ligand structure information. Compounds with
potent affinities to the sigma-1 receptor known from literature were struc-
turally aligned to derive distinct common features. Their 3D arrangement
in combination with a spatial restriction was then used for the generation
of a pharmacophore model, which was able to retrieve compounds with
high affinity values, among them also NPs, like solanidine (11).
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8  Discriminant analysis

Further ligand-based approaches use various forms of discriminant analy-
sis, e.g., artificial neural network simulations. They are based on collec-
tions of mathematical models that are interconnected and organized in
different layers. They are analogous to an adaptive human learning process
and usually trained with learning sets applying one or more molecular
descriptors in order to form clusters that enable to distinguish between dif-
ferent objects and their properties. The resulting models are then applied
to make predictions on test sets, until the validated models may be used
to derive a QSAR of chemically related structures or to mine larger data-
sets. One may distinguish between supervised and unsupervised (e.g.,
Kohonen network) learning methods as discussed in detail by Zupan and
Gasteiger [69]. A successful application example within the field of NPs
was published by Wagner et al. [70]. The authors used a dataset of 103
structurally diverse sesquiterpene lactones with known NF-kB inhibitory
activity to derive a QSAR. By the application of multiple 3D structure
representations as descriptors, a single model was achieved which pro-
vided detailed information on the structural influence of the investigated
biological activity. Sangma and co-authors pursued a combination of two
approaches to predict new inhibitors of the HIV-1 RT and HIV-1 PR from
a NP database comprising metabolites from Thai medicinal plants. After
a high throughput docking of the molecules into the target enzymes,
self-organizing maps were generated to reduce the number of promising
candidates to be tested [71].

A set of different in silico methodologies was previously applied by
Cherkasov and co-authors to aid in the discovery of natural non-steroidal
ligands for human sex hormone binding globulin [72]. Therein, a rigor-
ously cross-validated neural network based QSAR model identified 105
prospective compounds from a structure collection of 23,836 commercial
natural substances. This stringent QSAR ranking was combined with dock-
ing studies and pharmacophore-aided database search. The integrated
computational methods resulted in a convincing predictive tool which
identified a set of 29 structurally diverse NPs, of which every fourth com-
pound was able to inhibit the target protein in a micromolar range.

Compounds of arbitrary structural diversity and with known activity
against a target are particularly suitable not only for generating a ligand-
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based pharmacophore model (as described before), but also for structure
similarity studies using a decision tree. The object is to find as good
a distinction as possible on the basis of a set of molecular descriptors,
which identify molecular features shared by different subsets of active
compounds and accordingly filter out compounds within the dataset in
which these combinations are lacking. Using not only a simple logical
description of one model, but an ensemble of decision trees tend to be
the preferred option, since the consensus voting among trees give the
approach higher predictive accuracy. One form of multiple decision trees
well performed to virtually screen large 3D databases is Random Forest
[73]. This chemoinformatic method was recently applied in a theoretical
work performed by Ehrman and co-workers to predict ligands of multiple
targets, like cyclooxygenase (COX), lipoxygenase (LOX), aldose reductase,
HIV-1 enzymes etc., from a large dataset of Chinese herbs [74].

9 Databases

The advent of structure databases has provided a basis for the development
and feasibility of automatic methods for the search of new lead structures.
Conceptually, all the virtual screening concepts presented above have their
origins in synthetic chemistry. Their application, however, is just as well
adaptable to NPs’ chemistry. Prior to the in silico filtering experiment, a
3D structure database requires an efficient generation of reasonable, ener-
getically minimized conformations assumed to meet approximately those
conformations that might be of biological relevance [75]. The underlying
algorithms for 3D structure generation and conformation analysis are
implemented in commercial software tools, e.g., in CORINA [21] or the
CATALYST program (CATALYST, available from Accelrys Inc., San Diego,
CA, USA; www.accelrys.com).

In the field of NPs the virtual screening application is mainly restricted
due to the lack of searchable resources for structurally well defined natural
compounds. In general, molecular databases with free access on the internet
may comprise a high number of molecules, e.g., ChemBank (>1,100,000,
http://chembank.broad.harvard.edu) or PubChem (>5,000,000; http://
pubchem.ncbi.nlm.nih.gov); however, information about the number of
contained natural molecules is rarely available. The library of the National
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Cancer Institute (NCI) stores structural information of more than half a
million compounds from both synthetic and natural origin that have been
collected and tested by the NCI since 1955. About half of the synthetic
compounds, which represent the large majority of the samples, may be
used for free and are thus in the public domain. It is called the ‘Open NCI
Database’ (Development Therapeutics Program NCI/NIH; http://dtp.nci.
nih.gov/webdata.html). An interesting property prediction approach to
the more than 250,000 compounds contained in this open database was
provided by Poroikov and co-authors [76]. By use of the program PASS
(Prediction of Activity Spectra for Substances) an in silico tool for complex
searches of 565 different types of activities is provided; e.g., in the case of
antineoplastic effects, the authors could demonstrate a substantial dataset
enrichment over random selection by the use of PASS-predicted prob-
abilities.

Libraries covering a major part of entities from nature (at least some
thousands) or consisting of structural information exclusively from natu-
ral origin are not free of charge, e.g., the Traditional Chinese Medicinal
Database (TCMD; http://tcm3d.com/services.htm [77]) or the Dictionary
of Natural Product Database launched by Chapman & Hall (DNP; http://
www.chemnetbase.com) providing chemical and physical data on some
200,000 natural compounds gathered from the world’s chemical litera-
ture.

An excellent survey of public and commercial databases focusing on
NPs has recently been published by Fiillbeck and co-authors [78]. The
authors provide information as to storing characteristics of the databases,
web-addresses, total number of compounds and - if given — number of nat-
ural ones. In addition, a selection of suppliers and manufacturers of natural
compounds and extracts are given. A new database is introduced by the
authors (Super Natural Database [79]) storing information on available
NPs, thus allowing the selection of compounds that can be purchased.

Moreover a number of non-commercial in-house created databases
have been used from different groups for their virtual screening studies
on NPs, e.g., a marine natural product database (MNDP [80]), a natural
product database (NPD [61, 81]), a database based on the antique source
‘de materia medica’ by Pedanius Dioscurides (DIOS [81]), or a database fed
with metabolites of ethnopharmacologically known plants [82]. Recently,
Ehrman and co-authors generated a 3D multiconformational database of
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Chinese herbal constituents containing a total of more than 8,000 com-
pounds from 230 Chinese herbs [83].

10 Integrated strategies for the discovery of
bioactive NPs

The more or less accurate prediction of potentially active compounds by
virtual screening has doubtlessly rationalized the early drug discovery
process. These filtering experiments definitely assist in saving costly and
time-intensive pharmacological assays, since the pool of predicted ligands
(i.e., virtual hits) is usually drastically reduced compared to the initial
amount of compounds (i.e., 3D-database). Demands to be made on a
good model are selectivity and target-specificity on the one hand, but it
is also seminal not to lose too many valuable ligands during the filtering
process.

How far all of these demands can be fulfilled strongly depends on the
quality of information used as the basis for generating the model and the
algorithm underlying the virtual screening process. In medicinal chem-
istry, an activity prediction of 10-30% is usually regarded as satisfying
enrichment. In NP research, however, this percentage may be too scarce.
It is rarely found that a large set of natural compounds can be acquired so
easily. Only a minority of secondary metabolites are commercially avail-
able — usually at incredibly high prices. Thus, extraordinary charges and
efforts are typically necessary before a virtual hit from nature is available
for pharmacological testing. This process embraces the acquisition of the
natural material described to contain the desired metabolite to the point
of phytochemical analysis and isolation. Though advanced separation
techniques, analytical instrumentation, and innovative tools for structure
identification are at the phytochemists’ disposal, it remains a complex and
sometimes uncertain endeavor. This is why the results obtained from in
silico predictions may nevertheless be too vague for a NP researcher.

Methods are asked to further increase the probability of following the
straight tip. There is the possibility to hyphenate sundry computational
approaches, e.g., pharmacophore-based virtual screening combined with
docking of the resulting virtual hits, or to consider only the consensus hits
applying two or more screening concepts. Nevertheless all these strate-
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gies remain virtual and speculative. The combination of two approaches,
which are completely divergent in nature, like a computational and an
empirical one may however offer a more deepened access to bioactive NPs
and may sometimes help to avoid a distorted view.

Thus, the computer-aided molecular selection is best combined with
turther discovery methods, labeled as integrated approaches, to increase
the probability in finding a real hit. In traditional pharmacognosy there are
some well established methods in targeting this aim starting from a holistic
level. These include (i) hints from ethnopharmacology, (ii) phenomeno-
logical effects registered after application of naturally derived preparations,
(iii) guidance of chemotaxonomy, (iv) phylogenetic selection criteria, or
(v) simply information gathered from a high/medium throughput screen-
ing of extracts. In a recently published review from our group, different
strategies in the field of NPs have been presented with special emphasis
on anti-inflammatory NPs interacting within the arachidonic cascade [84].
Integrated computational strategies for the discovery of natural bioactive
compounds have been introduced elsewhere concentrating on their scope,
strengths and limits [85].

Some strategies and examples from literature combining virtual screen-
ing approaches and classical methods for activity exploitation are outlined
below.

10.1 Strategy A (Fig. 5)

As soon as a sensitive data-mining tool has been developed and has proved
itself by more or less selectively finding the active compounds within a test
set, it can be applied for screening a 3D multi-conformational database.
The subsequent procedure consists of the evaluation of the virtual hits
considering physicochemical properties, toxicity and pharmacokinetics.
In this stage additional virtual filtering tools for the profiling of ADME
parameters [86] might have an invaluable impact to aid a refined selec-
tion of compounds. Then, a sensible choice of natural materials known
to contain the focused metabolites and worth investigating in detail is a
crucial step. It requires a comprehensive study in literature considering
the hit content in the natural source, its availability and maybe hints from
ethnopharmacology.
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Strategy A for the discovery of bioactive NPs using an integrated virtual screening approach

Once some natural materials are selected, it is advisable to perform a
preliminary assay with those crude extracts and fractions assumed to con-
tain the promising metabolite/s. Though being aware that in case of small
hit amounts present in the natural material the activity may be overseen.
Therefore, it is advisable to first identify the promising constituent and
to possibly enrich it in the extract to be tested. Those samples that scored
well are then subjected to phytochemical investigations. In this way, the
tricky selection of the natural material turns from a bold venture to a more
rationalized endeavor. As soon as a promising (i.e., active) starting mate-
rial is found, there are in principle two possible strategies to embark on:
The first one relies more on the in silico approach and focuses directly on
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the identification of the initially obtained virtual hits within the natural
matrix applying analytical tools, like LC-MS or LC-NMR, GC-MS etc. In
a straightforward manner the hits are isolated using different chromato-
graphic separation steps. After structural confirmation the compounds are
then tested to hopefully verify the predicted activities. This strategy is very
goal-oriented, since only pharmacological assays for the finally isolated vir-
tual hits are necessary. On the other side, one may run the risk of ignoring
turther active NPs not necessarily fitting into the pharmacophore model.

The second strategy focuses on a bioactivity-guided fractionation irre-
spective of the virtual hits used for the selection of the starting material.
Following the concept, the finally isolated active ingredients should cor-
respond to the predicted virtual hits. This approach is usually associated
with higher phytochemical efforts and costs, because it requires an itera-
tive testing of all arising fractions and sub-fractions. For the evaluation of
all the bioactive constituents in detail and for the discovery of possibly
unknown metabolites this procedure is however indispensable.

The decision, which of the presented ways is the more appropriate for
the investigation at hand, strongly depends on the reliability and selec-
tivity of the used pharmacophore model, and the costliness of the used
assay.

The strategy schematized in Figure 5 was recently applied to a medicinal
plant with anti-inflammatory potential known from ethnopharmacologi-
cal sources [87]. From the pharmacophore based virtual screening filtering
experiment a number of secondary metabolites known from the mulberry
tree complied with all the models’ requirements, thus revealed as virtual
hits. Indeed, in vitro tests attested extracts of Morus root bark a distinct COX
inhibitory potential. The objective was to find the active principles from
this plant material applying both different methods for their discovery.
First, the computer-aided approach was used to identify the virtually active
compounds able to interact with the pharmacophore models for COX-1
and -2. Second, the bioactivity-guided fractionation was conducted for the
isolation of the COX-inhibiting constituents. This resulted in the isolation
of nine compounds belonging to the chemical classes of sanggenons and
moracins. In the enzyme assay, all the isolates showed moderate to potent
inhibitory effects on COX-1 and -2. When comparing the hits of the vir-
tual screening with the experimental data, a good correlation between
predictions provided by the computer assisted method and in vitro data
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could be obtained in the case of the isolated sanggenons (e.g., sanggenon
C; 12). However, this agreement could not be achieved with the moracins
(e.g., moracin M; 13). In any case the virtual screening was particularly
helpful for the decision regarding which plant material is worth extensive
study. Furthermore, the disclosed interactions of the sanggenons with the
pharmacophore model - miming the binding site of the target — provided
us with some essential information about the molecular requirements of
COX-ligands.

10.2 Strategy B

A different integrated procedure is schematized in Figure 6. Applying this
approach, the pre-selection of the natural material is not guided by virtual
prediction; but a number of extracts is roughly screened with a bioassay
to identify the active ones. A similar strategy is to collect information
about the traditional application of natural preparations in the field of
the focused pharmacological target. A 3D database is then generated con-
sisting of all the metabolites known from literature to be included in that
extract/s that came off well. Likewise, ethnopharmacological knowledge
about useful preparations from nature may guide the selection of NPs. The
resulting biased database is virtually screened with an established pharma-
cophore model of the aiming target.

The impact of ethnopharmacology has been analyzed in a previous
study from our group; there we investigated the statistical evidence consid-
ering hints from folk medicine for the discovery of anti-inflammatory NPs
utilizing pharmacophore-based virtual screening techniques [81]. COX-1
and -2 were used as preferential targets, since they are key enzymes in the
inflammation process. Dioscorides’ de materia medica, which was written
in the 1st Century AD, was used as the ethno-pharmacological source. Sec-
ondary metabolites of those medicinal plants, which Dioscorides described
as active against fever, rheumatism, pain and pus were stored in a multi-
conformational 3D database. This was virtually screened against the vali-
dated pharmacophore models. The resulted hit list was analyzed and com-
pared with those obtained by screening unbiased databases of natural as
well as of synthetic origin. The effectiveness of an ethnopharmacological
approach could be statistically demonstrated by obtaining a significantly
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Strategy B for the discovery of bioactive NPs using an integrated virtual screening approach

higher hit rate compared to the hit rates of the unbiased natural as well as
synthetic databases.

Following this strategy the putative hits may then be identified by
modern analytical tools like LC-MS or LC-NMR to isolate them from the
natural matrix in a target-oriented way for pharmacological testing. This
approach is especially helpful for intricate pharmacological assays, which
would turn a bioguided fractionation into an unrealistic endeavor.

A combination of an ethnopharmacologically based pre-selection of
plant material and a computational approach was reported by Bernard
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and co-workers, who used this strategy to rationalize a phytochemical lead
discovery [88]. Starting with an in vitro screening on phospholipase A, per-
formed with traditionally used anti-inflammatory plant extracts, a focused
structural database was generated and virtually screened on an established
ligand-based pharmacophore model for human non-pancreatic phospho-
lipase A,. The combination of experimental data with database exploita-
tion and molecular modeling resulted in the efficient identification of
betulin (14) and betulinic acid (15) as extract ingredients with distinct
anti-inflammatory in vitro effects.

The combination of the two different, but complementary strategies
consisting of in vitro screens and in silico assessment has recently been
described by van de Waterbeemd [89]. He labeled this method as ‘in combo’
approach and used it for the straight forward access of various ADME prop-
erties. The application of the ‘in combo’ approach for the discovery of NPs
has recently been tested in our group by the search of natural acetylcho-
linesterase inhibitors [90]. In a medium-sized throughput screening about
100 plant extracts were investigated using an acetylcholinesterase enzyme
test. From the sample showing the best inhibitory activity, all the known
secondary metabolites were fed into a small 3D multiconformational data-
base and subsequently subjected to a virtual screening on a generated
pharmacophore model. The efficacy of this procedure could be confirmed
by the isolation of the obtained virtual hits, i.e., 8-deoxylactucin (16) and
lactucopicrine (17). They showed a significant and dose-dependent inhibi-
tory effect in the enzyme assay.

Methods and expectations of this integrated virtual screening concept
have previously been discussed in detail by J. Bajorath [91, 92] with the
author’s final statement that ‘a meaningful integration of virtual and experi-
mental screening programs, together with lessons to be learned from structural
genomics, holds great promise for more rapid and consistent identification of high
quality hits or leads across divers classes of therapeutic targets’. Though this
conclusion was not particularly coined to NPs, it comes especially true in
the rich world of secondary metabolites.

Further hybridized computational strategies are quite sensible to get
an improved understanding of ligand-target interactions. In the following
two examples docking protocols helped enlighten the molecular mecha-
nism of bioactive natural compounds. Chimenti and co-authors isolated
quercetin (18) among other secondary metabolites from the Mediterra-
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nean shrub Hypericum hircinum and identified this flavonol as selective
inhibitor of the MAO-A with an activity in the nanomolar range (IC,, =
10 nM) [93]. For a more comprehensive understanding of the underlying
molecular selectivity, conformation analysis and docking simulations
were performed using the most recent crystallographic structures of both
human isoforms MAO-A and MAO-B. This enabled the authors to identify
the most important interactions between the residues and the cofactor
within the enzymatic cleft. The estimated free energies of complexation
were in agreement with experimental data and confirmed the distinct
preference for the MAO-A cleft with more intermolecular hydrogen bonds
and n-m interactions.

The goal of a recent in-house study was to rationalize the binding
interaction of the protoalkaloid taspine (19) within acetylcholinesterase.
Taspine was isolated in a bioactivity-guided manner from Magnolia x sou-
langiana and revealed as selective inhibitor of acetylcholinesterase with a
significantly higher effect than the positive control galanthamine (20; IC,,
= 0.33 £ 0.07 uM). Extensive molecular docking studies were performed
with human and Torpedo californica-acetylcholinesterase employing Gold
software (Vers. 3.1; www.ccdc.cam.ac.uk/products/life_sciences/gold/). The
results suggested taspine to bind in an alternative binding orientation than
galanthamine [94]. While this is located in close vicinity to the catalytic
amino acid triad, taspine was found to be mainly stabilized by sandwich-
like n-stacking interactions in the aromatic gorge of the enzyme.

In both case studies the active natural compound was already identi-
fied. Thus, the in silico tool was not employed for data mining, but to elicit
the putative binding mode in the macromolecular target. Docking simu-
lations turned out to be excellent tools to get an idea about the assumed
molecular ligand target interaction.

10.3 Strategy C

Another approach capitalizes exactly on the just-mentioned observation
that computational predictions may reveal an idea about the interaction
to a specific target’s binding site. Thus, it is possible to start with one com-
pound of unknown activity and to mine it against a number of structurally
disclosed targets in terms of elaborated pharmacophore models (Fig. 7), i.e.,
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Parallel screening for the discovery of bioactive NPs

parallel in silico screening (see previous). As soon as the orphaned molecule
is able to comply with all the requirements and restrictions imposed by
any model, it can be assessed as rational hint. Consequently, the focused
compound will be subjected to a pharmacological testing on the predicted
target/s. In this way, the parallel screening is not only helpful to estimate
the interactions of a drug candidate with diverse antitargets; or to canvass
its interactions to related targets as is performed for an activity profiling.
In this approach, the parallel screening is a computational tool for target
fishing to get a rational idea about any potential target interaction and to
prioritize a few targets for experimental evaluation by applying simple
ligand-based or target-based queries. The potential of virtual screening of
target libraries was recently discussed by Didier Rognan [95]. In his group a
structure-based method for target screening was pursued applying inverse
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docking [96]. The authors used 2,148 structurally well-defined PDB entries
to build a 3D protein library. The virtual screening of this protein library
with four unrelated ligands was suitable for recovering the true targets of
specific ligands and may as well be used for virtual selectivity profiling of
any ligand of interest.

Nettles and co-authors performed the farget fishing approach using a
ligand-based procedure [97]. The potential of both 2D and 3D chemical
descriptors were compared as tools for predicting the biological targets of
ligand probes on the basis of their similarity to reference molecules in a
chemical database comprising 46,000 biologically annotated compounds.
The ligand-based 3D tool FEPOPS (FEature POint PharmacophoreS), which
provides pharmacophoric alignment of the small molecules’ chemical
features consistent with those seen in experimental ligand/receptor com-
plexes, was used for scaffold jumping within the screened database. Using
ATP the authors were able to identify the natural compound balanol (21)
as ligand of CDK2.

The highest effort applying this strategy is the availability of a rep-
resentative amount of reliable pharmacophore models covering a wide
range of relevant targets (Fig. 7). Thus, it may be of particular interest to
focus on one pathological syndrome, e.g., obesity, inflammation, apop-
tosis etc., where a phenomenological activity of a NP is already evident.
Applying this approach the disposition of pharmacophore models for tar-
gets involved in the respective pathological complex is easier to manage.
In this way, a goal-oriented strategy may help to bridge the gap between a
phenomenological effect and the underlying molecular mode of action.

11 Conclusion

Pertaining to the drug discovery from nature we are facing two facts: (i)
statistics show that the myriad of structurally diverse natural compounds
are the most favored source of new drugs for clinical use [3]; (ii) the drug
discovery process has moved towards more rational concepts based on the
increasing understanding of the molecular principles of protein-ligand
interactions. Spurred on by economic interest fundamental advances have
been made in research applying data mining strategies, like virtual screen-
ing.
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Structures 12-21
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Though being aware of both potentials, their combined benefit could
only rudimentary be savored. Only limited attempts applying innovative
in silico tools in NP research are pursued so far, because the search for
bioactive compounds is a complex and multidisciplinary challenge. Thus,
a sensible adaptation of computational strategies is in demand to profit
in an economic way from the unique chemical and biological diversity
associated with NPs. Virtual screening techniques, however, must not
be used exclusively as activity-predicting tools, since the results provide
merely an indication for a putative activity: it is only by the creation
of interfaces between computational tools and well-established meth-
ods from pharmacognosy that a reasonable standard of success can be
achieved. The search for the most effective strategy is best performed by
a drug discovery process that involves the exploitation of all the informa-
tion which can be gathered from bioactivity-guided fractionation, on-line
analytical activity profiling, ethnopharmacological screening, chemo-
informatics, virtual and in vitro screening studies. In the first instance it
behoves modern pharmacognosy to skillfully exploit knowledge from
all these fields because it is of paramount importance to sift through the
enormous wealth of NPs.

Examples underlining the impact of virtual screening on the iden-
tification of active NPs have been presented in this survey. Though the
full potential in this field is by far untapped, these early results indicate
that the integrated virtual screening approaches are target-oriented and
trendsetting strategies. However, as any computer-based technique, the
successful use of virtual screening will entirely depend on the way it is uti-
lized and the quality of its underlying experimental data. The advantages
implemented to a virtual screening cycle compared to a conventional in
vitro screening are obvious: (i) higher capacity, (ii) no need for isolated
compounds, (iii) less experimental efforts for testing; (iv) theoretically,
interactions of all known NPs to all structurally defined targets can be cal-
culated and predicted, (v) the quality of hit compounds can be increased
by additional drug-like filters and virtually restricted ADME properties;
thus diminishing failures in the early drug development.

Nevertheless experimental investigations are seminal, but can be
focused in a more effective fashion. A cautious handling of virtual hits
together with lessons learned from traditional pharmacognosy seems to be
crucial for a successful exploitation of treasures from nature. In this area,
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virtual screening will most likely play an essential role in accelerating the
early stage of drug discovery by efficiently digging out lead compounds
from nature.
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Strain improvement for production of pharmaceuticals...

Abstract

Microbes have been good to us. They have given us thousands of valuable products with
novel structures and activities. In nature, they only produce tiny amounts of these secondary
metabolic products as a matter of survival. Thus, these metabolites are not overproduced in
nature, but they must be overproduced in the pharmaceutical industry. Genetic manipula-
tions are used in industry to obtain strains that produce hundreds or thousands of times
more than that produced by the originally isolated strain. These strain improvement pro-
grams traditionally employ mutagenesis followed by screening or selection; this is known
as ‘brute-force’ technology. Today, they are supplemented by modern strategic technologies
developed Vvid advances in molecular biology, recombinant DNA technology, and genetics.
The progress in strain improvement has increased fermentation productivity and decreased
costs tremendously. These genetic programs also serve other goals such as the elimination
of undesirable products or analogs, discovery of new antibiotics, and deciphering of biosyn-
thetic pathways.

1 Introduction

Microbes tend not to overproduce their metabolites and usually produce
valuable products only in amounts that they need for their own benefit.
In strain improvement programs of industry, a strain producing a high
titer is usually the desired goal. Genetics has contributed to the produc-
tion of microbial products for many years. The tremendous increases in
fermentation productivity and the resulting decreases in costs have come
about mainly by mutagenesis and screening/selection for higher produc-
ing microbial strains and the application of recombinant DNA technol-
ogy.

Strain improvement encompasses creation of strains with (i) efficient
assimilation of inexpensive and complex raw materials; (ii) alteration of
product ratios and elimination of byproducts; (iii) product excretion; (iv)
tolerance to high product concentrations; (v) short fermentation times;
and (vi) overproduction of native products or foreign products after genetic
recombination [1].

The contributions of microbial genetics to industrial microbiology
began in the 1940s when the fermentative production of penicillin became
an international necessity. The early studies in basic genetics concentrated
heavily on the production of mutants and their properties. The ease with
which ‘permanent’ characteristics of microorganisms could be changed by
mutation and the simplicity of the mutation techniques had tremendous
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appeal to microbiologists. Mutation has been the major factor involved in
the hundred to thousand-fold increases obtained in production of micro-
bial metabolites. The ability to modify genetically a microbial culture to
higher productivity has been the most important factor in keeping the
fermentation industry in a healthy state.

2  Mutagenesis

Microorganisms generate new genetic characters (‘genotypes’) by two
means: (i) mutation and (ii) genetic recombination techniques such as
protoplast fusion, transformation, conjugation and recombinant DNA
technology, including metabolic engineering.

In mutagenesis, a gene is modified either unintentionally (‘sponta-
neous mutation’) or intentionally (‘induced mutation’). Although the
change is usually detrimental and eliminated by selection, some mutations
are beneficial to the microorganism. Even if not beneficial to the organ-
ism, but beneficial to humans, the mutation can be detected by screening
and preserved indefinitely. Mutation has been mainly used to improve the
productivity of industrial cultures [2, 3], although it has also been used to
shift the proportion of metabolites produced in a fermentation broth to a
more favorable distribution, elucidate the pathways of secondary metabo-
lism, yield new compounds, and other functions.

The most useful mutagens include nitrosoguanidine (NTG), 4-nitro-
quinolone-1-oxide, methylmethane sulfonate (MMS), ethylmethane sul-
fonate (EMS), hydroxylamine (HA) and ultraviolet light (UV). The most
common method used to obtain high yielding mutants is that of treat-
ing a population with a mutagenic agent until a certain ‘desired’ kill is
obtained, plating out the survivors and testing each resulting colony or a
randomly selected group of colonies for product formation in flasks. The
optimum level of kill for increased production of antibiotics is thought
to be in the range of 70-95% [4], although some industrial programs
use much higher levels, e.g., up to 99.99%. Although a successful muta-
tion and screening procedure decreases the average production ability of
all the survivors, more importantly, it increases frequency of improved
mutants. Although single cells or spores are preferred for mutagenesis
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[5-8], non-spore-forming filamentous organisms can also be handled.
Here mycelia are mutagenized, protoplasts are formed and regeneration
is carried out on solid medium [9]. Sonication is sometimes used to break
up mycelia after mutagenesis and before screening for improved mutants
[10-12].

2.1 Increasing metabolite production

Genetics has led to tremendous increases in fermentation productivity and
decreased costs mainly by mutagenesis and screening for higher producing
microbial strains. Overproduction of microbial metabolites is effected by
(i) increasing precursor pools, (ii) adding, modifying or deleting regulatory
genes, (iii) altering promoter, terminator and/or regulatory sequences, (iv)
increasing copy number of genes encoding enzymes catalyzing bottleneck
reactions, or (v) removing competing unnecessary pathways [13].

The first superior penicillin-producing mutant, Penicillium chrysogenum
X-1612, was isolated afer X-ray mutagenesis in the mid-20th Century.
This heralded the beginning of a long and successful relationship between
mutational genetics and industrial microbiology [14]. Improvement of
penicillin production by conventional strain improvement resulted both
from enhanced gene expression and from gene amplification [15, 16].
Increased levels of mRNA corresponding to the three enzymes of penicil-
lin G biosynthesis have been found in high-penicillin producing strains
of P. chrysogenum as compared to wild-type strains [17]. High-producing
strains contain an amplified region which is at least 35 kb. A 106 kb region
amplified S to 6 times as tandem repeats was detected in a high-producing
strain whereas Fleming’s original strain of Penicillium notatum contained
only a single copy [18].

Impressive titers of industrial metabolites have been achieved in all
mutagenesis programs. The production titer of tetracycline as far back as
1979 was over 20 g/1 [19], mainly due to strain improvement. Later, titers
of 30-35 g/l were reached for chlortetracycline and tetracycline. Penicillin
production titer is 70 g/l and that of cephalosporin C over 30 g/1[20]. Tylo-
sin titer has been reported to be over 15 g/1 [21] and that of salinomycin
60 g/1[22].
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2.1.1 Mutants with altered morphology or color

Randomly obtained mutants as well as morphological mutants are
often improved in production ability but the mechanisms are relatively
unknown. Probably many of these mutations involve regulatory genes,
especially since regulatory mutants obtained in basic genetic studies are
sometimes found to be altered in colonial morphology. Morphological
mutants were crucial in the strain improvement of Streptomycees coeruleo-
rubidus, the producer of the anthracycline antitumor agent daunomycin
(now daunorubicin) [23]. Screening for ‘bald’ mutants (suppressed in aerial
mycelium development) followed by screening for white mutants (aspo-
rogenous aerial mycelium) led to a 15-fold improvement. Morphological
variation was also useful in improving production of another anthracy-
cline, beromycin [24]. The parent culture, producing about 100 mg/1, was
streaked on three different agar media of which only one revealed differ-
ent types of colonies. The best type had reddish orange colonies, no aerial
mycelia, orange submerged mycelia, no melanin and produced between
400 mg/l and 900 mg/l. Further streaking out from submerged cultures
and testing colonies of the last-mentioned type increased production to
1,000-1,100 mg/l. Additional work on medium development increased
production to 3,350 mg/1 [25]. An improved teicoplanin-producing strain
of Actinoplanes teichomyceticus was obtained which produced pink instead
of brown mycelia [26].

2.1.2 Nutritional ("fauxotrophic’) mutants

The end product of a biosynthetic pathway to a metabolite often exercises
strict control over the amount of an intermediate accumulated by an
auxotrophic mutant of that pathway. Only at a growth-limiting concen-
tration of the end product would a large accumulation of the substrate of
the deficient enzyme occur. This principle of decreasing the concentration
of an inhibitory or repressive end product to bypass feedback inhibition
or repression is best accomplished by the use of auxotrophic mutants.
Production of secondary products is markedly affected by auxotrophic
mutation, even when the auxotrophs are grown in nutritionally complete
or even complex media. Although the change in product formation is usu-
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ally in the negative direction, higher-producing auxotrophs are obtained
from producers of antibiotics. For example, some leucine auxotrophs made
more bacitracin than their prototrophic parent [27]. When several metabo-
lites are produced by a single branched pathway, mutation in one branch
of the pathway often leads to overproduction of the product of the other
branch. In the case of branched pathways leading to a primary metabolite
and a secondary metabolite, auxotrophic mutants requiring the primary
metabolite sometimes overproduce the secondary metabolite [28].

Reversion of an auxotroph to prototrophy sometimes leads to new pro-
totrophs possessing higher biosynthetic enzyme activity than present in
the original ‘grandparent’ prototroph. Such increased enzyme activity is
probably the result of a structural gene mutation producing a more active
enzyme or an enzyme less subject to feedback inhibition. A revertant of an
aspartate auxotroph of Streptomyces fradiae was found to be an improved
producer of tylosin [29]. The auxotroph, lacking aspartate aminotransfer-
ase, produced no tylosin whereas the revertant produced 4-fold more than
the grandparent strain. Similar examples have been described by Polsi-
nelli and colleagues [30] dealing with actinomycin overproduction and by
Saburova and co-workers [31] with respect to daunorubicin.

2.1.3 Revertants of non-producing mutants

Non-producing mutants sometimes produce increased amounts of second-
ary metabolites when mutated back to production. This has been observed
in the cases of chlortetracycline [32] and aurodox [33].

2.1.4 Mutants resistant to antimetabolites

It is possible to select regulatory mutants, which overproduce end products
of pathways, by the use of toxic metabolite analogs. Such antimetabolite-
resistant mutants often possess enzymes that are insensitive to feedback
inhibition, or enzyme-forming systems resistant to feedback repression.
Mutants of Streptomyces clavuligerus resistant to thialysine were found to
have an aspartokinase resistant to covalent feedback inhibition by threo-
nine and lysine, and 20% of these were hyperproducers (1.5 to 4-fold) of
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cephalosporins [34]. Production of desferrioxamine, a commercial sidero-
phore used for diseases associated with iron overload and pathological iron
deposition, by Streptomyces pilosus, was markedly increased by mutagenesis
and selection for resistance to thialysine [35]. Monensin A and B production
by Streptomyces cinnamonensis was increased over 7-fold via deregulation of
valine feedback inhibition by mutation to resistance to 2-ketobutyrate in
the presence of valine or isoleucine [36]. Valine is the precursor of the fatty
acid moiety of teicoplanin A, , and its addition to the medium increases
both total teicoplanin titer and the proportion of the desirable A, , pro-
duced [37]. A mutant of A. teichomyceticus resistant to valine hydroxamate
produced 50% more total teicoplanins and 50% more A, , [38].

A variation of the antimetabolite selection techniques is possible when
a precursor is toxic to the producing organism. The principle here is that
the mutant most capable of detoxifying the precursor by incorporating it
into the antibiotic will be the best grower in the presence of the precursor.
Barrios-Gonzalez and co-workers [39] obtained phenylacetate-resistant
cultures of P. chrysogenum which showed enhanced production of penicil-
lin. Rifamycin B production was increased from 6 g/1to 19 g/1 by sequential
mutation to resistance to tryptophan (feedback inhibitor), p-hydroxyben-
zoate (analog of precursor) and propionate (precursor) [40]. When the pro-
duced secondary metabolite is itself a growth inhibitor of the producing
culture, as in the case of certain antibiotics, the metabolite can sometimes
be used to select resistant mutants which are improved producers. This
has been reported with aurodox [33], nocardicin [41], leucomycin [42],
oxytetracycline [43] and neomycin [43a].

Certain streptomycin resistance mutations cause increased production
of unrelated antibiotics [44]. Selection for streptomycin-resistant mutants
in wild-type Streptomyces coelicolor A3(2) led to 58% of the mutants pro-
ducing 5- to 15-fold or more actinorhodin [45, 46]; similar results were
obtained with Streptomyces lividans. Resistance to gentamicin and to paro-
momycin was reported to be even more effective than resistance to strep-
tomycin [47]. Mutants resistant to combinations of two or all three of the
antibiotics showed increased production up to 48-fold over wild-type [48].
The frequency of improved mutants varied between 5% and 18% of the
total number of resistant mutants obtained. Selection of antibiotic-resis-
tant mutants has been successfully used to increase titer of Streptomyces
cultures even with high producers [49]. Starting with a strain of Streptomy-
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ces albus producing 10 g/1 of salinomycin, spontaneous Str?, Gen’ or Rif*
mutants gave improved producers at a high rate (8-12%). The best strains
made 12-15 g/l when 40 of each type were examined. Double mutants
were generated by making spontaneous Gen' mutants from one of the Str*
mutants; 7% were improved, the best producing 18 g/l. Triple mutants
were made with rifamycin using the double mutant as parent; 8% were
improved. The best made 23 g/1. It grew as well as the original parent and
produced more abundant aerial mycelia and spores.

Nutritional repression can often be decreased by mutation to antime-
tabolite resistance. Examples of selective agents are 2-deoxyglucose (2-
DOG) for enzymes and pathways controlled by carbon source regulation,
methylammonium for those regulated by nitrogen source repression, and
arsenate for phosphate regulation. Mutants of P. chrysogenum resistant to 2-
DOG were found to be improved producers of penicillin [S0]. A mutant of
Streptomyces aureofaciens which used phosphate less efficiently for growth
showed improved (60%) tetracycline production [51]. Mutants of Strepto-
myces griseus that make candicidin in the presence of levels of phosphate
(that normally inhibit secondary metabolism) were found to be hyperpro-
ducers of the antibiotic even under low phosphate conditions [52].

2.1.5 Agar zone mutants

Fermentation performance on an agar plate is often related to production
in submerged liquid culture and the method has application as a means
of detecting superior mutants. ‘Zone mutants’ have proven useful for
improved production of cephalosporin C [53], chlortetracycline [22, 54],
mycobacillin [55] and penicillin [56]. A widely used modification involves
the production of antibiotics by confluent growth atop separate plugs of
agar followed by placement of these plugs on a seeded assay plate and
measurement of the resultant clear zones. Use of this ‘agar piece method’
resulted in improvement of kasugamycin production from 0.5 g/l to 8
g/1 [57], a 500-fold increase in bialaphos production [10], and improved
cephalosporin C production [58]. Agar-piece screening of antibiotic pro-
duction in the presence of inhibitory levels of phosphate (15 mM) led to
isolation of six markedly improved and stable Streptomyces hygroscopicus
strains producing the macrolide antifungal complex ‘165’ [59].
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2.2 Elimination of undesirable products or analogs

Since many organisms produce secondary metabolites as mixtures of a
chemical family or of several chemical families, mutation has been used
to eliminate undesirable products in such fermentations. As an example,
streaking out of a natural single colony isolate from S. aureofaciens (produc-
ing the polyether narasin and the broad-spectrum antibiotic enteromycin)
on galactose led to yellow and white sectoring [60]. The effect was specific
for galactose. Of the four colony types obtained, one produced only nara-
sin and two produced only enteromycin.

S. griseus subsp. cryophilus makes four R,-sulfated and four R,-unsulfated
carbapenems. To completely eliminate the R, sulfated forms, that are less
active than the unsulfated forms, sulfate transport mutants were obtained.
These were of two types: (i) auxotrophs for thiosulfate or cysteine; and
(ii) selenate-resistant mutants. Each type produced completely unsulfated
forms and titers were equivalent to the total titer of the parent [61].

Eight avermectins are produced by Streptomyces avermitilis of which only
a small number are desirable. A non-methylating mutant produced only
four of the compounds and a mutant who failed to make the 25-isopropyl
substituent (from valine) produced a different mixture of components.
By protoplast fusion, a hybrid strain was obtained which made only two
components, B2a and Bla [62]. Random PCR mutagenesis into gene aveC
yielded a mutant which produced an avermectin B1:B2 ratio of 2.5, much
improved over the 0.6 ratio of the parent S. avermitilis strain [63]. Gene
shuffling further improved the ratio to about 15 [64].

Mutation was used to eliminate the undesirable polyketides sulochrin
and asterric acid from broths of the lovastatin producer, Aspergillus terreus
[65]. Mutants have also been employed to eliminate undesirable coprod-
ucts from the monensin fermentation [66].

2.3 Production of novel antibiotics
The medically useful demethyltetracycline and doxorubicin were discov-
ered by simple mutation of the cultures producing tetracycline and dau-

nomycin, respectively. Later, the technique of mutational biosynthesis
(‘mutasynthesis’) was devised [67]. In this process, a mutant blocked in
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secondary metabolism is fed analogs of the moiety whose biosynthesis
is blocked. If successful, the mutant (called an ‘idiotroph’) produces a
new antibiotic derivative [68]. Since then, mutational biosynthesis has
been used for the discovery of many new secondary metabolites [69-71].
The most well-known is the commercial antihelmintic agent doramectin,
production of which employed a mutant of the avermectin producer S.
avermitilis [72].

New anthracyclines and aglycones have been isolated from blocked
mutants of the daunorubicin and doxorubicin producers [73, 74]. By add-
ing carminomycinone or 13-dihydrocarminomycinone to an idiotroph of
Streptomyces galilaeus (the producer of aclacinomycin), the aglycones were
glycosylated to form a new trisaccharide anthracycline, trisarubicionol, by
mutational biosynthesis [75]. New macrolide antibiotics have been pro-
duced from blocked mutants of the tylosin-producer, S. fradiae [76]. Four
new hybrid macrolide antibiotics were obtained by feeding erythronolide
B to a blocked mutant of the oleandomycin producer, Streptomyces antibi-
oticus [77]. A blocked-mutant of the mycinamicin producer, Micromonos-
pora polytrota, was fed various rosaramicin precursors and converted them
into new rosaramicins [78].

3 Deciphering biosynthetic pathways

The use of mutants for the elucidation of metabolic pathways been
exploited for the biosynthesis of tetracyclines [79], novobiocin [80], eryth-
romycin [81, 82], neomycin [83], tylosin [84], other aminoglycosides [85-
89], rosaramicin [90], daunorubicin [73], other anthracyclines [91, 92],
actinomycin [93], carbapenems [94, 95], ansamycins [96, 97], patulin [98]
and phenazines [99].

4  Recombination

In contrast to the extensive use of mutagenesis and screening/selection
in industry, employment of genetic recombination was meagre for many
years. This lack of interest was prevalent, despite early claims of success
[100, 101], mainly due to the total absence or the extremely low frequency
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of genetic recombination in industrial microorganisms (in streptomycetes,
it was usually 107 or even less). Other problems were evident with the B-
lactam producing fungi. Although Aspergillus had sexual and parasexual
reproduction, the most interesting genera from the commercial sense,
Cephalosporium and Penicillium, only had parasexual reproduction that
rarely resulted in recombination.

Recombination was erroneously looked upon as an alternative to muta-
tion instead of a method which would complement mutagenesis pro-
grams. The most balanced and efficient strain development strategy would
not emphasize one to the exclusion of the other; it would contain both
mutagenesis-screening and recombination-screening components. In such
a program, strains at different stages of a mutational line, or from lines
developed from different ancestors, would be recombined. Such strains
would no doubt differ in many genes and by crossing them, genotypes
could be generated which would never occur as strictly mutational descen-
dants of either parent.

Recombination has also been of importance in the mapping of pro-
duction genes. Studies on the genetic maps of overproducing organisms
such as actinomycetes are rather recent. The model for such investiga-
tions was the genetic map of S. coelicolor [102] which was found to be
very similar to those of other Streptomyces species, such as Streptomyces
bikiniensis, Streptomyces olivaceous, Streptomyces glaucescens and Streptomy-
ces rimosus. The problem of low frequency of recombination was mainly
solved by use of protoplast fusion. After 1980, there was a heightened
interest in the application of genetic recombination to the production
of important microbial products such as antibiotics. Today, frequencies
of recombination have increased to even greater than 10! in some cases
[103], and strain improvement programs routinely include protoplast
tusion between different mutant lines. Conventional strain improve-
ment increased clavulanate production 10-fold over the wild-type S.
clavuligerus NRRL 3585. Then, protoplast fusion of arginine and cysteine
auxotrophs yielded a fusant (CKD 1386) producing 30-fold more cla-
vulanic acid than the wild-type [104]. Recombination is especially use-
tul when combined with conventional mutation programs to solve the
problem of ‘sickly’ organisms produced as a result of accumulated genetic
damage over a series of mutagenized generations. For example, a cross via
protoplast fusion was carried out with strains of Acremonium chrysogenum
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(formerly Cephalosporium acremonium) from a commercial strain improve-
ment program. A low-titer, rapidly-growing, spore-forming strain which
required methionine to optimally produce cephalosporin C was crossed
with a high-titer, slow-growing, asporogenous strain which could use
the less expensive inorganic sulfate. The progeny included a recombi-
nant which grew rapidly, sporulated, produced cephalosporin C from
sulfate and made 40% more antibiotic than the high-titer parent [105].
Protoplast fusion was used to modify the characteristics of an improved
penicillin-producing strain of P. chrysogenum which showed poor sporula-
tion and poor seed growth. Backcrossing with a low-producing (12 g/1)
strain yielded a high-producing (18 g/1) strain with better sporulation
and better growth in seed medium [106]. Another application of proto-
plast fusion is the recombination of improved producers from a single
mutagenesis treatment. By recombination, one could combine the yield-
increase mutations and obtain an even more superior producer before
carrying out further mutagenesis. Two improved cephamycin-C produc-
ing strains from Nocardia were fused and among the recombinants were
two cultures which produced 10-15% more antibiotic than the best par-
ent [107]. Genetic recombination allows the discovery of new antibiotics
by tusing producers of different or even the same antibiotics. Protoplast
tusion between non-producing mutants of a streptomycin producer (S.
griseus) and an istamycin producer (Streptomyces tenjimariensis) led to a
hybrid strain producing a new antibiotic [108]. A recombinant obtained
from two different rifamycin-producing strains of Nocardia mediterra-
nei produced two new rifamycins (16,17-dihydrorifamycin S and 16,17-
dihydro-17-hydroxy-rifamycin S) [109]. However, according to Hopwood
[110], these examples may reflect the different expression of genes from
parent A in the cytoplasm of parent B rather than the formation of hybrid
antibiotics. Interspecific protoplast fusion between S. griseus and five
other species (Streptomyces cyaneus, Streptomyce exfoliatus, Streptomyces
griseoruber, Streptomyces purpureus and Streptomyces rochei) yielded recom-
binants of which 60% produced no antibiotics and 24% produced antibi-
otics different from the parent strains [111]. New antibiotics can also be
created by changing the order of the genes of an individual pathway in
its native host [112]. A new antibiotic, indolizomycin, was produced by
protoplast fusion between non-antibiotic producing mutants of S. griseus
and S. tenjimariensis [113].
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4.1 Transformation and transposition

Virtually all antibiotic-producing species of Streptomyces contain plasmid
DNA. Some are sex plasmids and constitute an essential part of the sexual
recombination process and others contain either structural genes or genes
somehow influencing the expression of the chromosomal structural genes
of antibiotic biosynthesis. Very few antibiotic biosynthesis processes are
encoded by plasmid-borne genes. However, production of methyleno-
mycin A is encoded by genes present on plasmid SCP1 in S. coelicolor. For
many years, plasmid SCP1 was never observed nor isolated as a circular
DNA molecule. The reason was that it was a giant linear plasmid. It was
initially difficult to separate such giant linear plasmids from chromosomal
DNA but this was later accomplished by pulsed field gel electrophoresis or
orthogonal field alteration gel electrophoresis (OFAGE) [114]. When the
plasmid was transferred to other streptomycetes, the recipients produced
the antibiotic.

Cloning a 34 kb fragment from S. rimosus via a cosmid into S. lividans
and S. albus resulted in oxytetracycline production by the recipients [1135].
Contrary to earlier reports, all the oxytetracycline genes were clustered
together on the S. rimosus chromosomal map. The biosynthetic genes were
flanked by two resistance genes [116].

Plasmids have also been used to devise bioconconversions. 3-0-Ace-
tyl-4"-O-isovaleryltylosin (AIV) is useful in veterinary medicine against
tylosin-resistant Staphylococcus aureus. It is made by first producing tylo-
sin with S. fradiae and then using Streptomyces thermotolerans (producer
of carbomycin) to bioconvert tylosin into AIV. A new strain capable of
carrying out a direct fermentation to AIV was constructed by transform-
ing S. fradiae with S. thermotolerans plasmids containing acyl transferase
genes [117].

Some products of unicellular bacteria are plasmid-encoded. These
include aerobactin, a hydroxamate siderophore and virulence factor
produced by E. coli [118] and other Gram-negative bacteria (Enterobacter
aerogenes, Enterobacter cloacae, Vibrio mimicus, Klebsiella, Salmonella, and
Shigella). Aerobactin is synthesized by a plasmid-borne five-gene cluster
which is negatively regulated by iron [119], and also via chromosomal
genes [120]. A microcin, an antimetabolite of methionine which is pro-
duced by E. coli and acts as a competitive inhibitor of homoserine-O-tran-
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succinylase, is encoded by a plasmid which occurs at 20 copies per genome
equivalent [121].

Instability in Streptomyces is brought about by environmentally stimu-
lated macrolesions, e.g., deletions, transpositions, rearrangements and
DNA amplification. They occur spontaneously or are induced by envi-
ronmental stresses such as intercalating dyes, protoplast formation and
regeneration, and interspecific protoplast fusion. Streptomycetes are the
only prokaryotes known to be subject to spontaneous DNA amplification,
sometimes amounting to several hundred tandem copies, accounting for
over 10% of total DNA, in the absence of selection. Amplification seems to
be coupled to DNA deletion and may involve insertion sequence (IS)-like
elements [5]. Ethidium bromide cures plasmids in streptomycetes but also
increases the frequency of deletion mutations especially in areas of the
chromosome which are already unstable [122].

Transposable elements, i.e., DNA sequences encoding a transposase
enzyme [123], that move from one replicon to another without host
recombination functions or extensive homology with the site of integra-
tion, have been extremely useful for the following reasons: (i) they usually
provide stable, nonreverting mutants; (ii) they can be used to determine
the order of genes in an operon; (iii) it is easy to select for mutants since
transposons contain antibiotic- or mercury-resistance markers; (iv) they
provide portable regions of homology for chromosomal mobilization;
(v) they provide markers for non-selectable genes and allow the cloning
of such genes which can then be used as hybridization probes to fish
out the wild type gene from a genomic library; and (vi) they often have
unique restriction sites, thus are good markers for isolating defined dele-
tion derivatives or locating the precise position of a gene by heteroduplex
mapping.

In the daptomycin producer Streptomyces roseosporus, some Tn 5099
transposition mutants produced 57-66% more daptomycin than the par-
ent whereas others produced less or the same as the parent [124, 125].
Transposition increased the rate-limiting step of tylosin biosynthesis in S.
fradiae, i.e., the conversion of macrocin to tylosin. Transposing a second
copy of tylF into a neutral site on the S. fradiae chromosome increased
its gene product, macrocin O-methyltransferase, and tylosin production,
while decreasing the concentration of the final intermediate (macrocin).
Tylosin production was increased by up to 60% and total macrolide titer
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was unchanged [126]. Transposon mutagenesis eliminated production of
the troublesome toxic oligomycin by the avermectin-producing S. aver-
mitilis [127].

5 Genetic engineering

One of the first indications that recombinant DNA technology could be
applied to production of antibiotics and other secondary metabolites was
that it could be carried out in streptomycetes [128]. Plasmids were con-
structed from plasmid SLP 1.2 of S. lividans and plasmid SCP2* from S.
coelicolor. In mating of plasmid-negative S. lividans, ‘pocks’ (circular zones
of sporulation inhibition associated with plasmid transfer in the lawn of
streptomycete growth arising from a regenerated protoplast population)
were seen. This was due to looping out of a piece of S. coelicolor DNA which
became a series of small S. lividans plasmids (SLP 1.1 to 1.6) which were
good cloning vehicles. Genetic engineering of actinomycetes was limited
for a number of years by (i) restriction barriers hindering DNA introduc-
tion and (ii) inhibition of secondary metabolism by self-replicating plas-
mid-cloning vectors [129], but these problems were mainly overcome.
Early reviews on cloning and expressing antibiotic production genes in
Streptomyces were by Martin and Gil [130] and Liras [131].

An interesting possibility is the transfer of operons from one strepto-
mycete to another in the hope that the structural genes might be better
able to express themselves in another species. Clustering facilitates trans-
fer of an entire pathway in a single manipulation. Studies revealed that
many antibiotic biosynthesis genes were arranged in clusters including
undecylprodigiosin, actinorhodin, chloramphenicol, rifamycin, cephamy-
cin, erythromycin, tetracyclines and tylosin. Thus, the entire undecylpro-
digiosin pathway (red pathway) of S. coelicolor was transferred on a 37 kb
fragment into Streptomyces parvulus and the antibiotic was produced [132].
Similarly, the entire cephamycin C pathway was cloned and expressed
from a cephamycin-producing strain of Streptomyces cattleya. When the 29
kb DNA fragment was cloned into the non-f-lactam producer, S. lividans,
one transformant (out of 30,000) made cephamycin [133]. When the
fragment was introduced into another cephamycin producer, Streptomyces
lactamgens, a 2 to 3-fold improvement in titer was obtained.
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Cloning has been very important in understanding the biosynthe-
sis of B-lactam antibiotics [134], its genetics, and improvement of the
processes. The cloning of gene pchAB from P. chrysogenum [135], A. chrys-
ogenum [136], and Nocardia lactamdurans contributed greatly to the elu-
cidation of the biosynthetic pathways. Gene pcbC (encoding isopenicil-
lin N synthase) was cloned from P. chrysogenum [137], A. chrysogenum,
Aspergillus nidulans [138], S. clavuligerus [139], S. griseus [140], Streptomyces
lipmannii and Streptomyces jumonjinensis [138, 141] in order to provide
pure enzyme for structural studies. Cloning multiple copies of this gene
into A. chrysogenum yielded an improved cephalosporin C-producing
strain [142].

Penicillin acyltransferase acts on IPN in P. chrysogenum to produce peni-
cillin G. Its gene penDE (also known as iat, aat and acyA in A. nidulans) was
cloned from P. chrysogenum into A. chrysogenum leading to production of
penicillin G (in the presence of exogenous phenylacetic acid) along with
cephalosporin C [136]. Without cloning, A. chrysogenum cannot produce
penicillin G.

Transformation of early strain P. chrysogenum Wis54-1255 with indi-
vidual genes, pairs of genes, and the entire three genes of the penicillin
pathway showed that the major increases occurred when all three genes
were overexpressed [143]. The best transformant contained three extra
copies of pchAB, one extra copy of pcbC and two extra copies of penDE,
and produced 299% of control shake flask production and 276% of control
productivity in continuous culture.

When an industrial production strain of A. chrysogenum was trans-
formed with a plasmid containing genes pcbC and cefEF from an early
strain of the A. chrysogenum mutant line, a transformant producing 50%
more cephalosporin C than the production strain, as well as less penicillin
N, was obtained. Production in pilot plant (150 liter) fermentors was fur-
ther improved by 15% [144]. One copy of cefEF had been integrated into
chromosome III whereas the native gene is on chromosome II.

An industrial strain improvement program based on genetic transfor-
mation showed that the best genes to increase cephalosporin C production
in A. chrysogenum were cefEF, encoding expandase-hydroxylase, and cefG,
encoding acetyltransferase [145]. The increased gene dosage raised produc-
tion of cephalosporin C and decreased the concentration of intermediates
deacetylcephalosporin and deacetoxycephalosporin C.
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A. chrysogenum produces cephalosporin C but also excretes the inter-
mediate DAOC at 1-2% of the cephalosporin C level. This undesirable
situation was modified by genetically engineering the strain with two
extra copies of the expandase-hydroxylase gene. The new strain excreted
only half as much of this intermediate with no effect on cephalosporin C
production [146].

Cloning of the benzylpenicillin acylase gene of E. coli on multicopy
plasmids resulted in a 45-fold increase as compared to enzyme production
by the uninduced wild-type. Interestingly, the cloned enzyme is constitu-
tive [147]. Cloning of additional penicillin V amidase genes into wild-type
Fusarium oxysporium increased enzyme titer by 130-fold [148]. These two
enzymes are valuable for converting penicillin G into the valuable inter-
mediate for making semi-synthetic penicillins, i.e., 6-aminopenicillanic
acid (6-APA).

In another example, cephalosporin C was directly converted to 7-ACA
by using an E. coli strain containing the D-amino acid oxidase gene from
Trigonopsis variabilis and the glutaryl-7-aminocephalosporanic acid acylase
gene from Pseudomonas sp. [149].

6  New strategies

In recent years, new techniques which markedly increase the options avail-
able to improve the production of microbial metabolites, have been added
to the ‘toolbox’ including metabolic engineering, genomics, transcriptome
analysis, proteomics, directed evolution, and whole genome shuffling,
among others. These are described below.

‘Metabolic engineering’ is the directed improvement of product forma-
tion or cellular properties through the modification of specific biochemical
reactions or introduction of new ones with the use of recombinant DNA
technology [150, 151]. Its essence is the combination of analytical meth-
ods to quantify fluxes and the control of fluxes with molecular biologi-
cal techniques to implement suggested genetic modifications. Metabolic
control analysis has revealed that the overall flux through a metabolic
pathway depends on several steps, not just a single rate-limiting reaction
[152]. This strategy has been succesfully applied to antibiotic production
[153-155], including complex polyketides [156, 157].
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Progress in metabolic engineering to improve production of microbial
metabolites has involved three major strategies: (i) manipulation of struc-
tural genes; (ii) manipulation of regulatory genes; and (iii) engineering of
well-known pathways.

(i) Manipulation of structural genes. Amplification of an entire pathway
resulted in a 2.3-fold increase in cephamycin C production [133]. Ampli-
fication of a pathway segment yielded a 7-fold increase in formation of
daunorubicin formation [158], a 30% increase in tetracenomycin C pro-
duction [159], and 3 to 4-fold more spinosyn [160]. Perturbing central
metabolism by deleting either of the genes encoding the first two enzymes
in the pentose phosphate pathway led to increased actinorhodin produc-
tion in S. lividans [161].

(ii) Manipulation of regulatory genes. The gene afsR2 is a global regula-
tory gene originally discovered in S. lividans with positive control action
on actinorhodin and undecylprodigiosin formation; it is also present in S.
coelicolor [162]. Incorporation of multiple copies of afsR2 from S. lividans
into S. avermitilis wildtype increased avermectin production by 2.3-fold
[163]. Another regulatory gene appears to be an 8 kb DNA fragment of S.
avermitilis which stimulates actinorhodin and undecylprodigiosin forma-
tionin S. lividans, as well as avermectin production in wild-type S. avermiti-
lis, in an improved strain, and in a semi-industrial strain of S. avermitilis
[164]. Amplification of other pathway-specific regulators resulted in a
5-fold enhancement of spiramycin titer in Streptomyces ambofaciens [165]
and a 1.6-fold increase in mithramycin production in Streptomyces argil-
laceus [166].

Disruption of negative pathway specific regulatory genes improved
production of avermectin by 1.5 to 3.5-fold [164], lovastatin by 7 to 10-
fold [167], and also improved formation of methylenomycin [163] and
mitomycin C [168]. Also, disruption of a negative global regulator resulted
in production increases for actinorhodin and undecylprodigiosin [169].
Gene nysF, encoding a putative 4’-phosphopantetheinyl transferase in the
nystatin producer, Streptomyces noursei, was first thought to be involved in
a biosynthetic step but was actually found to be a negative regulatory gene
[170]. Knocking out nysF increased production by 60%.

(iii) Engineering of pathways. By increasing the expression of rate-lim-
iting enzymes, tylosin production was enhanced [171, 172] and so was
penicillin. In this latter case, overexpression of the acvA gene by replacing
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the normal promoter with the ethanol dehydrogenase promoter increased
penicillin production in A. nidulans by 30-fold [173].

Eliminating the accumulation and excretion of pathway intermediate
penicillin N raised cephalosporin C production by 15%. Weak acetyltrans-
terase promoter activity appears to be the cause of the undesirable accumu-
lation of intermediate DAC in broths of A. chrysogenum. Cloning of gene
cefG (encoding DAC acetyltransferase) increased cephalosporin C titers in
a dose-dependent manner [173a, 173b]. Cloning of the gene with its own
promoter had no effect on the low level of DAC acetyltransferase normally
observed in A. chrysogenum [174]. However, use of foreign promoters (the
gpd promoter from A. nidulans, the bla promoter from Aspergillus niger, or
the pbcC promoter from P. chrysogenum) had a major effect on the level
of cefG transcripts, DAC acetyltransferase protein level and activity, and
antibiotic production; cephalosporin C production rose 2- to 3-fold. Of
the cephalosporins produced, the undesirable DAC decreased from 80% of
the total down to 30-39%, whereas cephalosporin C increased by a similar
amount.

Transformation of P. chrysogenum with the S. lipmanii cefD gene and the
S. clavuligerus cefE gene allowed production of the intermediate deacetoxy-
cephalosporin C (DAOC) [1735] at titers of 2.5 g/1. DAOC is a valuable inter-
mediate in the commercial production of semi-synthetic cephalosporins.

Metabolic engineering of P. chrysogenum allowed production of valuable
cephalosporin intermediates (adipyl-7-ADCA and adipyl-7-ACA) [176].
Disruption and one-step replacement of the cefEF gene of an industrial
cephalosporin C production strain of A. chrysogenum yielded strains accu-
mulating up to 20 g/ of penicillin N. Cloning and expression of the cefE
gene from S. clavuligerus into those high producing strains yielded recom-
binant strains producing high titers of DAOC [177]. Production levels
were nearly equivalent (80%) to the total f-lactams biosynthesized by the
parental strain.

Deletion of a gene leading to a side-product eliminated oligomycin
production from the producer of avermectins [127]. Genetically increas-
ing oxygen availability resulted in a 60% improvement of erythromycin
titer [178, 179]. Enhancement of precursor uptake gave a 4-fold increase in
production of deoxyerythonolide B and 8,8a-deoxyoleoandolide [180]).

‘Inverse Metabolic Engineering’ [181, 182] (also known as ‘reverse engineer-
ing’) involves construction or calculation of a desired phenotype, identifi-
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cation of the molecular basis of that desirable property, and incorporation
of that phenotype into another strain or other species by genetic manipu-
lations and funtional genomics [183]. Once the differences are found,
they can be introduced into other organisms or their dosages increased
in the improved strain to further improve it. The techniques available
are (i) genomic DNA sequencing; (ii) DNA sequencing of selected genes;
(iii) transcriptional profiling; (iv) proteome analysis; (v) metabolite profil-
ing; and (vi) comparative flux analysis. This strategy was used to increase
erythromycin production by Aeromicrobium erythreum [184]. Plasmid inser-
tion mutagenesis yielded 26 mutants (out of 3,049 isolates) with >50%
increased production; seven were chosen for reverse engineering. Three
were identical mutB mutants encoding the o subunit of methylmalonyl-
CoA mutase. The other four mutants were in cobA, encoding Cob(I)alamin
adenosyl transferase. The mutB mutant produced about 500 mg/1 of eryth-
romycin compared to ca 200 mg/l made by the parent. The cobA mutant
produced 22% more than the parent. Feeding of nutrients such as leucine
and propionate, which increase pools of propionyl-CoA and methylmalo-
nyl-CoA, to the mutants increased production. Methionine also increased
production by the cobA strain. The probable reason for improved produc-
tion by methylmalonate-CoA mutase knockouts is that its substrate is a
branchpoint intermediate and the favored direction is the production of
succinyl-CoA, thus diverting methylmalonyl-CoA away from the erythro-
mycin pathway. Since coenzyme B,, is its cofactor, cobA mutants would
also favor flux into the erythromycin pathway. As expected, leucine, pro-
pionate and methionine, which are known precursors of methylmalonyl-
CoA via propionyl-CoA, stimulated production in the mutants.

‘Genome-based strain reconstruction’ allows one to construct a strain supe-
rior to the production strain because it only contains mutations crucial to
hyperproduction, but not other unknown mutations which accumulate
by brute-force mutagenesis and screening. Although this approach has
been done with a primary metabolite production process (lysine) [185], it
should also be useful for secondary metabolites.

During the last few years, an expanded view of the cell has been possible
due to the impressive advances in all the ‘omics’ techniques (genomics,
proteomics, metabolomics) and high-throughput technologies for mea-
suring different classes of key intracellular molecules. ‘Systems Biology’ has
recently emerged as a term and a scientific field to describe an approach
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that considers genome-scale and cell-wide measurements in elucidating
process and mechanisms [186].

Integrating transcriptional and metabolite profiles from 21 strains of A.
terreus producing different levels of lovastatin and another 19 strains with
altered (+)-geodin levels led to an improvement in lovastatin production
of over 50% [187]. This approach, named ‘Association Analysis’, served to
reduce the complexity of profiling data sets in order to identify those genes
whose expression is most tightly linked to metabolite production. Such
applications are applicable to all industrially useful organisms for which
genome data are limited.

Gene expression analysis of wild type and improved production strains
of Saccharopolyspora erythraea and S. fradiae using microarrays of the
sequenced S. coelicolor revealed that regulation of antibiotic biosynthetic
enzymes as well as enzymes involved in precursor metabolism were altered
in those mutated strains [188]. Comparison of S. erythraea wild type and an
improved erythromycin producer was done and results revealed that the
S. erythraea overproducer expressed the entire erythromycin gene cluster
several days longer than the wild-type. It seems that the eryA gene and pro-
tein expression differences observed for the overproducer could account
over 50% of the total erythromycin titer increase. A different situation
was found with tylosin production. The overproducing S. fradiae strain
produced tylosin for the same length of time but the rate of antibiotic
production was 2-fold higher in the overproducer. The tylosin cluster was
expressed over the same period of time; however, there were two genes: aco
(encoding acyl-CoA dehydrogenase) and icmA (encoding isobutyryl-CoA
mutase) that were expressed to a greater extent than in the wild type strain.
The induction of these two genes could increase the flux of metabolites
from fatty acids to tylosin precursors in the overproducer.

‘Directed Evolution’ (also known as applied molecular evolution or
directed molecular evolution) is a fast and inexpensive way of finding
variants of existing enzymes that work better than naturally occurring
enzymes under specific conditions [189-191]. It has been used to improve
the properties of rate-limiting enzymes of natural product biosynthesis.
The process involves evolutionary design methods using random muta-
genesis, gene recombination and high throughput screening [192]. A key
limitation of these strategies is that they introduce random ‘noise’ muta-
tions into the gene at every cycle and hence improvements are limited to

272



Strain improvement for production of pharmaceuticals...

small steps. This strategy has been successfully used in various applications
[193].

‘Molecular Breeding™’ techniques come closer to mimicking natural
recombination by allowing in vitro homologous recombination [194]. DNA
shuffling not only recombines DNA fragments but also introduces point
mutations at a very low controlled rate [195, 196]. Unlike site directed
mutagenesis, this method of pooling and recombining parts of similar
genes from different species or strains has yielded remarkable improve-
ments in enzymes in a very short amount of time [197]. A step forward in
this technique was breeding a population with high genetic variability as
a starting point to generate diversity (DNA Family Shuffling). Innovations
that expand the formats for generating diversity by recombination include
formats similar to DNA shuffling and others with few or no requirements
for parental gene homology [198, 199]. These random redesign techniques
are being currently used to increased biological activity of protein phar-
maceuticals and biological molecules [197, 198] as well as novel vaccines
[200, 201].

‘Whole genome shuffling’ is a novel technique that combines the advan-
tage of multi-parental crossing allowed by DNA shuffling with the recom-
bination of entire genomes. This method was successtully applied to
improve tylosin production in S. fradiae [202]. Historically, twenty cycles
of classical strain improvement at Eli Lilly and Co. carried out over 20
years employing about one million assays improved production 6-fold. In
contrast, two rounds of this recursive recombination technique with seven
early strains each were sufficient to achieve similar results in one year and
involved only 24,000 assays.

‘Combinatorial biosynthesis’ is not used to increase titer but for discovery
of new and modified drugs [203, 204]. In this strategy, recombinant DNA
techniques are utilized to introduce genes coding for antibiotic synthases
into producers of other antibiotics or into non-producing strains to obtain
modified or hybrid antibiotics. In the first demonstration of this technol-
ogy, gene transfer from a streptomycete strain producing the isochromane-
quinone antibiotic actinorhodin into strains producing granaticin, dihy-
drogranaticin and mederomycin (which are also isochromanequinones)
led to the discovery of two new antibiotic derivatives, mederrhodin A and
dihydrogranatirhodin [205]. Since then, hundreds of new polyketides have
been made by combinatorial biosynthesis [206-228]. Some of these novel
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polyketides contain sugars at normally unglycosylated positions [229] or as
new sugar moieties [230, 231]. New anthracyclines [232-237] and peptide
antibiotics [238] have been made by combinatorial biosynthesis. Manipu-
lations include [239]: (i) deletion of one of the domains of a particular
module; (ii) addition of a copy of the thioesterase domain to the end of
an earlier module resulting in a shortened polyketide; (iii) replacement
of an AT domain of a polyketide synthase (PKS) with an AT domain from
another PKS, resulting in addition of a methyl group at a particular site or
removal of a methyl group; (iv) addition of a reductive domain(s) to a par-
ticular module, thus changing a keto group to a double bond or to a methy-
lene group; (v) use of synthetic diketides delivered as N-acetylcysteamine
thioesters to load onto the active site of the ketosynthase (KS) in module
2 and to be taken all the way to a novel final product; (vi) replacement of
the loading module of one PKS with the loading module of another PKS,
thus changing the starter unit from propionate to acetate, for example;
and (vii) replacement of the hydroxylase or glycosylase enzymes from one
pathway to another, thus modifying the ring structure with respect to OH
groups and/or sugars.

Progress in strain development will depend, not only on all the tech-
nologies mentioned above, but also on the development of mathematical
methods that facilitate the elucidation of mechanisms and identifica-
tion of genetic targets for modification. The availability of the complete
genome sequences of S. coelicolor, producer of actinorhodin and three
other antibiotics [240], and S. avermitilis, producer of avermectins [241],
the published and ongoing sequencing projects involving hundreds of
microbial genomes, as well as the ability to rapidly identify clusters of
genes encoding biosynthesis of bioactive products and to predict their
structures based on gene sequences [242] will contribute to an acceleration
of strain improvement programs.

Closing comments

Microorganisms produce many compounds of industrial interest. These
may be very large materials such as proteins, nucleic acids, carbohydrate
polymers, or even cells, or they can be smaller molecules which can be
essential for vegetative growth (primary metabolites) or inessential (sec-
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ondary metabolites). The power of the microbial culture in the competi-
tive world of commercial synthesis can be appreciated by the fact that
even simple molecules are made by fermentation rather than by chemical
synthesis. Most natural products are so complex that they probably will
never be made commercially by chemical synthesis. Strains isolated from
nature produce only tiny amounts of product. The reason is that they need
small amounts of these compounds for their own competitive benefit (sur-
vival) in nature; they do not overproduce these metabolites. Regulatory
mechanisms have evolved in microorganisms that enable a strain to avoid
excessive production of its metabolites. Thus, strain improvement pro-
grams are absolutely required for commercial application. Their goal is to
isolate cultures exhibiting desired phenotypes. Most commonly, the abil-
ity of a strain to improve titer is what is desired, although the spectrum of
improvements can also include other traits. The tremendous increases in
fermentation productivity and the resulting decreases in costs have come
about mainly by mutagenesis and screening/selection. In recent years,
recombinant DNA technology has contributed greatly. The promise of the
future is via extensive use of new genetic techniques such as (i) metabolic
engineering accomplishing quantification and control of metabolic fluxes
and including inverse metabolic engineering, (ii) transcript expression
analyses, (iii) directed evolution, (iv) molecular breeding, and (v) combi-
natorial biosynthesis. These efforts will facilitate not only the isolation of
improved strains but also the elucidation and identification of new genetic
targets to be used in strain improvement programs.
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Nutritional and engineering aspects of microbial process development

Abstract

Today we use many drugs produced by microorganisms. However, when these drugs were
discovered it was found that the yields were low and a substantial effort had to be put in to
develop commercially viable processes. A key part of this endeavor was the studies of the
nutritional and the engineering parameters. In this chapter, the basic principles of optimiz-
ing the nutritional and engineering aspect of the production process are described with
appropriate examples. It was found that two critical components of nutritional medium,
carbon and nitrogen source regulated the synthesis of the compounds of interest. Rapidly
utilizable carbon source such as glucose supported the growth but led to catabolite repres-
sion and alternative carbon sources or methods of addition had to be devised. Inorganic
nitrogen sources led to undesirable changes in pH of the medium. Organic nitrogen sources
could influence the yields positively or negatively and had to be chosen carefully. Essential
nutrients like phosphates often inhibited the synthesis and its concentration had to be main-
tained below the inhibitory levels. On many occasions, trace nutrients like metal ions and
vitamins were found to be critical for good production. Temperature and pH were important
environmental variables and their optimum values had to be determined. The media were
designed and optimized initially with ‘one variable at a time’ approach and later with experi-
mental design based on statistics. The latter approach is preferred because it is economical,
considers interactions between medium components and allows rapid optimization of the
process. The engineering aspects like aeration, agitation, medium sterilization, heat transfer,
process monitoring and control, become critical as the process is scaled-up to the production
size. Aeration and agitation are probably the most important variables. In many processes
dissolved oxygen concentration had to be maintained above a critical value to obtain the
best yields. The rheological properties of fermentation broth significantly affect the aeration
and mixing efficiency. The removal of heat from the large fermentors can be difficult under
certain conditions. However, new designs of impellers, availability of sensors to monitor
important physiological and process variables and advent of computers have facilitated suc-
cessful scale-up of fermentation processes.

1 Introduction

For millennia humans have utilized microorganisms for many purposes,
ranging from preparation of food and beverages to medicine. This review
will focus on the preparation of medicines with the use of microbial pro-
cesses. However, it will not cover biotransformation processes as some
of the underlying principles applicable to the development of these vary
from those that apply to the development of fermentation processes.
Drugs of microbial origin are often prepared from compounds referred
to as ‘secondary metabolites’. The reason for calling these compounds
secondary metabolites is that they have no obvious function. One of the
hypotheses to explain their production suggests that they provide com-
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petitive advantage in nature. The difficulty in proving this suggestion has
been that it has not been possible to detect these compounds in natural
habitats such as soil, because in almost all cases the desired metabolites are
produced in very low quantities. A substantial effort, therefore, is needed
to develop an economically viable production process with the original
isolate from nature. Nutritional and engineering aspects of this endeavor
are discussed in this chapter.

1.1 Nutritional aspects

The nutritional requirements for the growth of the producer microorgan-
ism are different from those needed for the production of the desired
secondary metabolite. As a result the medium used for substantial growth
is often referred to as, ‘seed medium’ and that used during the production
phase is called ‘production medium’. Both seed and production media
contain carbon source(s), nitrogen source(s) and sources of trace nutrients
such as magnesium, sodium, potassium, sulfur, copper, zinc etc., vitamins
and amino acids. Often they also contain some buffers. The carbon and
nitrogen sources used may be the same in both the seed and the produc-
tion media; however their concentrations are often different. Generally,
different carbon and nitrogen sources are used in these two types of media.
In the early days of fermentation process developments our understanding
of the microbial metabolism, especially that of secondary metabolism was
limited and as a result the media contained complex materials of plant and
animal origin. Such media are designated as ‘complex’ media. The advan-
tages of complex media are; i) they are usually inexpensive, ii) they provide
‘unknown critical’ ingredient, iii) they support good growth and iv) their
development is rapid. Their disadvantages are; i) due to the presence of
the crude complex ingredients the performance is variable, ii) they pose
difficulties in scale-up and iii) these may interfere in downstream process-
ing. However, the increase in our knowledge of these processes and the
availability of fermentors capable of monitoring and controlling various
physiological parameters have resulted in desire for media with ‘defined’
ingredients [1]. The advantages of defined media are; i) the performance is
consistent, ii) ease of scale-up, iii) amenable to control and iv) fewer prob-
lems in downstream processing. The disadvantages of these media are; i)
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cost and ii) reproducing the high yields obtained with the complex media.
The following discussion will try to accommodate both types of media.

1.1.1 Carbon source

The carbon sources provide energy and building blocks for the microorgan-
isms. Commonly used carbon sources are monosaccharides like glucose
and fructose, disaccharides such as lactose (whey contains 65% lactose) and
molasses, polysaccharides like dextrins, starch and cellulose, polyols like
glycerol; oils and alcohols [1]. Glucose is an attractive carbon source. It is
available in crude form as cerelose and corn syrup, both of which are very
inexpensive. It is utilized by all microorganisms. However, glucose can cause
‘catabolite repression’ [2] of critical enzymes in the biosynthetic pathway of
the desired product. For example two critical enzymes in the biosynthesis
of cephamycin C in Nocardia lactamdurans, (d(a-aminoadipyl)-cysteinyl-
valine) synthetase and deacetoxycephalosporin C synthase, are repressed by
glucose [3]. It has also been proposed that the higher rate of growth obtained
with glucose is the cause of such reduction in yield [4]. Regardless of mecha-
nism, where glucose inhibits the product formation, other carbon sources
mentioned above can be used in place of glucose. Table 1 lists examples of
replacement of glucose with other carbon sources [4]. Another approach
that is often used is to use lower concentration of glucose in combination
with another slowly utilized carbon source. In such situations glucose is used
to support rapid growth and the second carbon source is used for the synthe-
sis of the product, where slower growth rate is desirable. This approach was
used to develop medium for the production of lovastatin [26].

Secondly, glucose is often metabolized rapidly through the glycolytic
pathway, which results in a drop in pH. It has been noted that pH is one
of the critical environmental variables. Addition of an inorganic buffering
agent such as either sodium or potassium phosphate or organic buffers
like 2-(N-morpholino)-ethanesulphonic acid (MES) or 3-(N-morpholino)-
propanesulphonic acid (MOPS) can prevent the reduction in pH. In cases
where buffers cannot be used, substitution of glucose with disaccharides,
polysaccharides or polyols, can reduce the pH drop. Their slower utiliza-
tion reduces both the drop in pH and the potential for catabolite repres-
sion. While studying the effect of carbon source on lovastatin production
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Table 1.

Carbon catabolite regulation of antibiotic biosynthesis

Antibiotic Interfering carbon source Non-interfering carbon Refs
source
Penicillin Glucose Lactose [5]
Actinomycin Glucose Galactose [6]
Streptomycin Glucose Mannan [7]
Glucose Slowly fed glucose [8]
Siomycin Glucose Maltose [9]
Indolmycin Glucose Fructose [10]
Bacitracin Glucose Citrate [11,12]
Cephalosporin C Glucose Sucrose [13]
Chloramphenicol Glucose Glycerol [14]
Violacein Glucose Maltose [15]
Prodigiosin Glucose Galactose [16]
Mitomycin Glucose Low glucose [17]
Neomycin Glucose Maltose [18]
Kanamycin Glucose Galactose [19]
Enniatin Glucose Lactose [20]
Puromycin Glucose Glycerol [21]
Novobiocin Citrate Glucose [22]
Candidin Glucose Slow feed of glucose [23]
Candihexin Glucose Slow feed of glucose [23]
Butirosin Glucose Glycerol [24]
Cephamycin Glycerol Aspargine, Starch [25]

Table reproduced from [4] with the permission from the copyright holder, American Society for

Microbiology

it was found that with glucose as carbon source the pH reduced to 4.5. This
pH drop was avoided with the use of phosphate, MES or MOPS buffers and
the yield was doubled. Similar results were obtained when glucose was
replaced with glycerol [26].

In addition to the two approaches mentioned above, these problems
can be solved at the fermentor scale, by automatic pH control and slow

feeding of glucose [5].
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1.1.2 Nitrogen source

Nitrogen sources are required for the synthesis of cell components such as
proteins, nucleic acids, cell wall as well as metabolites both primary and
secondary. Examples of commonly used nitrogen sources are ammonium
salts, nitrates, urea, amino acids, protein hydrolysates and proteins. These
crude protein sources can be of plant or animal origins. It should be noted
that due to the concern about bovine spongiform encephalitis the use of
animal proteins may cause difficulties with the regulatory agencies. The
inorganic nitrogen sources are often used up rapidly leading to reduction
in pH and adverse effect on the growth and/or production. Therefore,
usually complex organic nitrogen sources are preferred. Amino acids are
also used as nitrogen sources especially in defined media. Of all the amino
acids utilized the most common is monosodium glutamate. Amino acids
in addition to acting as precursors of the metabolites of interest can also
play a regulatory role. An excellent example of the multiple roles amino
acids play is described by Petersen et al. [27]. They showed that addition
of L-proline to fermentation resulted in almost doubling of yield of pneu-
mocandin B, and reduction in the yields of pneumocandins C,and D,,. On
the other hand, addition of L-threonine and L-serine reduced the titer of
pneumocandin B,,. The reduction in the production of penicillin G upon
the addition of L-lysine is another example of amino acid regulation of
synthesis of secondary metabolites [28].

1.1.3 Effect of phosphate and trace minerals

Phosphate is critical for the biosynthesis of nucleic acids and for energy
metabolism. It also can be used as a buffering agent. However, it has been
found to have a regulatory role in the biosynthesis of many antibiotics
[29]. Phosphate concentrations above 10 mM were found to inhibit the
production of antibiotics. The products regulated by phosphate come from
different chemical groups such as peptide antibiotics, polyene, macrolides,
tetracyclines and complex antibiotics [4]. The mechanism of phosphate
regulation is not fully understood [30]. It has been suggested that the ATP
concentration is the intracellular mediator of the phosphate regulation.
Another suggestion is that adenylate energy charge, i.e., a ratio of ATP+
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0.5 ADP concentration to that of total adenylate phosphates is involved in
the regulation of synthesis. A recent paper describes the role of PhoR-PhoP
in phosphate regulation [30]. Regardless of the mechanism of phosphate
regulation, it is important to be aware of the regulatory role of phosphate
while designing a production medium.

Trace minerals, which are important for microbial nutrition include
magnesium, copper, iron, cobalt, molybdenum, manganese, calcium,
boron, zinc, sulfate and chloride. Some of these can also affect the pro-
duction of antibiotics. Cobalt salts had positive effect on the production
of thienamycin by Streptomyces cattleya (Inamine E 1982. Abst Interscience
Conf Antimicrob Agents Chemother). In the case of synthesis of pneu-
mocandins, addition of Zn**, Co**. Cu** and Ni** generally reduced the
production of pneumocandin B, and affected the product spectrum [27].
So care should be exercised in adding the trace minerals to medium.

1.1.4 Effect of pH and temperature

An example of the effect of pH was described above [26]. Since pH can
affect the metabolism it is not surprising that it is an important variable.
Similarly, temperature also has strong influence on the metabolism and
therefore it too affects the production of the secondary metabolites. Since
both these variables are often optimized in screening or single variable
type of approach they are considered further in the subsequent section.

1.2 Medium development

In this section the approaches used to design an optimized production
medium are described. The first step usually is to study the medium in
which the compound of interest was discovered to look for the clues in
designing a better medium. Next a number of carbon and nitrogen sources,
temperatures and pH values are evaluated. This is normally done with a
‘one variable at a time’ approach; although sometimes statistical methods
such as the Plackett-Burman technique are also used. Once the composi-
tion of the medium is identified it is further improved and optimized with
the use of experiment design based on statistical methods. This approach
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allows testing of multiple variables at the same time. There are many
advantages of this approach, the most important being it saves time and
labor. Secondly, the interaction between various medium components
cannot be detected by the ‘one variable at a time’ approach. For the devel-
opment of the optimum medium it is essential that these interactions are
taken into account.

1.2.1 Screening and ‘one variable at a time’ approach

The initial selection of the carbon and nitrogen source tested is based
either on the clues from the medium used to discover the compound of
interest or by choosing one or two members of each of the various types
mentioned earlier. These are tested one at a time. For example, to design
a medium for the production of rifamycin by Amycolatopsis mediterranei a
number of carbon and nitrogen sources were tested. These included mono-
saccharides, disaccharides, polysaccharides and oils, ammonium salts, soy-
bean meal and peanut meal and other protein hydrolysates. It was found
that glucose and lactose supported the highest yields. However, increase
in their concentration above 25 g/L resulted in decrease in titer. Similarly,
ammonium sulfate and ammonium carbonate were good inorganic nitro-
gen sources and soybean meal and peanut meal were good organic ones.
From the pH and temperature values tried, a pH of 7.2 and temperature
of 28°C were the optimum [31]. During the studies on the medium and
temperature for the production of a novel antifungal agent ascosteroide by
Ascotricha amphitrica, carbon sources tested were mono- and disaccharides,
polyols, whey (crude lactose), choline and ethanolamine. The carbon
sources that supported good yields were glucose, sorbose, glucosamine and
inositol. Glucose was selected for further work due to its cost advantage.
The best titers were seen at a glucose concentration of 30 g/L. Optimum
temperatures were 16°C and 25°C for production in either shake flask or in
termentor, respectively [32]. Another example of this type of approach is
the development of medium for the production of anthracycline by Strep-
tomyces peucetius. Here too, a number of mono- and disaccharides along
with soluble starch were examined in a defined medium. From these, fruc-
tose, maltose, mannose and soluble starch supported high production of
anthracyclin. Glucose was a poor carbon source. From the nitrogen sources
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tried aspargine was the best. Aspartic acid also gave good yields. However,
inorganic nitrogen sources like ammonium salts or nitrites were poor.
Surprisingly, nitrate was a good nitrogen source [33]. Production of anthra-
cyclin was inhibited by inorganic phosphate. In the case if actinorhodin
synthesis by Streptomyces coelicolor, starch up to concentration of 50 g/L,
was found to support good yields. Glutamate was used as nitrogen source.
Phosphate concentrations above 2.5 mM inhibited the synthesis of acti-
norhodin. A complex interaction between nitrogen source and phosphate
was noted [34]. Although it has been observed that glucose usually is not
an ideal carbon source for the production of the secondary metabolites,
there are examples where it can be used. It was reported that production
of novobiocin by Streptomyces niveus was not inhibited by glucose. Inter-
estingly, citrate inhibited the synthesis. In the medium containing both
glucose and citrate, the latter was used first and production began after it
was exhausted. Glucose supported the production [35]. Aharonowitz and
Demain did a careful analysis of the effect of nitrogen source on the produc-
tion of cephalosporin by Streptomyces clavuligerus [36]. Ammonium salts,
nitrates, amino acids and urea were studied for their effect on the growth
and the antibiotic formation both in the presence and in the absence of
glycerol. It was found that amino acids and urea supported good growth
and antibiotic synthesis. The best yields were observed with L-aspargine
as nitrogen source. Good growth was obtained with ammonium salts but
no antibiotic production was seen. Antibiotic synthesis was inhibited by
75% when L-aspargine was supplemented with ammonium chloride. The
examples given above demonstrate the use of screening and ‘one variable
at a time’ approach for carbon and nitrogen sources and phosphate. Some
more examples are listed in references [37-42].

As mentioned earlier, pH and temperature are also important variables
to be considered. James et al. [43] reported on the process development
for the production of granaticin by Streptomyces thermoviolaceus. This cul-
ture is a thermophile and grows in the temperature range 25°-57°C. The
temperature and pH screens showed that 50°C and 7.0 were the optimum
temperature and pH, respectively. Of all the carbon sources tested, it was
found that those which fed into the TCA cycle were better than those
which fed into glycolysis. Another example of optimization of these two
variables was described by Palmer for the production of a phytotoxin,
coronatine [44]. This compound is produced by Pseudomonas syringe. The
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surprising finding was that the optimum temperature was 18°C. Increase
in the temperature reduced the production and reached a minimum at
30°C. The synthesis of this compound was reduced at temperatures below
18°C. There was no significant effect on the growth or the yields in the pH
range of 6.5-7.8. There was reduction of 65% in growth at pH 5.8 but the
specific rate of synthesis was not affected. Osmolarity of the medium, var-
ied by addition of NaCl had a strong negative effect on the yields but not
on the growth. Interestingly, glucose was the best carbon source from the
mono- and disaccharides and polyols tested. Nitrates were better in sup-
porting production than ammonium salts and amino acids. Phosphate did
not inhibit the production. Addition of ferrous salts increased the titer.

1.2.2 Experiment design based on statistics

The following discussion of the empirical techniques used is intended for
understanding the basic statistical approach involved and not as a ‘how
to guide’. There are a number of software packages available for this pur-
pose such as JMPR by SAS Institute. These are relatively easy to use. If such
software is not available and experimenter is not familiar with statistics,
it is recommended that a statistician be consulted before using this meth-
odology.

The most popular technique used for the purpose of studying the joint
effects of several factors is called factorial design. The term, ‘joint factor
effects’, includes both the main effects and the interactions. Since in a
production medium there are interactions between various components
and the exact mechanisms of these interactions are not understood this
method is preferred.

In application of this approach the relationship between the variables
tested and the final result can be written as y = f(e;,¢,,...... g,) + &. Usually
function fis a first-order or second-order polynomial. A graphical repre-
sentation of the solution of this polynomial in three dimension results in
a surface lying above the plane that represents the factors under consider-
ation. This graphical representation has been referred to as ‘response surface’
and this empirical model is called response surface model. If this surface is
viewed from the top and all points, which have the same yield are connected
to produce contour lines of constant response, the resulting figure is called
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‘contour plot’. The response surface and contour plots are extremely useful
for the analysis of the results of a factorial experiment. Therefore, the terms
response surface and factorial design are used to describe this statistical
approach [45]. In the following discussion of these methods, general statis-
tical terms are used since these techniques are applicable to a broad range
of design and optimization problems. In context of medium design and
optimization, medium components or environmental variables are denoted
as ‘factors’ and their concentrations or values are represented as ‘levels’.
Factorial design of k factors each at two levels requires 2 x 2 x....... 2 =2k
observations, it is referred to as 2 factorial design. To distinguish from the
class of fractional factorial designs it is also called 2K full factorial design [46].
A model matrix for 23 design is shown in Table 2. Two key characteristics
of 2k full factorial design are balance and orthogonality; balance indicates
that each factor level appears in the same number of runs and orthogonality
defines that for two factors to be considered orthogonal they must appear
in all their level combinations in the same number of runs. A design is
considered orthogonal if all pairs of factors are orthogonal. The polynomial
generated from this design will show the main effects and the interaction
effects of the variables. The high and the low values of a variable are denoted
by + and - signs. For example, high value of variable A will be represented
as A+ and the low value as A-. Let Z be the average of observations at high
and low values of A. Then the main effects (ME) of A are given by,

ME(A) = Z (A+) - Z (A-)
and the interaction effects of variables A and B [INT(A,B)] are given by,
INT(AB) = (Z(B+Ar) -z (B=IA+) -1z (B+A0)— 2 (B-lA0))
This equation can be generalized for k factors as follows:
INT(Ap,As...... Ay) = % INT(Aq, Ag..... Ap At = (ApAgoneen. A 1Ars)
(The above relationships are from [46])
Fundamental principles for factorial effects are hierarchical, effect spar-

sity and effect heredity. Hierarchical ordering principle can be described
as follows:
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Table 2.
23 Factorial design including all interactions

Factorial Design

Treatment combination | A B C AB AC BC ABC
A + + - - - - + +
B + - + - - + - +
C + - - + + - - +
abc + + + + + + + +
Ab + + + - + - - -
Ac + + - + - + - -
Bc + - + + - - + -
m + - - - + + + -

Reproduced from [45] with the permission from the copyright holder, John Wiley & Sons, Inc.

1. Lower order effects are more likely to be important than higher order
effects
2. Effects of the same order are equally likely to be important

Effect sparsity principle means the number of relatively important effects
in a factorial experiment is small.

The last principle states that in order for an interaction to be significant,
at least one of its parent factors should be significant. These principles are
important to the analysis of the results of a factorial experiment.

In the days prior to the availability of the computational power of
today, the effects of the factors had to be determined by hand. A number
of methods were available to do that. An example described below demon-
strates the use of regression and model matrix to compute the effects. For
factor A in the Table 2 the eight rows can be designated as x,, X5, ...... Xg1
or xil wherei=1...... 8. Linear model is given by:

7
zi =Y, Bixij + e
j=1
In the ith runi=1,....,8 and for j = 1,...,7 the least square estimate of fj

is
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Bj = 1/1-(-D{z(xij=+1)-Z(xij=-1)},

...which is one half of the factorial effect and therefore, each factorial effect
can be obtained by doubling the corresponding regression estimate pj [46].
As mentioned earlier, this type of hand calculations are not needed today.

Two level experiments assume a linear relationship between the levels
of the factor and their effect. Very often it is not true and in order to deter-
mine the curvilinear relation it is necessary to test three levels. This type
of models will be considered later in the chapter.

Since the number of experiments needed to grow exponentially with
addition of new factor to be studied, it is obvious that full factorial design
becomes less feasible. For example with six factors the full factorial design
will require 64 experiments. Only six of the 63 degrees of freedom are used
to estimate the main effects, 15 degrees of freedom are used to estimate
two-factor interactions. The remaining 42 degrees of freedom are associ-
ated with the three-factor and higher interactions. It has been generally
observed that in medium design and optimization the three-factor and
higher interactions are not important, therefore it is not necessary to use
a full factorial design [45]. The information relevant for the purpose can
be obtained by carrying out only a fraction of the full factorial design.
These fractional factorial designs, because of their efficiency, are the most
popular design type used in the industry. These are designated for k fac-
tors and two levels as 25P designs. For example 25! will be one-half facto-
rial, 22 will be one-quarter factorial and so on. There are two concepts,
which are important to know about fractional factorial designs. These are
called ‘aliasing’ and ‘design resolution’. One consequence of choosing to
run only a fraction of the full factorial design is that it is not possible to
separate main effects from some of the interactions. Two or more effects
that have this property are called ‘aliases’. There are techniques available
for resolving the aliases. The definition ‘design resolution’ is based on the
extent of aliasing. These definitions are listed below.

Resolution III Design: No main effects aliased with each other but
main effects are aliased with two-factor interactions and two-factor inter-
actions may be aliased with each other.

Resolution IV Design: No main effects aliased with each other or with
two-factor interactions, but two-factor interactions are aliased with each
other.
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Table 3.
231 Factorial design (One-half factorial)

2" 1-n8C 2 1-_nBC
Run A B C=+AB A B C=-AB
1 - - + - - -
2 + - - + - +
3 - + - - + +
4 + + + + + -

Reproduced from [45] with the permission from the copyright holder, John Wiley & Sons, Inc.

Resolution V Design: No main effects or two-factor interactions are
aliased with any other main effect or two-factor interactions but two-factor
interactions are aliased with three-factor interactions.

In general, the designs which have the highest level of resolution are
preferred. The higher the resolution, the less restrictive the assumptions
that are required regarding which interactions are negligible to obtain a
unique interpretation of the data.

An example of one-half factorial is shown in Table 3. These one-half
tfactorial designs were prepared by choosing the treatment combinations,
which have pluses in ABC column. Thus ABC is called the ‘generator’ of
this particular fraction. It is sometimes referred to as a ‘word’. Furthermore,
the identity column I is always plus therefore, I = ABC and which is called
the defining relation of the design. One-half fraction, which is defined
by I = ABC is called the ‘principal fraction’ and remainder is referred to as
‘alternate’ or ‘complimentary’ fraction [435].

As mentioned above both response surface and contour plots are impor-
tant tools for analysis of the data obtained in a factorial experiment. The
properties needed to fit a second-order response surface are:

i. at least three levels of each design variable
ii. at least 1 + 2k + k(k-1)/2 distinct data points

All designs commonly used have these properties [45, 46].
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1.2.3 Commonly used designs

1.2.3.1 Central Composite Design (CCD)

This design is by far the most popular second-order design used for process
optimization [47]. In this type of design two level factorial or fractional
factorial (resolution V) is combined with 2k axial or star points and n_
central points. The resolution V design contribute to estimation of linear
terms and two-factor interactions; axial points contribute to estimation of
quadratic terms and central points provide the estimation of pure error and
contribute towards the estimation of quadratic terms. Selection of a, the
axial distance, and n_ allow flexibility in this design. The axial distance is
selected based on the nature of the design region, whether it is spherical or
cuboidal. In spherical region o is Vk and in cuboid region it is 1. In spherical
region it is most effective to use three to five center runs (n_). On the other
hand, in cuboidal region one to two center runs are adequate. In cuboidal
design the axial points are on the center of the faces and hence it is often
referred to as face-centered cube (FCC) [46]. For actual construction and
analysis of this type of design see [45-47].

1.2.3.2 Simplex design

Regular simplex is a first order design, wherein minimum number of exper-
imental points (in any number of dimensions) are called for; for example,
in k dimensions it requires (k+1) points [48]. In two dimensions the regular
simplex is an equilateral triangle; in three dimensions it is a tetrahedron
and so on. The design is both efficient and ‘rotatable’. It has been shown
that this design without replication is optimal for the estimation of slope
in the presence of error. For the present purpose of optimization however,
the additional (and unique) attraction is that it is possible by adding just
one further point to complete a new simplex on the face of the original
simplex design. Thus to the question ‘where to move’, the answer is ‘into
an adjacent simplex’. Only one further observation is needed to complete
this new simplex and enable the experimenter to ask that question once
more. It may be shown that the direction of the steepest ascent estimated
from observations at the vertices of regular simplex will proceed from the
center of simplex through that face of the simplex, which is opposite to
(does not contain) the point corresponding to the lowest observation.
More generally, for a simplex S, with vertices v, v,,......... Vi, and center
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¢, it is possible to construct a new simplex S, with center ¢, which has k
vertices vy, V,,.....V, 4, , V,q,.....V,; in common with §; and is completed
by adding v;. To find any new coordinate v_we take twice the average of
the corresponding coordinates for the common vertices, v, v,,.....v, ,, ,
V.1 and subtract the coordinate v,. In vector notation it is:

*

It is important to note that the path taken by a simplex design will turn
around the optimum and no more improvement in the results can be seen.
To define the optimum more precisely, a second series of simplex experi-
ments can be undertaken where the size of the change in the level of a
factor is reduced compared to the first series [1].

1.2.3.3 Plackett—Burman design

Often it is not possible to do the number of experimental runs as required
even by fractional factorial design and at such times different types of
designs are required. The factorial designs in which it is possible to esti-
mate any two factorial effects independently of each other or they are fully
aliased, is referred to as ‘regular design’. The designs, which do not possess
this property, are called ‘non-regular designs’. As mentioned above these
designs are used for the reasons of run size economy or flexibility. The
non-regular designs not only require fewer runs but can also accommodate
various combinations of factors with different number of levels [45]. These
designs are built from orthogonal arrays. Plackett and Burman described a
large collection of this type of array [49]. These are denoted as OA(N,271),
where N = number of runs and k = N-1 variables. Other characteristics of
N are that it is a multiple of 4 but not a power of 2. Therefore, the smallest
design is N=12. Some of the other designs commonly used consist of N=20,
24 and 28 [46]. In the early phase of medium development a number of
ingredients are tested or screened for their usefulness. Plackett-Burman
designs are very suitable for this purpose. In a 12 run experiment, the first
seven columns of the array represent seven medium components and the
last four are dummy variables. The dummy variables are used to measure
the error in the experiment, which is then used to determine the signifi-
cance of the effect of any of the variables tested. Table 4 shows the first
row of Plackett-Burman designs for 12, 20 and 28 runs. In this table + and
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Table 4.
First row of the Plackett-Burman arrays

N Vectors

12 ++ -+ttt

20 +t——ttt -t —F————++—

24 +H+t+ ettt ——tF———+————

—signs are used to denote high and low levels of the variables, respectively.
From this first row the rest of the rows are generated by moving the previ-
ous row to the right. For example to generate the second row the last entry
in the first row is placed in the first column of the second row and all other
entries in the first column are moved one position to the right. The third
row is generated from the second row in the same manner [49]. This design
has been very useful in rapidly screening a large number of variables.

1.2.3.4 Box—Behnken design

Medium development and optimization for the production of fermenta-
tion products involves studying quantitative variables and this design
was developed specifically for such purpose [50]. It is a class of three level
incomplete factorial designs useful for estimating the coefficients in a sec-
ond degree polynomial. As described by the authors their aim was, where
possible, to generate second order rotatable designs. To do so three levels
taken by the variables x,, x,,.....,x, are coded -1, 0 and +1 and it is assumed
that the second degree graduating polynomial is fitted by the method of
least squares

A K
y= b0+z Bixi +

i=1 i

k k
Pijxixj
=1 j=1

]

A second order rotatable design is such that the variance of )/> is constant
for all points equidistant from the center of the design. A balanced incom-
plete block design for four variables and three levels in six blocks is given
in Table 5. This balanced incomplete block design is then combined with
2 levels and 2 factors (22). Two asterisks in the rows of Table 5 are replaced
with the two columns of 22 factorial design. The blank spaces are replaced
with zeros. The design is completed with the addition of center points (0,
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Table 5.
A balanced incomplete block design for four variables in six blocks

X4 X, X3 Xy
1 * *
2 * *
3 * *
4 * *
5 * *
6 * *

Reproduced from [50] with permission from copyright holder, American Statistical Association.

0, 0, 0). For the design described here three rows of center points will be
desirable. In general, three to five center runs are recommended for this
type of design.

One of the characteristics of this design is that it is spherical. It can be
imagined that for three variables, all experimental points fall at the center
of edges of a cube. The Box-Behnken design is comparable to the central
composite design in the number of runs required. For example for three
variables the former design will contain 12 + n_runs and the latter will have
14 +n_runs. Both the Box-Behnken and the central composite designs are
popular with experimenters. One of the reasons for their popularity is the
run size, which is large enough to provide a comfortable margin for lack of
fit but not so large as to involve wasted degrees of freedom or unnecessary
experimental expense [435].

The designs described here are not the only ones used but are those
which are used more often. There are new approaches that are being tried
such as ‘fuzzy logic’ and ‘artificial neural network’. Those interested in
these are recommended to refer to references [51-55].

1.3 Some examples
A complete factorial design was used to study the effect of glucose as the

carbon source and monosodium glutamate as the nitrogen source on the
production of the red pigments by Monoascus ruber in synthetic medium.
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Optimum concentrations of glucose and monosodium glutamate were
found to be 26 g/L and S g/L, respectively [56].

Roseiro et al. used Plackett-Burman design to screen the medium con-
stituents in the studies on medium development for xanthan production
[57]. Carbon source (glucose) and nitrogen source (ammonium sulfate)
were found to be critical variables. Response surface design showed that
the C/N ratio of 23 was optimum. In addition, calcium carbonate and
potassium phosphate (monobasic) were found to be important factors,
probably because of their role in pH modulation.

An interesting example of use of factorial design is the development of
a medium based on sugarcane juice for increasing the production of astax-
anthine [58]. In the first round of study, the variables were the concentra-
tions of sugarcane juice, peptone and ammonium phosphate (monobasic).
The design used was central composite. The yield was increased by 23%
but the specific productivity was decreased by 16%. In the second round,
oxygen transfer rate, agitation and pH were studied. This resulted in spe-
cific production of 418 ug astaxanthin/g of yeast and the overall increase
in production to 2 mg/L.

The central composite design was used to develop an industrial medium
for the improved production of carotenoids by a mutant strain of Phaffia
rhodozyma [59]. The concentrations of corn starch hydrolysate and corn
steep liquor were the variables tested. The optimized medium was sup-
plemented with urea and potassium phosphate (monobasic). The use of
supplemented optimized medium in fed-batch fermentation gave a yield
of 52 mg/L.

Dasu and Pande [60] used central composite design for the optimization
of microbiological parameters for enhanced production of griseofulvin.
The culture used was Penicillium griseofulvin MTCC 1898 and Penicillium
griseofulvum MTCC 2004. The variables tested were slant age, seed age and
inoculum level. The optimum values of three variables studied for MTCC
1898, were 9 days, 4 days and 10%, respectively, and those for MTCC 2004
were 8 days, 3 days and 9%, respectively. The titer with both strains under
optimum conditions was 0.4 g/L.

A similar strategy was also used to develop a medium for the production
of riboflavin by Ermothecium ashbyii. For the design of the initial screening
experiments, Plackett-Burman methodology was used. The results showed
that magnesium sulfate and sodium chloride had a significant effect on
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the yield. The production medium was optimized with the use of central
composite design. The optimum medium contained molasses 50 g/L (glu-
cose equivalent); sesame seed cake 50 g/L; yeast extract 2 g/L; potassium
phosphate (monobasic) 2 g/L; magnesium sulfate 0.117 g/L and sodium
chloride 1.13 g/L [61].

The results reported by Wang et al. [62] are noteworthy because they
optimized a solid production medium with Box-Behnken design and
response surface methodology. All the examples given so far involved the
use of liquid media. They optimized concentrations of carbon source and
nitrogen source for modulating the ratios between monocolin K, y-amino-
butyric acid and citrinin produced by Monoascus purpureus.

Another type of fractional factorial, Box-Wilson design, and response
surface methodology was used to optimize the concentration of glucose
and yeast extract for the production of compactin by Penicillium sp. [63].

These examples illustrate the use of statistical experimental design
methods to develop media for the production of secondary metabolites.
More examples of the use of these methodologies are given in reference
[52].

2  Engineering aspects

So far the discussion of process development has been focused on the work
done in small scale systems such as shake flasks, culture tubes or deep-well
plates. At this scale the engineering aspects are not relevant. However, once
the process is optimized, it has to be scaled up to larger sizes. Secondly, at
the larger scale the process is run in fermentors. As a result, a number of
new engineering variables have to be considered. These include aeration,
agitation (mixing), rheological nature of the fermentation broth, heat
transfer and sterilization of the medium. It is important to recognize that
each of these variables affects the others.

2.1 Aeration and agitation
For an aerobic process, i.e., the producing microorganism requires oxygen

for growth, it is necessary to supply adequate oxygen. The relationship
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between the oxygen transfer rate (OTR) and the physical parameters is
given by the following equation

OTR = K,.a (C* - C)

where K, =liquid film mass transfer coefficient, a = interfacial area between
gas phase and liquid phase, C* = saturation concentration of oxygen in
liquid, C = Concentration of oxygen in liquid.

This equation indicates that in order to improve the transfer rate, it is
necessary to increase the values of K|, a and C*.

In fermentors, the air is sparged at the bottom of the tank and the air
bubbles rise to the top. As they travel up, they are sheared by multiple
impellers. This results in the generation of smaller bubbles. Thus it can
be seen that aeration and agitation are critical for assuring adequate sup-
ply of oxygen to the growing culture. In addition to shearing air bubbles,
agitation is necessary to keep the fermentation broth well mixed in order
to avoid any local limitations of oxygen or any medium ingredient. Both
these requirements have to be considered in impeller design. It has been
recognized that biggest resistance to oxygen transfer from air to liquid
medium is that of the liquid film. It was found that K, .a is affected by
many operating variables. Earliest report on this was by Cooper and his
co-workers [64]. They showed that for vaned disk impeller, volumetric
mass transfer coefficient (K,) was correlated with the unit power input
(P,) and superficial gas velocity (V) as shown by the following two equa-
tions.

K, =k P,0% and K, = k'V 067

where k and k’ are constants.

In addition to the relationship shown above, subsequent studies have
shown it to be proportional to impeller tip speed [65] and to apparent vis-
cosity in non-Newtonian fermentation broths [66]. As indicated by these
equations increase in the power input and in superficial velocity were
necessary to obtain higher K; .a.

However, there is a limit to the increase in power input and in super-
ficial velocity. So the attention was turned to the redesign of the impel-
lers and the fermentors. The most common impeller type was Rushton
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turbine. Based on the flow pattern it is classified as radial flow turbine.
It was capable of high shear but did not have the high pumping capacity
needed. Multiple Rushton turbine impellers were the design of choice for
fermentors from the early 1950s to the early 1980s [67]. Currently agita-
tors with other design types are available. The biggest design change has
been the development of axial flow hydrofoil impellers. These offer better
performance over the Rushton impellers for large-scale viscous, myce-
lial fermentations. The specific advantages of this type of impellers are:
improved oxygen transfer per unit power; lower maximum shear rates and
improved bulk mixing resulting in elimination of compartmentalization
of flow obtained by multiple radial flow impellers, better control of pH,
elimination of local nutrient limitation and hot spots [67].

Consideration of geometry is also important to obtain better oxygen
transfer. The relationship between the diameter of the tank and that of
impeller (D/T) can modulates the efficiency of aeration. The optimum
value of D/T is affected by the aeration rate and the mixer power input.
Placement of impeller in the tank has relatively low impact on K;.a [68].

With the advent of sterilizable dissolved oxygen (DO) probes, it became
possible to measure that parameter during fermentation. It was noted in
many processes that there was a critical concentration of (DO), below
which the production was adversely affected. Therefore, it is imperative
to maintain it above the critical level for the duration of the run. As men-
tioned earlier, due to the limitations of power input, the power per unit
volume decreases with the scale and as a result the mixing time increases
with the fermentor volume. The longer mixing times in large fermentors
cause DO concentration gradients. Therefore, location of the DO probe has
to be determined carefully.

As mentioned earlier there is a limit to increase in power input and in
superficial velocity of air. In such cases, either the back-pressure can be
increased or the air stream can be enriched with oxygen. Both methods
increase C* and thereby enhance the driving force for OTR. It is a common
practice to operate the fermentors with back-pressure.

Just as the concentration of dissolved oxygen is critical to obtain high
yields so is that of carbon dioxide. It is highly soluble in aqueous media
and has an effect on its pH. It can also inhibit the production. Therefore,
the above-mentioned variables also have to be optimized/controlled to
efficiently strip carbon dioxide from the medium.
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There is a vast amount of literature on the topic of aeration and agita-
tion and it is not possible to review it in depth in this chapter. However,
the information provided in this section should help in appreciating their
importance.

2.2 Rheology of fermentation broths

Microorganisms belonging to different classes such as unicellular bacteria,
actinomycetes, yeast and molds have been used for the production of
metabolites. However, the majority of the useful compounds are produced
either by actinomycetes or by fungi. Both these types of organisms grow in
mycelial form, i.e., the ratio of length to diameter is very high. The fermen-
tation broths containing mycelium are, even at low solids concentration,
of non-Newtonian characteristics [69]. The rheological properties of the
fermentation broths significantly affect efficiency of aeration, agitation
and mixing. In viscous broth significant gradients of DO, nutrients, pH
and temperature are observed. These often adversely affect the yield of the
desired product. Furthermore, the broth viscosity is affected by the culture
morphology, which in turn changes with the age of the fermentation.
Therefore, it is very important to study this parameter during the devel-
opment of fermentation process. Excellent analysis of the effects of broth
rheology was done by Roels et al. [69] and by Blanch and Bhavaraju [66].
Newton’s law defining the viscosity u, is shown below

T=-uA
where u is a constant, <t is shear stress and Ais stretching tensor.
However, there are cases where the viscosity is not a constant, i.e.,
where the fluids do not obey Newton'’s law, the relationship is:
=i
where m is apparent viscometric viscosity. These type of fluids are called
non-Newtonian in character. This class of fluids is divided into, 1) time-

independent fluids, 2) time-dependent fluids and 3) viscoelastic fluids.
The first sub-class is further divided into dilatant and pseudoplastic fluids.
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Many fermentation broths exhibit pseudoplastic behavior [66]. A number
of models have been proposed to correlate shear stress with shear rate.
Some of these are the power law model, Bingham model and Casson
model. A number of studies on the rheological behavior of mycelial broths
have been reported. Deindorfer and Gaden showed that P. chrysogenum
broth behavior could be described by the Bingham model [70]. Deindorfer
and West noted that the data from the same fungus could be better fitted
to power law equation [71]. Whereas, Roels et al. found that their results
from P. chrysogenum fermentation could be better modeled by Casson equa-
tion [69]. The usefulness of these models is that they allow prediction of
rheological behavior of the broths in the early stage of process develop-
ment, which is important from an engineering point of view and assist in
selection of strains more amenable to scale-up [66].

It was mentioned earlier that the morphology of microorganism affects
the rheology of the broth. In general, shorter mycelial length results in
lower viscosity. Fungi can grow as pellets. However, as in the case of myce-
lial growth, that in the form of pellets also has its drawbacks. These are
- slower growth, lower reproducibility and potential for DO limitation. It
is also difficult to get good samples because the pellets settle quickly [72].
In spite of these shortcomings, often the change over from mycelium to
pellets is preferred since it results in lower viscosity and thus decreases the
power required for good mixing and oxygen transfer. Pellet characteris-
tics can be influenced by inoculum concentration and its morphological
characteristics, trace elements in the medium, polymer additives to the
medium and agitation (shear sensitivity of the culture). Those interested
in more information are directed to Junker et al., which lists a number of
references on this topic [72].

Sometimes it is not possible to reduce the broth viscosity by controlling
the morphology of the culture. In such cases the broth is diluted with water.
This simple and practical technique reduces the viscosity significantly. It
was found that a 10% dilution resulted in 50% drop in viscosity [73].

2.3 Sterilization of medium
In the laboratory the medium is sterilized by autoclaving, usually at

121°C, which is a batch process. The time required to come up to the
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sterilization temperature and cool down to operating temperature is
relatively short and does not significantly affect yield. But at the higher
scale these are significantly longer and lead to the destruction of tem-
perature sensitive medium constituents and increased levels of undesir-
able reactions between the medium components, such as those between
the reducing sugars and the free amino groups. To avoid these problems
continuous sterilization also called high temperature short time steril-
ization (HTST), is preferred over the batch type. As the name suggests
the medium is rapidly heated to the desired high temperature (140°C or
above) by pumping the medium through a heat exchanger or by steam
injection. If the latter approach is used it is important to correct for the
dilution of the medium caused by the condensation of steam. The heated
medium is held at the sterilization temperature for the desired time and
cooled down quickly in a heat exchanger. To make the process economi-
cally efficient the heat is recovered in the cooling stage by preheating the
incoming medium.

The rationale for the use of HTST process can be explained based on the
Arrhenius equation given below.

In K=C-E/RT

where T is temperature, C is constant, E is activation energy and R is
Boltzman'’s constant. The activation energy for killing of spores is in the
range of 50-100 kcals/mole and that for the destruction temperature sen-
sitive medium components is in the range of 10-30 kcals/mole. It can be
seen from the application of Arrhenius equation that at high temperatures
there will be less loss of sensitive medium components [74].

2.4 Heat transfer

Removal of heat generated by metabolic activity is a serious problem in
large vessels. The present design of jacketed fermentors limit the surface
area available for the transfer of heat from the medium to the cooling
water. A number of other designs such as hollow baffles have been used
to increase the surface area. In the geographic areas where cooling water
temperatures in summer can be high, severe heat transfer problems are
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encountered. Therefore, it is important to measure the heat load at the
pilot plant level so adjustments can be made to the medium to reduce the
peak rate of metabolism at the production scale.

2.5 Process control

Initially, the process variables, which were monitored, were temperature
and pH. Later dissolved oxygen probe became available. Analysis of exhaust
gases became possible with the development of mass spectrometers for this
purpose. With the advent of computers it was possible to complete the
loop and control the process based on the real time values of the variables
to maintain them in the optimum range. It became possible to use differ-
ent strategies such as cascade control to keep dissolved oxygen above the
critical value. This can be done by controlling two variables, namely the
rate of aeration and that of agitation. This is very useful when the produc-
ing culture is shear sensitive. The rate of agitation can be increased up
to a point above which shear will damage the culture. If needed, further
improvement in OTR can be obtained by increasing the airflow or increas-
ing the back-pressure or both.

The pH is controlled by the addition of acid or base. It is important to
pay attention to the location of the pH probe and the addition tube(s). The
probe should be placed in the well-mixed region of the tank. If either the
acid or the base is added on the top surface of the medium, where bulk
mixing is the worst in the tank, they will be dispersed slowly. This will
result in local pH gradients and may have deleterious effect on the product
formation. The addition point should be near one of the impellers so the
acid or base can be dispersed quickly [74]. Sometimes ammonia gas mixed
with incoming air is used to control pH. It is important to note that it can
change the C/N ratio of the medium and may have detrimental effect on
the yields.

Exhaust gas analysis allows real time determination of the metabolism.
The concentrations of carbon dioxide, oxygen and nitrogen in the exhaust
gas can be accurately measured. This information can be directly fed to a
computer to determine a number of critical parameters, such as carbon
dioxide evolution rate, oxygen uptake rate, respiratory quotient, dry cell
weight, and specific growth rate [75]. These parameters can be used to
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initiate/control of nutrient feeding, adjustment of batch temperature and
control aeration and agitation.

More information on process control and use of computers is available
in the reference numbers [76-78].

2.6 Process models

The aim of modeling fermentation processes is to assist in process design
and control. Microbial metabolism is complex and it is not possible to
understand it fully at any given time in the fermentation process. These
models try to mathematically correlate critical aspects of the metabolism
with the desired final outcome. The approach used is to express fermenta-
tion kinetics in different system levels. They are, 1) molecular or enzyme
level, 2) macromolecular or cellular component level, 3) cellular level and
4) population level [79]. Simplest of the models described the relationships
between growth of the cell and limiting substrate concentration, as postu-
lated by Monod.

dx s

dt Homax XKs+S

where, X is the cell concentration, S is the limiting substrate concentration,
tis time, u_, is the maximum growth rate and Ks is substrate coefficient.
The production of the compound of interest may be growth associated

or non-growth associated or both. For growth associated product the rela-
tionship is shown below

dP dX

—_— = a N

dt dt

where, P is concentration of the product. Analogous to specific growth rate
designated by u, specific production rate is designated by q and is defined
as:

_ar
1= xar

In the cases where the product formation is function of cell concentration
the relationship can be expressed as:
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dP
ar X

where § is specific rate constant and has units of gm P/gm X-time
Luedeking and Piret modeled lactic acid production by combining the
two equations [80].

% =0 Z—f + BX

The models got more sophisticated and complex as more computational
power became available. For example Heijnen and co-workers described a
model for penicillin fermentation where an elemental balancing method
was used. It involved solving seven equations, which show balancing of
carbon, hydrogen, nitrogen, oxygen, sulfur, phosphorus and enthalpy
[81]. A kinetic model to describe the cephalosporin biosynthesis in Strepto-
myces clavuligerus was developed by Malmberg and Hu [82]. In this model
rates of change of the intermediates catalyzed by five enzymes - ACV
synthetase, cyclase, epimerase, expandase and hydrolase — were denoted
by five differential equations. The equations correlated the rates of change
in the concentrations of intermediates with rates of reaction catalyzed by
the five enzymes. The rates of reactions, V; (i=1, 2,...5) were characterized
by Michaelis-Menten equation. These rate equations are non-linear and
solved numerically. The computer simulation showed a good agreement
with the experimental results. The usefulness of the model to guide meta-
bolic engineering to increase the yield was shown.

The new approaches to optimize the process such as artificial neural
network and fuzzy logic are also being used to model and optimize fermen-
tation processes [51-55, 83, 84].

2.7 Antifoaming agents

Foaming is not a serious problem in laboratory scale processes but in fer-
mentors it is. To control it a number of antifoaming agents are used. These
include polyglycols, e.g., P-2000 and silicone antifoams like Dow Corning
1520. In general, addition of antifoams reduced OTR. The reasons for this
are considered to be reduction of K; [85] by suppression of mobility of
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Table 6.
List of antifoam agents

Antifoam agent Producer/Provider

P-2000 Dow Chemicals, Midland, Ml
SAG 471 Union Carbide, (Dow Chemicals) Midland, Ml
Ucon LB625 Dow Chemicals, Midland Ml
P-4000 Dow Chemicals, Midland Ml
Mazu DF204 PPG Industries Pittsburgh, PA
P-1200 Dow Chemicals, Midland Ml
Silicone oil Dow Corning Midland, MI
Hodag FD62 Lambert Technologies Gurnee, IL
P-200 Dow Chemicals, Midland Ml
Hodag FD82 Lambert Technologies Gurnee, IL
Chemax DF30 PCC Chemax Piedmont, S. C.

the surface, and increase in bubble coalescence leading to reduction of
interfacial area a [86]. Lowering of mass transfer was also reported by Yagi
and Yoshida [87]. However, the observed effect on the OTR was smaller,
which could have been due to the lower concentration of antifoam used.
While these data were obtained in bubble reactors, reduction in OTR was
also noted in stirred tanks [88, 89]. Some commonly used antifoam agents
are listed in Table 6.

Fermentation processes can be operated in batch, fed-batch or continu-
ous manner, fed-batch mode being the most common. More information
on this type of processes can be found in a review by Whitaker [90].

2.8 Some examples

The examples listed below illustrate some of the engineering aspects
described in the previous sections.

Vardar-Sukan reviewed the relationship between the operating variables
and oxygen mass transfer [91, 92]. He noted that the mass transfer rate is
affected by airflow rate, solubility of oxygen in medium, temperature, dis-
solved solids, surface active agents, oxygen partial pressure and rheological
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properties of broth. The results were similar to those described above. The
design variables identified were sparger design, impeller geometry, power
input, vessel geometry and operating liquid volume.

Cho and his co-workers noted the effect aeration rate at a constant agi-
tation rate of 150 rpm on the production of red pigment by Paecilomyces
sinclairii in sucrose medium [93]. They found that the highest yields were
obtained at the aeration rate of 3.5 volumes per volume per minute (vvm).
However, best growth was seen at 1.5 vvm.

Makagiansar et al. studied the effect of agitation on the mean hyphal
length of Penicillium chrysogenum. They found that the mean hyphal length
did not correlate well with the tip speed but with the circulation frequency
and energy dissipation around the impeller. A good correlation between
the mean hyphal length and penicillin production with power dissipation
function was obtained [94].

Interestingly, it was found that in the case of production of tocamycin
(nucleoside antibiotic) by Streptomyces chrestomyceticus, the tip velocity was
a critical variable [95]. This culture was shear sensitive and it was essential
to reduce the tip velocity to 275 cm/sec after 20 h of cultivation irrespec-
tive of the size of the fermentor.

The effect of tip velocity is complex. Heydarian and co-workers noted
that the increase in the tip velocity reduced the growth but had little effect
on erythromycin production by Saccharopolyspora erythrea in the range of
350-1,000 rpm. However, it decreased by 10% at 1,250 rpm [96].

Dissolved oxygen concentration was mentioned above as an important
variable. It was found that the yield of ascosteroid, a novel antifungal agent
produced by Ascotricha amphitrica, was sensitive to the concentration of
dissolved oxygen. The optimum level was 40% and any increase above that
obtained by either increasing the agitation or the rate of aeration reduced
the production [97].

Vardar and Lilly studied the effect of dissolved oxygen on product for-
mation in penicillin fermentation. They noted that concentration below
30% sharply lowered the specific rate of production and no production
was seen below 10% [98].

Cephamycin C synthesis by Streptomyces clavuligerus did not begin until
the growth stopped and the dissolved oxygen concentration increased to
50%, which had dropped to 0 during the growth. If the concentration was
maintained throughout the run at either 50% or 100% by feeding pure
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oxygen, the production was initiated 10 h earlier and resulted in higher
specific rate of production as well as higher yields. Under these conditions
the rate of agitation did not have any effect on the specific rate of the volu-
metric productivity. These results indicated that mass transfer coefficient
was not critical for production [99].

Zhou et al. noted that the production of Cephalosporin C by Cephalo-
sporium acremonium was reduced at dissolved oxygen concentration below
20% and that of penicillin N was increased [100].

Similarly, in the case of bacitracin production by Bacillus licheniformis
enrichment with oxygen increased the yield [101].

In general, increased dissolved oxygen concentration enhances produc-
tion. However there are some exceptions. It was reported by Vandamme
et al. that gramicidin S production by Bacillus brevis was reduced at higher
dissolved oxygen concentrations [102].

An interesting effect of oxygen transfer rate on the ratio of red pigment
and citrinin produced by Monascus ruber was seen. When oxygen transfer
rate was increased either by increasing aeration or agitation, the produc-
tion of citrinin was enhanced and that of the red pigment was reduced.
Therefore, low transfer rate was optimum for higher ratio between the red
pigment and citrinin [103].

As mentioned above, sterilization is an important variable at higher
scale. This was demonstrated by Jain and Buckland during their studies
on the scale-up of antibiotic efrotomycin. It was found that it was critical
to sterilize glucose with the rest of the medium to obtain the optimum
metabolism required for the synthesis of efrotomycin. If glucose was steril-
ized separately, the metabolism was shifted to rapid use of glucose in the
medium and cessation of growth. Soybean oil, which is the main carbon
source for the production, was not used and very low yield of the antibiotic
was obtained [104].

The examples given above hopefully introduce the readers to the
effects of various engineering aspects of microbial processes mentioned.
No attempt has been made to be comprehensive as it is beyond the scope
of this chapter.
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3 Summary

The goal of this chapter was to introduce the readers to nutritional and
engineering aspects of microbial process development. It was shown that
carbon and nitrogen sources regulate the production of secondary metabo-
lites and that significantly affects the choice of these two major constitu-
ents of the medium. Phosphate also plays a regulatory role. The yields
and the spectrum of the compounds produced are sensitive to the trace
nutrients. The awareness of these influences is critical for the success of
medium design and optimization. The media can be developed using
either one variable at a time method or with experimental design based
on the statistics. The latter approach is preferred because it is economical,
faster and takes into account interactions between medium components.
Temperature and pH are important environmental variables and need to
be studied for the optimization of the process. The scale-up of the process
requires consideration of engineering variables such as, aeration, agita-
tion, medium sterilization and heat transfer to mention a few. With the
development of sensors to monitor the process parameters and that of the
computers, it has become possible to control the fermentations to obtain
the best results. The discussion in this chapter was organized to introduce
the reader to the basic principles first followed by illustration with appro-
priate examples. It is hoped that the readers find this approach informative
and useful.
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Natural products from plant cell cultures

Abstract

Plants produce complex small molecules — natural products — that exhibit anticancer, anti-
malarial and antimicrobial activity. These molecules play a key role in human medicine.
However, plants typically produce these compounds in low quantities, and harvesting plant
natural products is frequently expensive, time-consuming and environmentally damaging.
Plant cell culture provides a renewable, easily scalable source of plant material. In this chapter
we discuss the successes and pitfalls associated with natural product production in plant cell
cultures.

1 Introduction

Plants are an important source of natural products; these complex, higher
eukaryotes make many compounds that are not found in bacteria and
fungi. Notably, plants are immobile and interact with their environment
largely via the release of complex small molecules. This evolutionary pres-
sure has resulted in the production of an extraordinarily diverse array
of natural products by plants. Approximately 100,000 compounds from
plants have been reported, with thousands more being discovered each
year [1]. Terpene-derived compounds form the largest class of plant-derived
natural products, with compounds in the alkaloid natural product class
following at a close second [2]. Approximately 10% of all drugs considered
to be ‘basic and essential’ by the WHO are isolated from plants [3]. A small
selection of plant-derived drugs is shown in Figure 1.

Many natural products are isolated from wild plants, and harvesting
of these molecules often has a significant, negative impact on the envi-
ronment. Although some medicinal plants can be farmed - for example,
Hypericum perforatum, which produces the herbal antidepressant St. Johns
Wort — many medicinally important plants cannot be grown under con-
trolled farming conditions [4]. A particularly compelling example is illus-
trated in the discovery of the anticancer agent Taxol that is isolated from
the yew tree, as discussed in Section 3.

Plant cell culture has the potential to greatly expedite the production
of natural products in a controlled environment. Controlled fermentation
conditions avoid the variations in growing conditions that invariably occur
with plants grown in the wild, such as differences in soil composition and
attack by pathogens. Importantly, cell culture provides a renewable source
of natural products, as plant cell culture can be produced and harvested
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vinblastine

quinine

Figure 1
Representative pharmaceuticals found in plants

year round without damage to the environment. Plant cell culture was
initiated in the 1930s [5, 6], and serious efforts to use plant cell culture
as to produce natural products began in the 1970s [7]. These early studies
unequivocally established that plant cell cultures produce many natural
products; in modern research efforts, the practicality of natural product
production in plant cells continues to be assessed [8].

Unfortunately, many pharmaceutically important plant natural prod-
ucts are not produced in cell culture. Biosynthesis of certain compounds
requires the cellular differentiation that is not found in a homogenous cell
culture. For example, the bis-indole alkaloid anticancer agent vinblastine
from periwinkle has not been cultured in dedifferentiated cell cultures,
because several of the biosynthetic genes are only expressed in epidermal
cells of the whole plant [9]. Additionally, expression of natural products
in cell cultures is often not stable over years of subculture. Certain plant
extracts that contain complex mixtures of many products, such as Ginkgo
biloba, are used medicinally. However, the relative ratios of the various
compounds are often different in cell culture than they are in the plant
[10]. From an engineering perspective, culturing of plant cells on a large
scale presents technical challenges; the slow growing cells are susceptible
to microbial contamination and are sensitive to mechanical stresses as
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Table 1

Natural products from plant cell cultures

Plant cell cultures used in industry (Adapted from reference [16])

Cell culture Product Function Manufacturer
Duboisia Scopolamine Anticholinergicum  Sumitomo Chemical
Industries (Japan)
Podophyllum Podophyllotoxin ~ Antitumor Nippon Oil (Japan)
Coptis japonica Berberines Antitumor Mitsui Petrochemical
Thalictrum minus Industries (Japan)
Taxus Paclitaxel Antitumor ESCAgenetics (USA),

Coleus blumei
Panax ginseng

Echinacea purpurea
Echinacea augustifolia

Lithospermum erythrorhizon
Geramineae

Catharanthus roseus

Carthamus tinctorius
Vanilla planifolia

Beta vulgaris

Euphorbia milli
Aralia cordata

Rosmarinic acid
Ginseng biomass

Echinaceae

Shikonin

Geraniol

Arbtin

Carthamin
Vanillin

Betacyanins

Anthocyanins

Anti-inflammatory
Dietary supplement
Immunostimulant
Pigment

Antibiotic

Essential oil

Pigment

Pigment
Flavor

Color

Dye, color

Phyton Catalytic (USA/
Germany) Nippon Oil
(Japan)

Nattermann (Germany)
Nitto Denko (Japan)

Diversa (Germany)

Mitsui Petrochemical
Industries (Japan)

Mitsui Petrochemical
Industries (Japan)

Mitsui Petrochemical
Industries (Japan)

Kibun (Japan)
ESCAgenetics (USA)

Nippon Shinyaku
(Japan)
Nippon Paint (Japan)

described in Section 2. Nevertheless, despite these challenges, a number of
compounds have been successfully produced on an industrial scale using
plant cell culture, as summarized in Table 1.

This chapter aims to give a brief background of the types of plant cell
culture, the technology used to culture these cells, and a discussion of
some of the genetic tools used to facilitate metabolic engineering in these
cells. We then present a series of short sections that describe the biosynthe-
sis of specific natural products in more detail. A comprehensive description
of all natural products produced in plant cell culture is beyond the scope of
this chapter. Instead, we selected compounds that are clinically relevant in
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modern medicine, have been subjected to extensive optimization in plant
cell culture and which also represent the vast structural variety of com-
pounds that are found in plants. Plant natural products associated with
herbal medicine, or that are used as pigments or dyes are not discussed in
detail. Furthermore, we do not discuss in detail the production of plant
extracts (for example, from Ginkgo biloba) that do not contain a defined
mixture of specific natural products. Plants have also been used for the
production of medically useful proteins and antibodies (‘plantibodies’)
[11], but in this chapter small molecule production is the focus.

2 Techniques of plant cell culture
2.1 Classes of plant cell culture

In 1934 it was first reported that plant cells could be cultivated on syn-
thetic media in an undifferentiated state and appeared to be capable of
unlimited growth [5, 6]. In other words, for the first time, plant material
could be used to generate tissue culture. Plant tissue culture has had a tre-
mendous impact in the genetic and biochemical study of natural product
biosynthesis and in some cases tissue culture can be used for the large-scale
production of plant natural products. The major types of plant tissue cul-
ture are described below (Fig. 2). A recent survey has summarized over 90
reports of successful cell culture of medicinal plants [12].

To initiate plant tissue culture, seeds are typically sterilized and germi-
nated under aseptic conditions on solid, agar containing media. The sterile
plantlet is then used to generate cell culture. Since sterilization conditions
are harsh, it is often easier to sterilize the surface of the seed instead of the
soft tissue ultimately used to yield the tissue culture.

Common plant media are Murashige and Skoog, Gamborg, Schenk and
Hildebrandt and White [13]. Each of these media recipes contains miner-
als, vitamins and a carbon source, usually sucrose. Although plant cell
cultures are typically initiated on solid media, liquid media is required for
large-scale production. It has been commonly observed that changing the
amounts of minerals or carbon source in the media often has a profound
impact on the levels of metabolite production [14]. The optimal media for
natural product production, as with microbial organisms, must be deter-
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callus culture cell suspension culture hairy root culture

Figure 2
A Callus (copyright DSMZ GmbH, 2007), B cell suspension (from http://www1.coe.neu.edu/~clee/
research/subculturing/index.html), and C hairy root cultures

mined empirically, though lowering the amount of phosphate and nitrate
usually increases secondary metabolism [15].

An explant — a piece of the sterile plant tissue — from the seedling is then
placed on solid culture, and dedifferentiated cells begin to grow. Notably,
plants are characterized by totipotency, meaning that each cell can express
its genetic potential and can form a complete, fertile plant. Therefore, to
maintain cell cultures in a dedifferentiated state, exogenous phytohor-
mones — a mixture of auxins and cytokines — are added to the media to pre-
vent the cells from differentiating. The specific mixture used varies from
plant to plant. Changes in the phytohormone ratio and concentration also
affect what organ - shoot or root —is regenerated. Over extensive periods of
subculturing, cultures may become hormone independent and retain their
dedifferentiated state even in the absence of exogenous phytohormones.
The mass of cells that result from the explant are known as callus culture.
Callus is typically subcultured every 3-6 weeks and can be maintained for
decades. These are heterogeneous cultures and the heterogeneity can be
reduced by extensive subculturing, typically with the fastest growing cells
being selected for. Callus cultures are typically slow growing and not suit-
able for large-scale bioreactors.

When callus is suspended in liquid media, the callus breaks into small
cell aggregates and cell suspension cultures result. Single cell suspensions
are rare, and plant suspension cultures are usually composed of aggregates
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of cells approximately 40-200 uM in diameter [16]. Cell suspension cul-
tures usually proliferate more rapidly than callus and are one of the most
commonly used types of cultures in industry. These cultures are generally
considered to be the most suitable cell types for large-scale cultures main-
tained in a bioreactor.

Hairy root cultures, which are obtained by infecting plants with Agro-
bacterium rhizogenes, are also widely used in basic research and in industrial
production studies. When a plant is wounded or cut, signal molecules are
produced by the plant at the site of the wound. This allows Agrobacterium
to infect the plant through the wound, and the bacterial genes Rol A B
and C are transferred to the plant and integrated into the plant genome
[17]. These genes stimulate root production, resulting in the formation
of hairy roots at the site of infection within several weeks. The roots can
be removed, adapted to liquid media and grown on large scales. Auxin
metabolism is altered in the transformed hairy roots, so exogenous auxins
are not required to maintain the root propagation and keep the tissue from
regenerating to the whole plant. Hundreds of plants can be transformed
into hairy roots as reviewed [18, 19] though development of hairy root
culture from some species, particularly the Papaveraceae and Rununcula-
ceae, has been difficult [20]. In general, hairy roots are genetically stable
[21] and most have a doubling time of 1-2 days, which is similar to that of
cell suspension cultures [22]. Not surprisingly, most compounds formed in
hairy root cultures are also found in the roots of the differentiated plant.
Interestingly however, hairy root cultures of Artemisia annua accumulate
artemisinin, a natural product that is normally accumulated in the aerial
parts of the plant, and might not be expected to be found in root cultures
[23, 24] (see Section 3).

Root cultures can also be formed by adjusting the hormone balance of
the callus culture media. When the appropriate ratio of phytohormones is
added to the callus, roots are formed in the callus culture, which can then
be excised and cultured. However, it is widely reported that hairy roots
derived from Agrobacterium transformation are faster growing and gener-
ally accumulate higher titers of natural products than non-transformed
root cultures [25].

Shoot cultures, which lack roots and undifferentiated callus cells, have
also been developed. These cultures are either initiated from the seedling
or can be generated from callus by adjusting the phytohormone content
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of the medium. Shoot cultures can be cultivated on liquid or solid media
in the presence of phytohormones. These cultures have been reported to
produce certain natural products that cannot be produced in cell suspen-
sion culture - for example, artemisinin and vindoline [26]. Typically, shoot
cultures accumulate compounds normally observed in the aerial parts of
the plant. However, shoot cultures are not well suited for bioreactor pro-
duction and are unlikely to replace plants for large-scale natural product
production.

2.2 Scale up of plant cell culture

For laboratory studies, shake flask cultures are commonly used. However,
industrial fermentation of natural products requires highly reproducible
conditions in which the mixing, shear forces and gas content do not vary
when the culture is grown at different volumes. A bioreactor has been
employed in industrial fermentations to provide a highly controlled cul-
ture environment. Plant cells were first cultured in a 10 L bioreactor made
of glass or steel in 1959 [27]. The first large-scale production of Nicotiana
tabacum cells in a 20,000 L stirred reactor was reported in 1977 [28].

Plant cell cultures require low shear mixing, good aeration and absolute
sterility. The stirred tank bioreactor predominates in the literature reports
of plant cell culture (Fig. 3). A mechanical stirrer fitted with a variety of
blades is used for mixing, where the best blade type depends upon the indi-
vidual culture. Plant cells are highly shear sensitive, so slow mixing speeds
of 100-300 rpm are used. The air lift fermentor, also commonly used with
plant cell cultures, couples aeration to agitation and does not contain a
mechanical stirrer (Fig. 3).

Compared to microbial cell cultures, plant cell cultures grow slowly
with a doubling time of 1-2 days at best. Production levels are in the range
of 10-500 mg per L per day, and products are usually stored intracellularly,
not exported into the media as they are in most microbial fermentations.
These factors lead to an overall less efficient production system so maxi-
mizing the cell density of the cultures is essential for making plant cell
cultures practical.

Shoot cultures, due to mechanical frailty and light requirements are
generally not suited for bioreactor production [16]. Root cultures, however
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Figure 3
Schematic of stirred and airlift bioreactors

have been successtully cultivated in a variety of bioreactor set ups. Often,
roots are treated as immobilized cells; the roots are allowed to adhere to
mesh or stainless steel supports in the tank and no mechanical stirring
is used. Immobilized cells have also been explored by adsorption of cell
suspension cultures on glass, by covalent cross-linking or by entrapment
of the cells in agarose [13]. However, since products are not exported into
the media, the release of product from the immobilized cells is often prob-
lematic.

2.3 Elicitation of natural products in cell culture

A key advance in the development of plant cell cultures was the discovery
of elicitors, or small molecules that stimulate natural product production.
Elicitors fall into two main categories, biotic and abiotic. Biotic elicitors
include fungal derived saccharides and proteins that stimulate a defensive
response in plants. Abiotic elicitors include chemicals such as jasmonates,
salicylic acid, and hormones (Fig. 4). Additionally, various metals such as
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Figure 4
Chemical structures of jasmonate elicitors

vanadium, silver and lanthanum have also stimulated natural product pro-
duction [29]. Elicitation has been used to improve the levels of paclitaxel
and shikonin in industrial scale cultures (see Section 3).

2.4 Genetic manipulation in plant cell culture

Genetic manipulation of plant cells has the potential to profoundly impact
plant natural product production. For example, genes expressed at low
levels can be overexpressed at higher levels to make a slow step more
efficient. Additionally, genes from other metabolic pathways can be trans-
formed into the wild type pathway to expand the scope of natural products
produced. Specific examples of metabolic engineering efforts designed to
improved natural product production in plant cell culture are described
in Sections 3.3 and 3.4.

Transformation of plants with foreign genes was largely impractical
until the mechanism of crown gall formation by Agrobacterium tumefaciens
was elucidated in the 1970s [30, 31]. It was discovered that the Agrobac-
terium transferred DNA material to the plant (I-DNA) and that this DNA
was incorporated into the plant genome. Thus, a natural means of plant
transformation was identified. The first transgenic tobacco plants express-
ing recombinant DNA in an integrated T-DNA sequence was reported in
the early 1980s [32].

Unfortunately, Agrobacterium transformation is limited to certain spe-
cies of plants, though recent advances have expanded this range [33].
Therefore, alternative methods of transformation are required. Particle
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bombardment, reported in the late 1980s [34], uses a device to accelerate
small tungsten particles coated with DNA at plant cells at a velocity of
approximately 400 m/s. This method is generally applicable to plant cells,
though subsequent rearrangement of the DNA sequence can be caused
by the force used for transformation. Finally, plant cell protoplasts can be
formed by partially removing the plant cell wall either enzymatically or
mechanically. Foreign DNA can then be introduced into the cell by stan-
dard methods such as electroporation. However, protoplasts usually take
long culturing periods for cells to recover, and some cell strains do not
appear to survive the process [35].

A marker gene is also transferred to allow transformed cells to be eas-
ily selected [36, 37]. Common marker genes encode enzymes that confer
antibiotic resistance. Aminoglycoside adenyltransferase, which confers
resistance to spectinomycin, glycopeptide binding protein, which confers
resistance to zeocin and hygromycin phosphotransferase, which confers
resistance to hygromycin, are all widely used. Additionally, the marker
gene mannose-6-phosphate isomerase confers upon transtormed cells the
ability to use mannose as the sole carbon source.

3 Natural products produced from plant cell culture

The production of many natural products in plant culture has been
explored. This section describes the advances made in the production of
several pharmaceutically important natural products.

3.1 Taxanes

Paclitaxel, also known by its trade name Taxol from Bristol Myers Squibb,
is one of the success stories of plant cell culture (Fig. 5). This densely func-
tionalized diterpene natural product exhibits potent anticancer activity.
In 1963, the bark of Taxus brevifolia was found to harbor antitumor activ-
ity in a natural product extract screen at the National Cancer Institute
[38]. Paclitaxel, or Taxol, was discovered to be the active agent of this
extract in 1971 [39]. Paclitaxel acts by binding to tubulin, promoting the
assembly of microtubules and stimulating apoptosis [40]. At the time of
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13-dehydroxybaccatin 11 docetaxel (Taxotere)

Figure 5
Structures of taxanes

its discovery, this represented a completely novel mechanism of cytotoxic
activity. Recently an additional target for Taxol has been identified as Bcl-
2, a human protein involved in apoptosis [41]. Paclitaxel is used against a
variety of cancers including breast cancer, ovarian cancer, non-small cell
lung cancer and Kaposi’s sarcoma [42]. Current sales of paclitaxel and its
derivatives are expected to exceed 2 billion US dollars [43].

Paclitaxel is found in the bark of Taxus brevifolia, the Pacific yew tree,
in small amounts: approximately 0.01% of the dry weight of the bark [44].
The bark is non-renewable — harvesting of the bark results in the death of
the tree — and for many years it appeared that no sustainable supply of the
drug existed. The structural complexity of the molecule prevented an eco-
nomic total synthesis for industrial scale production. A number of related
diterpene compounds referred to as taxanes are found in a variety of other
Taxus species. One of these related taxanes baccatin IlI, a paclitaxel inter-
mediate, is found in the needles of Taxus baccata, the European Yew tree,
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Table 2

Plant cell suspension cultures producing paclitaxel (Adapted from Baldi A, Bisaria VS, Srivasrava AK
(2007) Biotechnological approaches for the production of some promising plant based chemothera-
pies. In: O Kayser, W Quax (eds.): Medicinal plant biotechnology. Wiley VCH, Weinheim, 128)

Cell type Paclitaxel (mg/L) Culture type Reference
Taxus canadensis 117 Shake flask, Meja [74]
Taxus media 110 Shake flask, Meja [26]
Taxus media 21 Stirred reactor, MeJa, precursor [82]
Taxus cuspidata 22 Wilson type [22]
Taxus chinensis 138 Shake flask, silver nitrate [49]

and is currently used to yield commercial supplies of paclitaxel through
semi-synthetic strategies [45]. However, although harvesting of the needles
it not lethal, it can still have a negative impact on Taxus populations. A
paclitaxel source from plant cell culture, which is completely renewable,
would provide a valuable strategy for paclitaxel production.

Callus cultures of various Taxus species were initiated, and the highest
producing cultures were converted to suspension cultures. Disappoint-
ingly, Taxus cell suspension cultures proved to be exceptionally slow grow-
ing [43]. A critical advance was reported in 1996 when it was discovered
that addition of methyl jasmonate substantially improved the production
of paclitaxel to 0.5% of the dry weight of the plant cell culture [46]. These
results were the first suggestion that plant cell cultures might be able to
produce taxanes at levels appropriate for commercial production.

A variety of factors have been shown to improve the production of
paclitaxel and other related taxanes. Methyl jasmonate, as mentioned
above, has been shown to consistently improve levels of taxane produc-
tion. Heat shock, mechanical stresses such as ultrasound, and peptide
regulators (Phytosulfokine A) have also resulted in the improvements of
taxane production [47]. Immobilization of cell suspension cultures of T.
cuspidata on glass fiber mats resulted in production levels of paclitaxel
(~0.012%) [48]. Levels of 10-22 mg/L are commonly reported but higher
levels of about 100 mg/L have also been reported (Tab. 2).

Taxol and taxol precursor production in cell cultures has been scaled
up, though use of these cultures for industrial production is still somewhat
limited. Yields can vary from cell culture to culture, and production of
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Figure 6

Paclitaxel biosynthetic pathway. GGPS (geranyl geranyl pyrophosphate synthase); TASY (taxadiene
synthase); T5aH (taxadiene 5a hydroxylase); TDAT (taxadiene5a-ol O-acetyltransferase); T10pH
(taxane 10B-hydroxylase); TBT (taxane 2a-O-benzoyltransferase); DBAT (10-deacetylbaccatin 1ll-10-
O-acetyltransferase); PPT (phenylpropanoyl transferase); NDBzT (3'-N-debenzoyl-2-deoxytaxol-N-
benzoyltransferase)

paclitaxel is not favored over other taxanes. Nevertheless, bioreactors up
to 75,000 L are being employed by ESC genetic (USA), Phyton (USA), Phy-
ton Biotech (Germany), and Samyang Genex (Korea) for the commercial
production of paclitaxel [16].

Use of Taxus cell cultures has also made a significant impact in the eluci-
dation of the paclitaxel biosynthetic pathway. In a four de force, sequencing
of a highly productive, elicited cell culture line resulted in the identifica-
tion of most of the genes in the pathway [49]. An abbreviated biosynthetic
scheme is shown in Figure 6, though the exact sequence of biosynthetic
transformations is not clear due to the difficulties in assigning the sub-
strate specificity of many of the enzymes. A recent study that investigated
the time resolved expression of these genes in Taxus cell culture may
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shed further light on the timing of the biosynthetic transformations [50].
Additionally, expression of these genes in E. coli and S. cerevisiae has led to
the microbial production of several advanced intermediates of paclitaxel
[51].

An endophytic fungal strain isolated from the yew tree that produces
small amounts of paclitaxel was reported in 1993 [52]. Since that time, sev-
eral other taxane producing endophytic fungal strains have been isolated
[53]. However, the amounts of taxanes produced by these fungal cultures
are quite low (ng-pg per liter) and production levels are often unstable;
therefore, these fungal strains are not likely to replace plant-derived cul-
tures in the immediate future.

3.2 Camptothecin

Camptothecin (Fig. 7) is a potent anticancer agent, whose mode of action
is topoisomerase I inhibition. However due to its severe side effects, camp-
tothecin itself is not used for treatment of cancer though semi-synthetic
derivatives of camptothecin have shown more useful clinical proper-
ties. First generation camptothecin derivatives irinotecan and topotecan
(Fig. 7) are used for clinical treatment of lung cancer, and have also shown
therapeutic value in the treatment of colon cancer, uterine cervical cancer
and ovarian cancer [54]. Progress in the development of new camptoth-
ecin analogs to improve pharmacology is reviewed elsewhere [S5, 56].
The demand for camptothecin and its derivatives is one ton per year and
current worldwide sales of clinically used camptothecin derivatives are
approximately one billion dollars per year [57]. Since relatively low levels
of camptothecin are isolated from natural sources, plant cell culture has
been extensively explored as a production model for camptothecin.

Camptothecin, a monoterpene indole alkaloid, was originally isolated
from the sap of the stem wood of the Asian tree Camptotheca acuminata [58].
All parts of C. acuminata contain some camptothecin, with the highest lev-
els found in young leaves at 0.4-0.5% dry weight (DW) [59]. Many deriva-
tives of camptothecin have been isolated from plant extracts and cultures.
The most abundant natural derivatives are the water soluble 10-hydroxyc-
amptothecin [60] and 9-methoxycamptothecin [61], both of which display
in vitro antitumor activity comparable to camptothecin [62].
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Biosynthetic scheme for camptothecin. Structure of camptothecin and derivatives

The initial step in biosynthesis of camptothecin — along with all other
monoterpene indole alkaloid natural products — is the condensation of
tryptamine and secologanin to form the biosynthetic intermediate stric-
tosidine (Fig. 7). At this stage, the biosynthesis of camptothecin diverges
from other terpene indole alkaloids; typically, strictosidine is immediately
deglycosylated, but in the camptothecin pathway strictosidine instead
forms the strictosamide intermediate (Fig. 7). The biosynthetic conversion
of strictosamide to camptothecin is not known on the enzymatic level.
However, intermediates observed in camptothecin producing cultures [63,
64] has led to the proposal of a reasonable series of biosynthetic trans-
formations (Fig. 7). The lack of genetic and enzymatic knowledge of the
biosynthesis of this important class of alkaloids greatly hinders metabolic
engineering efforts to improve the production of camptothecin and its
derivatives.

Although camptothecin production in plants is sustainable, a readily
termentable source could lower the cost and provide improved access to
the compound and its derivatives. Investigation into the production of
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camptothecin and its derivatives in plant tissue culture was first reported
tor Camptotheca acuminata. Yields of 0.0002% DW were reported for C.
acuminata cell suspension cultures [65], a significant drop from the levels
found in the whole plant, which range from 0.02-0.5% DW depending on
the tissue analyzed [59] (Tab. 3). Media optimization studies revealed that
a nitrogen concentration of 70 mM in the media gave the highest biomass
of C. acuminata cell suspension cultures, while a NH**/NO3- molar ratio of
5:1 (total of 40 mM nitrogen) gave the maximum camptothecin yield [66].
This is similar to results found in suspension cultures of Atropa belladonna
for the production of tropane alkaloids [67]. Implementation of a two stage
bioreactor, where the culture is grown in growth medium containing 70
mM nitrate for the first 18 days, followed by growth in production medium
containing 40 mM NH*/NO3- (5:1), gave the highest reported yield of
camptothecin at 12.8 mg/L (Tab. 3). Callus cultures of C. acuminata with
production of 0.2% DW have also been reported [68].

Mature trees of Nothapodytes foetida produce 0.075% DW camptothecin
and 0.013% 9-methoxycamptothecin in the shoots, and 0.5 and 0.06%
DW camptothecin and 9-methoxycamptothecin, respectively, in the seeds
[69]. The first cell cultures of N. foetida produced 100 times less campto-
thecin than intact plants [69, 70]. However, more recently established cell
suspension cultures of N. foetida have been found to produce camptothecin
in levels comparable to C. acuminata cultures (approximately 0.1% DW)
(Tab. 3) [71]. This cell line also produced high amounts of 9-methoxyc-
amptothecin (0.08% DW), which is not a major alkaloid of C. acuminata.

Differentiated hairy root cultures of C. acuminata have been estab-
lished by transformation with Agrobacterium rhizogenes [72]. These cultures
displayed respectable production of camptothecin at 0.1% DW, compa-
rable to levels found in the intact plant [59]. Additionally C. acuminata
hairy roots yielded 10-hydroxycamptothecin in 0.015% DW compared
to 0.002% DW in the intact plant [S9]. Hairy root cultures of Ophiorrhiza
pumila, O. liukiuensis and O. kuroiwai have also yielded camptothecin and
its derivatives. O. pumila hairy root culture medium was found to con-
tain substantial amounts of camptothecin, which could be increased by
the addition of a polystyrene resin Dianion HP-20 to the medium [73].
The production of camptothecin after resin addition was only slightly
enhanced; however, the overall secretion into the medium was increased
five-fold, dramatically simplifying the isolation and purification process.
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Table 3 Select examples of production of camptothecin and its analogs in various plants and plant

cell culture

CSC is cell suspension culture, CPT is camptothecin, HCPT is 10-hydroxycamptothecin, MCPT is 9-
methoxycamptothecin

Species Culture Conditions CPT HCPT MCPT Ref.
% DW (mg/L)
Cacuminate  Leaves 0.4-0.5 0.003 [59]
Roots 0.04 0.002 [59]
Bark 0.18-0.2  0.009 [59]
Csc Control 0.009 [66]
2 stage bioreactor 0.036
Optimal nitrogen (12.8)
Callus 0.232 0.008 [68]
Hairy roots 0.1 0.015 [72]
N foetida Shoot 0.075 0.013 [69]
Seed 0.5 0.06 [69]
Csc 0.11(35) 0.08 (26) [71]
O pumila Leaves 0.03 [73]
Young roots 0.1 [73]
Hairy root 0.1 (8.9) [73]
3L bioreactor (8.7) [75]
O luikiunesis Hairy root 0.083 (4.6) (0.5) [76]
O. Kuroiwai Hairy root 0.022 (9.4) (0.3) [76]

A similar effect was seen after addition of resin to Catharanthus roseus hairy
roots producing the terpene indole alkaloid ajmalicine [74]. Production of
this O. pumila hairy root line in a 3 L bioreactor did not affect production
of camptothecin compared to cells cultured in shake flasks [75]. O. liuki-
uensis and O. kuroiwai hairy root lines have been established with different
levels of camptothecin and 9-methoxycamptothecin levels compared to
O. pumila (Tab. 3) [76].

Despite these advances however, the production of camptothecin in
cell cultures is far below the levels needed for commercial production of
these compounds. The identification of enzymes involved in the biosyn-
thesis of this important medicinal compound will undoubtedly impact its
production in plant cell cultures.
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3.3 Tropane alkaloids

The tropane alkaloids hyoscyamine and scopolamine (Fig. 8) function as
acetylcholine receptor antagonists and are clinically used as parasympatho-
lytics. Scopolamine has a higher commercial market than hyoscyamine,
though its yield from plants is much lower. The tropane alkaloids are bio-
synthesized primarily in plants of the family Solonaceae, which includes
Hyoscyamus, Duboisia, Atropa, and Scopolia; each of these species are capable
of biosynthesis of both nicotine and tropane alkaloids. Early studies revealed
that tropane alkaloids are formed in the roots and then transported to the
aerial parts of the plant [77]. This localization information suggested that
Agrobacterium rhizogenes induced hairy root cultures could be used for high
yield production of tropane alkaloids. Several hairy root cell lines that pro-
duce tropane alkaloids have been established (Tab. 4) [78].

Metabolic engineering is a powerful strategy often used to improve
production of secondary metabolites. However, engineering efforts require
knowledge of the enzymes involved in the biosynthetic pathway and the
mechanism by which these enzymes are regulated. Tropane alkaloid bio-
synthesis has been studied at the biochemical level and several enzymes
from the biosynthetic pathway have been isolated and cloned [79]. A
summary of the biosynthetic steps is shown in Figure 8. Knowledge of
the enzymes responsible for catalyzing key biosynthetic steps, in con-
junction with Agrobacterium mediated transformation of plants, provided
an excellent platform to initiate metabolic engineering efforts with this
plant alkaloid. The levels of tropane alkaloid production in a variety of
hairy root cultures were altered by overexpression of methyltransferase
putrescine-N-methyltransferase (PMT) and hyoscyamine 6B-hydroxylase
(H6H) (Fig. 8).

Hyoscyamine 6B-hydroxylase (H6H) catalyzes the hydroxylation of
hyoscyamine to 6B-hydroxyhyoscyamine, as well as the epoxidation to
scopolamine (Fig. 8) [80, 81]. H6H was first cloned from Hyoscyamus niger
[82]. Transformation and overexpression of the H6H clone from H. niger
into Atropa belladonna, under control of the cauliflower mosaic virus 35S
(CMV 355) promoter, resulted in plants with increased scopolamine pro-
duction [83]. This demonstration of improved alkaloid production by het-
erologous expression of a pathway enzyme in intact plants led researchers
to seriously explore genetic strategies as a method for increasing produc-
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Tropane alkaloid biosynthesis. PMT (putescine N-methyltransferase); MPO (N-methylputrecine oxi-
dase); TR 1(tropinone reductase 1); H6H (hyoscyamine 6-phydroxylase)

tion and altering the alkaloid profiles of tropane alkaloid producing plant
hairy root cultures.

Transformation of plants with Agrobacterium rhizogenes is a common

technique used to heterologously express genes in plant hairy root culture
as described in Section 2. Using this transformation system, the cDNA
encoding H. niger H6H was expressed in hairy root cultures of various
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Table 4

Select examples of scopolamine and hyoscyamine production in wild type and transformed hairy
root cultures

HnH6H is Hyoscyamus niger H6H, NtPMT is Nicotiana tabacum PMT

Species Condition Scopolamine Hyoscyamine Ref
%DW (mg/L)

Duboisia hybrid Tranformed with 2.48 (74.5) 0.14 (4.5) [88]
HnH6H
Control 1.16(24.7) 0.39 (8.3)

Atropa baetica Transformed with 0.385 0.02 [84]
HnH6H
Control 0.29 0.50

Scopolia parviflora Transformed with 0.52 0.35 [89]
NtPMT
Transformed with 0.81 [87]
HnH6H
Control 0.08 0.10

Hyoscyamus niger Transformed with (411.2) [85]
HnH6H and NtPMT
Control (43.7)
Transformed with (184.4)
HnH6H

Hyoscyamus muticus ~ Transformed with 0.11 (14.4) 0.98 (125.4) [86]
HnH6H
Control (0.12) (134.9)

Solonaceae plants (Tab. 4). The overexpression of H6H under control of the
CMYV 35S promoter in transgenic hairy root cultures of Atropa baetica [84].
Hyoscyamus niger [85], Hyoscyamus muticus [86], Scopolia parviflora [87],
and a Duboisia hybrid [88] cultures systematically resulted in an increase
in the production of scopolamine when compared to control cultures not
expressing H6H (Tab. 4). Therefore, transgenic expression of H6H appears
to be a general method for increasing scopolamine production in hairy
root cultures of tropane alkaloid producing plants.

The conversion of putrescine to the N-methylputrescine by putrescine
N-methyltransferase (PMT) is the first committed step in the biosynthesis
of both tropane alkaloids and nicotine (Fig. 8). Heterologous expression
of Nicotiana tabacum PMT in Scopolia parviflora resulted in an eight-fold
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increase in scopolamine production and a 4.2-fold increase in hyoscya-
mine production [89]. A similar effect was observed with the expression
of Nicotiana tabacum PMT in H. muticus and D. metel [90]. However the
expression of Nicotiana tabacum PMT in other tropane alkaloid producing
hairy root cultures including Hyoscyamus niger, Atropa belladonna, Duboisia
hybrid had no effect on alkaloid production [85, 91, 92]. H6H and PMT
were co-expressed in Hyoscyamus niger on a plasmid containing two sepa-
rate expression cassettes both under the control of the CMV 35S promoter.
Co-expression of H6H and PMT resulted in the highest production of sco-
polamine in hairy root culture reported to date of 411.2 mg/L. This was a
10-fold increase over control cultures and a 2-3-fold increase over cultures
only expressing H6H (Tab. 4) [85].

The tropane alkaloid biosynthetic pathway has been used as a model
system for the generation of high alkaloid producing cell cultures through
genetic engineering. The extent to which these cultures can be modified is
dependent on the identification of new genes encoding regulatory and bio-
synthetic enzymes involved in tropane alkaloid secondary metabolism.

3.4 Benzylisoquinoline alkaloids

The benzylisoquinoline alkaloids (BIA) include medicinally important
compounds such as the analgesics morphine and codeine, and the anti-
biotics berberine, and sanguinarine (Fig. 9). Although used for over a cen-
tury, morphine and codeine are still two of the most important analgesics
in medicine worldwide. Additionally, the morphinan alkaloid thebaine
is converted semi-synthetically to yield the analgesics oxycodone and
buprenorphine (Fig. 9). Due to their complexity and multiple chiral cen-
ters, commercial synthesis of morphine, codeine and other BIA is not eco-
nomically feasible, and opium poppy plants remain the main commercial
source of the alkaloids [93].

Development of plant cell cultures for the BIA producing medicinal
plants Eschscholzia californica, Papaver somniferum and Coptis japonica aided
in the isolation and cloning of many of the enzymes involved in the bio-
synthesis of BIA (for reviews see [94, 95]). In brief, the biosynthesis of BIA
begins with the condensation of dopamine and 4-hydroxyphenylacetalde-
hyde, both derived from tyrosine, by norcoclaurine synthase to form (S)-
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Figure 9

Tetrahydroisoquinoline biosynthesis. NCS (norcoclaurine synthase); 6-OMT (O-methyl transferase);
NMT (N-methyltransferase); CPY80B3 (cytochrome P450); 4OMT (O-methyl transferase) BBE (ber-
berine bridge enzyme); STS (salutaridinol synthase); SAT (salutidarinol-7-O-acetyltransferase), COR
(codeine reductase)

norcoclaurine (Fig. 9). (S)-Norcoclaurine is converted to (S)-reticuline by a
number of enzymes, all of which have been isolated and cloned. (S)-reticu-
line is the last common intermediate for the berberine, benzophenanthri-
dine, and morphinan alkaloids. In morphine biosynthesis, (S)-reticuline is
converted to (R)-reticuline through a 1, 2-dehydroreticuline intermediate.
Many of the downstream enzymes of this pathway have been isolated and
cloned; for example, codeinone reductase and salutidarinol-7-O-acetyl-
transferase have very recently been cloned [96, 97].

352



Natural products from plant cell cultures

In the biosynthesis of berberine, an antibacterial benzylisoquinoline
alkaloid, (S)-reticulineis converted to (S)-scoulerine (Fig. 9). All the enzymes
involved in the biosynthesis have been isolated and cloned except the
final enzyme. Overproduction of berberine in C. japonica cell suspension
cultures was achieved by selection of a high producing cell line [98], with
reported productivity of berberine reaching 7 g/L [99]. This was one of the
first demonstrations of production of a benzylisoquinoline alkaloid in cell
culture at levels necessary for economic production. Another BIA, san-
guinarine, a benzophenanthridine type alkaloid, is used as an antibiotic
and antiplaque agent in toothpastes and mouthwashes. It is commercially
isolated from the root of Sanguinaria canadensis L. The production of san-
guinarine in cell suspension cultures has been optimized by elicitation
[100], medium optimization [101], resin addition [102], and metabolic
engineering [103] to a maximum reported yield of 2% DW in cell suspen-
sion cultures of Papaver somniferum after elicitation.

The morphinan alkaloids, the most desirable benzylisoquinoline alka-
loids from an economic perspective, are not produced in high amounts in
cell suspension cultures. Several strategies for increasing the production of
morphinan alkaloids in plants and plant cell cultures have been employed
including media optimization, differentiated cell cultures, RNA mediated
suppression of pathway enzymes, and overexpression of rate limiting path-
way enzymes.

The low production of morphinan alkaloids in cell suspension cultures
is thought to be due to the need for differentiation for production of these
secondary metabolites. Removal of hormones from the media is often used
to induce embryogenesis and promote cellular differentiation. In one study,
a two stage process where cell suspension culture were grown in media con-
taining hormones and then transferred to hormone free media for produc-
tion of secondary metabolites, resulted in increased production of morphi-
nan alkaloids [104]. Often the removal of hormones results in the forma-
tion of shoots roots and meristemoids. In this study the culture maintained
its dispersed character after removal of hormones, and was maintained in
hormone free medium for 9 months. Removal of exogenous hormones
from the medium of cell suspension cultures of Papaver somniferum resulted
in the accumulation of 0.3% DW and 0.25% DW codeine and morphine
respectively, a three-fold increase over control cultures supplied with hor-
mones [104]. However, these levels are still significantly lower than the
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1.23-2.45% commonly found in field grown whole plant extracts and the
20% DW found in the latex of Papaver somniferum. Since differentiated cell
cultures often lead to increased production of certain secondary metabo-
lites, hairy root cultures of Papaver somniferum and Eschscholzia californica
were established in the hopes that benzylisoquinoline alkaloid production
would be increased. Production of morphine, codeine and sanguinarine
was achieved in several hairy root lines of P. somniferum [105]. Transformed
root cultures obtained by infection with Agrobacterium contained a 1.4-fold
higher alkaloid content compared to non-transformed roots and yielded a
three-fold increase in production of codeine (0.18% DW) when compared
to non-transformed roots. Morphine was produced in similar concentration
to non-transformed roots at 0.26% DW. The hairy roots also produced san-
guinarine (0.02% DW), which is not produced in non-transformed roots.
Additionally, the hairy root culture media contained 0.26 and 0.014% DW
morphine and sanguinarine respectively.

RNA mediated suppression of pathway enzymes is a potential tool for
the metabolic engineering of secondary metabolism. Blocking the action
of enzymes at pathway branch points could lead to an increase in the lev-
els of a central intermediate that could in turn be converted to a greater
amount of the desired end product. Suppression of enzymes may also give
insight into regulatory effects of certain pathway enzymes. Both berberine
and morphinan alkaloids arise from a central intermediate (S)-reticuline
(Fig. 9). One strategy to increase production of the morphinan alkaloids
is to prevent (S)-reticuline from being converted to the berberine or ben-
zophenanthridine type alkaloids (Fig. 9). Presumably, more (S)-reticuline
will then be available for conversion to alternative end products though
additional metabolic engineering.

Berberine bridge enzyme (BBE) catalyzes the conversion of S-reticuline
to S-scoulerine, the intermediate that leads to the berberine and benzo-
phenanthridine alkaloids, berberine and sanguinarine respectively. Anti-
sense RNA-mediated suppression of BBE in cell suspension cultures of
California poppy, which produces benzophenanthridine alkaloids but not
morphinan or berberine alkaloids, resulted in a 10-fold decrease in total
alkaloid production [106]. The suppression of BBE did not result in the
accumulation of the (S)-reticuline biosynthetic intermediate. Antisense
suppression of BBE in hairy root cultures of California poppy gave results
similar to those observed in cell suspension cultures. Overexpression of
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Papaver somniferum BBE, under the control of the cauliflower mosaic virus
35S promoter, in hairy root cultures resulted in a five-fold increase in total
alkaloid content [107].

In a separate study, a RNAi knockdown of BBE in California poppy cell
suspension cultures resulted in the accumulation of (S)-reticuline [108],
which was not accumulated in any previous RNA antisense mediated
suppression of cell suspension and hairy root cultures. The reason for
the differences in these results is unknown. BBE RNAi knockdown cul-
tures accumulated a maximum of 0.031% fresh weight (S)-reticuline ver-
sus 0.00045% fresh weight found in control cultures. Additionally, three
healthy growing BBE knockdown cell lines secreted significant amounts of
(S)-reticuline into the medium (6 mg/20 mL after 2 weeks). (S)-reticuline
has been shown to be a substrate for the manufacturing of various com-
pounds that possess antimalarial and anticancer activity, so this cell line
may have some commercial interest [93]. Additional products were 7-O-
methylreticuline ((S)-laudanine) and 1, 2-dehydroreticuline, both minor
components in wild type cultures and formed in greater amounts in BBE
suppressed cultures. This study showed the accumulation of the central
branch point intermediate, (S)-reticuline, and reduction of the naturally
produced benzophenanthridine class of benzylisoquinoline alkaloids in
California poppy. Antisense BBE was transformed into opium poppy plant
and showed a similar increase in (S)-reticuline along with other alkaloids;
including laudanine, laudanosine, 1, 2-dehydroreticuline, salutaridine and
(S)-scoulerine and no change in the relative concentration of the morphi-
nan alkaloids [109].

In attempts to accumulate the precursor to the analgesic oxycodone,
thebaine, and decrease production of morphine (a precursor to the recre-
ational drug heroin), RNAi mediated silencing of codeinone reductase, in
opium poppy plant, was performed [93]. Codeine reductase is the penulti-
mate step in morphine biosynthesis. Opium poppy was transformed with
a chimeric cDNA hairpin RNA construct designed to silence codeinone
reductase. However, silencing of codeinone reductase resulted in the accu-
mulation of (S)-reticuline, but not the substrate codeinone or other com-
pounds on the pathway from (S)-reticuline to codeine [93]. Allen and co-
workers postulated that this accumulation could be due to several factors.
First, accumulation of codeinone and morphinone could result in negative
feedback on one of the enzymes, such as the reductase responsible for the
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reduction of (S)-reticuline to 1,2-dehydroreticuline. Also, the biosynthetic
intermediates and final product may regulate the transcription of path-
way enzymes, though analysis of the transcript levels of a number of the
morphine biosynthetic enzymes showed no change in suppressed plants.
Finally, codeinone reductase could be a part of a multienzyme complex,
which can not function when one of the enzymes is removed. This study
highlights that the complex metabolic networks found in plants are not
easily or predictably redirected.

Secondary metabolite profiles can also be altered by the overexpression
of enzymes that are rate limiting in the synthesis of the desired product.
Since the silencing of codeinone reductase leads to accumulation of (S)-
reticuline, this enzyme may play a role in regulating the morphinan alka-
loid biosynthetic pathway and overexpression of the reductase may lead
to increased production of morphinan alkaloids. The overexpression of
codeinone reductase in opium poppy plants did in fact result in an increase
in morphine and other morphinan alkaloids, such as morphine, codeine,
and thebaine compared to the control plants [110]. This demonstrates that
increase of morphinan alkaloid levels can be achieved by increased expres-
sion of a single pathway enzyme.

In another study, a cytochrome P450 (CYP8OB3) responsible for the
oxidation of (S)-N-methylcoclaurine to (S)-3’-hydroxy-N-methylcoclua-
rine (Fig. 9), was overexpressed in opium poppy plants, and morphinan
alkaloid production in the latex was increased to 4.5 times the level in wild
type plants [111]. Additionally, expression of antisense CYP80B3 resulted
in a decrease in morphinan alkaloids to 16% of the wild type level. The
increase (or decrease) in alkaloid levels was found to correlate with over-
expression (or suppression) of a number of other biosynthetic enzyme
transcript levels in plants overexpressing (or suppressing) CYP8OB3. These
results support the regulatory role CYP80OB3 plays in the production of
benzylisoquinoline alkaloids.

Moreover, this work highlights the complexity of the regulation of
biosynthesis of secondary metabolites, where enzymes that perform the
catalytic roles also have a regulatory function using mechanisms that are
not yet understood. Understanding of these mechanisms will impact the
future of metabolic engineering of secondary metabolism in both plants
and plant cell cultures. The effective expression and suppression of path-
way enzymes in hairy root cultures, cell suspension cultures and whole
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plants indicates a positive future for the optimization of production of
benzylisoquinoline alkaloids compounds in plant cell culture for drug
manufacturing.

3.5 Artemisinin

Approximately 100 million people are infected with malaria each year,
with 1 million dying from the disease [112]. The third world is particularly
affected and there is a great need for inexpensive, easily administered, effec-
tive drugs. Malaria is caused by the parasite Plasmodium, and a number of
strains resistant to older antimalarials have recently emerged [113]. Notably,
used in combination with older antimalarials, artemisinin and its deriva-
tives appear to be effective against drug resistant Plasmodium falciparum
strains found in Southeast Asia and Africa (Fig. 10) [114]. The biological
mechanism of action of this drug is not entirely clear. Although a variety of
biological mechanisms have been proposed, the sarco/endoplasmic reticu-
lum Ca?* ATPase orthologue PfATP6 appears to be the likely target [115].

The extracts of Artemisia annua (annual or sweet wormwood), a plant
that is native to China but is now endemic in many countries, were found
in the 1970s to have antimalarial activity. The active agent, artemisinin
(also known as ginghaosu [116] was isolated in 1972 from the aerial por-
tions of the plant at concentrations of 0.01-0.86% [117]. The compound
was structurally elucidated in 1979 and shown to be a sesquiterpene natu-
ral product containing an endoperoxide moiety (Fig. 10).

The low production levels in the plant make commercialization of arte-
misinin difficult. Total synthesis does not provide a commercially viable
solution. Therefore, plant cell culture is being examined as a viable strategy
for artemisinin production. Although production levels to date still remain
low, it is hoped that optimization and genetic efforts can improve the
prospects of plant cell culture as a source for artemisinin.

Efforts at establishing artemisinin producing A. annua cultures began
in the early 1980s [118]. Although a range of artemisinin levels have been
found in callus, shoot and root cultures, no artemisinin has been found in
cell suspension cultures, suggesting that some degree of differentiation is
required for production [114]. Transformation of A. annua with Agrobacte-
rium rhizogenes yielded hairy root cultures that produced artemisinin at
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modest levels. Currently, many research efforts are directed toward opti-
mizing artemisinin production in hairy root cultures [116]. Bioreactors
designed for the production of artemisinin from hairy root cultures have
been developed, though much more optimization needs to be done before
commercial levels are obtained.

The biosynthesis of artemisinin involves cyclization of farnesyl pyro-
phosphate to the germacrane skeleton (amorpha-4,11-diene) by a terpene
cyclase. The exact order of the steps following cyclization has not been
elucidated. The gene encoding the terpene cyclase has been cloned, as well
as a number of genes involved in the biosynthesis of the farnesyl pyro-
phosphate precursor [119-122]. Since the complete biosynthetic pathway
has not been elucidated, artemisinin cannot be expressed in a microbial
host. However, attempts have been made to overexpress the genes in the
mevalonic acid biosynthetic pathway as well as the terpene cyclase gene
(amorpha-4,11-diene synthase) in E. coli to yield 24 ng/mL of the artemis-
inin precursor amorphadiene [123]. Notably, an efficient transformation
system for A. annua is available, suggesting that as additional genes in the
biosynthetic pathway are elucidated, genetic manipulation in plant cell
cultures may improve production levels [124].

3.6 Shikonin

Shikonin represents one of the earliest of the plant cell culture success
stories (Fig. 11). Shikonin is a naphthoquinone pigment accumulated in
a variety of boraginaceous species [125]. Shikonin displays antimicrobial,
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anti-inflammatory and antitumor activity. Mechanistic studies indicate
that shikonin acts as a topoisomerase I inhibitor and that it also induces
apoptosis in certain leukemia cell lines [126]. Shikonin appears to inhibit
angiogenesis in in vitro studies. Shikonin is also used as a lipstick pigment
in certain countries [127]. It was first demonstrated that Lithospermum
erythrorhizon callus cultures yielded shikonin acyl esters in the 1970s [128].
High producing cell lines, producing up to 1.2 mg/g (fresh weight), could
be selected for visually, since shikonin is red. Production in cell suspension
cultures was subjected to extensive optimization both in terms of genera-
tion of cell biomass and product production. It was found that sucrose,
oligogalacturonide and methyl jasmonate upregulated the production of
shikonin [127]. A 750 L bioreactor culture yielded 1.4-2.3 g/L of shikonin
in 23 days [129]. Commercial production of shikonin was reported by
Mitsui Petrochemical Industry in 1983 [127].

A hairy root culture of L. erythrorhizon was established by infection with
Agrobacterium rhizogenes. The hairy root culture produced shikonin in the
root culture medium and also secreted it into the medium [130]. Addition
of absorbents increased the concentration of shikonin produced to levels
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of approximately 9 mg/day. The plant cell cultures were also used to inves-
tigate the mechanism of biosynthesis and regulation [131]. Feeding studies
in the cell cultures were used to demonstrate that shikonin is derived from
p-hydroxy-benzoic acid and geranyl diphosphate [132]. A proposed bio-
synthetic pathway is shown in Figure 11. However, most of the enzymes
that catalyze the biosynthetic transformations remain to be cloned.

3.7 Podophyllotoxin

Podophyllotoxin, a liganin which demonstrates anti-proliferative activity
[133], binds to the protein tubulin and prevents association of tubulin
into microtubules (Fig. 12) [134, 135]. Unfortunately however, podophyl-
lotoxin proved to be too toxic for clinical use. A research program at
Sandoz isolated glycosylated podophyllotoxins, and discovered that these
compounds although less toxic, were, unfortunately, also less cytostatic.
A chemistry program was initiated to improve the anticancer activity of
the lignan glycoside [136]. A variety of semi-synthetic podophyllotoxin
derivatives were screened for antitumor activity and the clinical drugs
etoposide, etopophos and teniposide were developed from these studies.
Etoposide showed a much higher cytostatic in vitro activity than the pre-
cursor compound and is now licensed to and produced by Bristol-Myers
Squibb (Fig. 12) [136-138]. Interestingly, etoposide was later found to
inhibit topoisomerase II, and does not function by inhibiting microtubule
formation, indicating that derivatization of the original pharmacophore
can result in a change in biological mechanism of action.
Podophyllotoxin is produced in highest levels (4.3% DW) in Podo-
phyllum hexandrum [139]. Many Podophyllum species are endangered, so
establishment of a renewable plant cell culture source of this compound
would be highly desirable. Although a cell culture that produces appropri-
ate amounts of Podophyllum have not been established yet, efforts are
being made to develop a cell culture line capable of sustaining podophyllo-
toxin production. However, cell cultures of P. hexandrum produced greatly
reduced levels of the compound [140]. A variety of plant species have been
screened for podophyllotoxin production and it appears that Linum album,
L. flavum and L. nodiflorum all produce podophyllotoxin and grow well
as cell suspension cultures. Cell suspension cultures of L. album produce
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0.2-0.5% DW podophyllotoxin, which, although an improvement over
earlier cell lines, still does not approach the levels observed in the whole
plant [141]. Root cultures of L. flavum have been shown to produce up to
5% DW podophyllotoxin, suggesting that root cultures may provide the
most viable production strategy for this compound in culture [139].

4  Future directions

Plant derived natural products play a critical role in modern medicine.
However, harvesting these products from the plant is expensive, requires
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large amounts of plant material and is often damaging to the environment.
Due to the structural complexity of natural products, total synthesis does
not present an economical option for industrial production for many of
these metabolites. Plant cell cultures have been established for a wide
variety of species using nominal amounts of plant material, a particularly
useful strategy for the production of metabolites from endangered or rare
plants. Although plant cell culture represents an important alternative for
natural product production, only a small fraction of plant natural prod-
ucts can be expressed at industrially useful levels in culture. However, as
biosynthetic genes are cloned, the opportunities to metabolically engineer
plant cells become more feasible, and the commercial prospects of plant
cell cultures may improve.

References

1 Verpoorte R, van der Heijden R, Ten Hoopen HJG, Memelink J (1999) Metabolic engi-
neering of plant secondary metabolite pathways for the production of fine chemicals.
Biotech Lett 21: 467-479

2 Verpoorte R, van der Heijden R, Schripsema J, Hoge JHC, Ten Hoopen HJG (1993) Plant
cell biotechnology for the production of alkaloids: present status and prospects. | Nat
Prod 56: 186-207

3 Rates S (2001) Plants as sources of drugs. Toxicon 39: 603-613

4 Julsing MK, Quax W], Kayser O (2007) The engineering of medicinal plants: prospects
and limitations of medicinal plant biotechnology. In: O Kayser, W Quax (eds): Medicinal
plant biotechnology. Wiley-VCH, Weinheim, 3-8

5 White PR (1934) Potentially unlimited growth of excised tomato root tips in a liquid
medium. Plant Physiol 9: 585-600

6 Gautheret RJ (1934) Culture du tissues cambial. C R Acad Sci 198: 151-158

7 Heinstein PF (1985) Future approaches to the formation of secondary natural products
in plant cell suspension cultures. ] Nat Prod 48: 1-9

8 Hughes EH, Shanks JV (2002) Metabolic engineering of plants for alkaloid production.
Met Eng 4: 41-48

9 Vazquez-Flota E, de Luca V, Carrillo-Pech M, Canto-Flick A, Miranda-Ham M (2002) Vin-

doline biosynthesis is transcriptionally blocked in Catharanthus roseus cell suspension
cultures. Mol Biotechnol 22: 1-8

10 Briskin DP, Kobayashi H, Lila MA, Gawienowski M (2004) Growth in tissue culture and
in vitro production of kavapyrones. In: LA Dyer, ADN Palmer (eds): Piper. A model genus
for studies of phytochemistry, ecology and evolution. Kluwer Academic Press, New York,
140-155

11 Fischer R, Stoger E, Schillberg S, Christou P, Twyman, RM (2004) Plant-based production
of biopharmaceuticals. Curr Opin Plant Biol 7: 152-158

12 Vanisree M, Lee CY, Lo SF, Nalawade MS, Lin CY, Tsay TS (2004) Studies on the produc-

362



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Natural products from plant cell cultures

tion of some important secondary metabolites from plants by plant tissue cultures. Bot
Bull Acad Sing 45: 1-22

Kreis W (2007) In vitro culturing techniques of medicinal plants. In: O Kayser, W Quax
(eds): Medicinal plant biotechnology. Wiley-VCH, Weinheim, 159-185

Schlatman JE, Moreno PRH, Selles M, Vinke JL, Ten Hoopen HUG, Verpoorte R, Heijnen
JJ (1995) Two stage batch production of ajmalicine by Catharanthus roseus: the link
between growth and production stage. Biotechnol Bioeng 47: 53-59

Nettleship L, Slaytor M (1974) Adaptation of Peganum harmala callus to alkaloid produc-
tion. J Exp Bot 25: 1114-1123

Eible R, Eibl D (2002) Bioreactors for plant cell and tissue cultures. In: KM Oksman-
Caldentey, WH Barx (eds): Plant biotechnology and transgenic plants. Marcel Dekker, New
York, 166

Hamill JD, Lidgett AJ (1997) Hairy root cultures: opportunities and key protocols for
studies in metabolic engineering. In: PM Doran (ed): Hairy roots: culture and applications.
Harwood Academic, Amsterdam, 1-31

Tepter D (1990) Genetic transformations using Agrobacterium rhizogenes. Physiol Plant 79:
140-146

Giri A, Narasu, ML (2000) Transgenic hairy roots: recent trends and applications. Bio-
technol Adv 18: 1-22

Mugnier J (1988) Establishment of new axenic hairy root lines by inoculation with
Agrobacterium rhizogenes. Plant Cell Rep 7: 9-12

Aird ELH, Hamill JD, Rhodes MJC (1988) Cytogenetic analysis of hairy root cultures
from a number of plant species transformed by Agrobacterium rhizogenes. Plant Cell Tissue
Organ Cult 15: 47-57

Doran PM (2002) Properties and applications of hairy root cultures. In: KM Oksman-
Caldentey, WH Barx (eds): Plant biotechnology and transgenic plants. Marcel Dekker, New
York, 143-161

Weathers PJ, Cheetham RD, Follansbee E, Teoh T (1994) Artemisinin production by
transformed roots of Artemisia annua. Biotechnol Lett 16: 1281-1286

Wallaart TE, Pras N, Quax WJ, (1999) Isolation and identification of dihydroartemisinic
acid hydroperoxide from Artemisia annua: a novel biosynthetic precursor of artemisinin.
J Nat Prod 62: 1160-1162

Saito K, Mizukami H (2002) Plant cell cultures as producers of secondary compounds In:
KM Oksman-Caldentey, WH Barx (eds): Plant biotechnology and transgenic plants. Marcel
Dekker, New York, 77-109

Kreis, W (2007) In vitro culturing techniques of medicinal plants In: O Kayser, W Quax
(eds): Medicinal plant biotechnology. Wiley-VCH, Weinheim, 173

Tulecke W, Nickell LG (1959) Production of large amounts of plant tissue by submerged
culture. Science 130: 863-864

Noguchi M, Matsumoto T, Hirata Y, Yamamoto K, Katsuyama A, Kato A, Azechi S, Kato
K (1977) Improvement pf growth rates of plant cell cultures. In: W Barz, E Reinhard, MH
Zenk (eds): Plant tissue culture and its biotechnological application. Springer Verlag, Berlin,
85-94

Briskin DP (2007) Biotechnological methods for the selection of high-yielding cell lines
and production of secondary metabolites in medicinal plants In: O Kayser, W Quax
(eds): Medicinal plant biotechnology. Wiley-VCH, Weinheim, 187-199

van Larebeke N, Engler G, Holsters M, van den Elsacker S, Zaenen I, Schilperoort RA,

363



Elizabeth McCoy and Sarah E. O’Connor

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

364

Schell J (1974) Large plasmid in Agrobacterium tumefaciens essential for crown gall induc-
ing ability. Nature 252: 975-976

Chilton MD, Drummond MH, Merlo D], Sciaky D, Montoya AL, Gordon MP, Nester EW
(1977) Stable incorporation of DNA into higher plant cells: the molecular basis of crown
gall tumorigenesis. Cell 11: 263-271

Herrera-Estrella L, Depicker A, van Montagu M, Schell J (1983) Expression of chimaeric
genes transferred into plants using a Ti-plasmid derived vector. Nature 303: 209-213
Niu X, Li X, Veronesse P, Bressan RA, Weller SC, Hasegawa PM (2000) Factors affecting
Agrobacterium tumefacians transformation of peppermint. Plant Cell Rep 19: 304-310
Klein TM, Wolf ED, Wu R, Stanford JC (1987) High velocity microprojectiles for deliver-
ing nucleic acids into living cells. Nature 327: 70-73

Twyman RM, Christou P, Stoger E (2002) Genetic transformation of plants and their
cells. In: KM Oksman-Caldentey, WH Barx (eds): Plant biotechnology and transgenic plants.
Marcel Dekker, New York, 111-141

Wilmink A, Dons JJM (1993) Selective agents and marker genes for use in transformation
of monocotyledonous plants. Plant Mol Biol Rep 11: 165-185

Joersbo M, Donaldson I, Kreiberg J, Petersen SG, Brunstedt J, Okkels FT (1998) Analysis
of mannose selection used for transformation of sugar beet. Mol Breeding 4: 111-117
Holm Y, Hiltunen R (2002) Plant derived drugs and extracts. In: KM Oksman-Calden-
tey, WH Barx (eds): Plant biotechnology and transgenic plants. Marcel Dekker, New York,
23-44

Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT (1971) Plant antitumor agents.
VI. The isolation and structure of taxol, a novel antileukemic and antitumor agent from
Taxus brevifoli. ] Am Chem Soc 93: 2325-2327

Schiff PB, Fant ], Horwitz SB (1979) Promotion of microtubule assembly in vitro by Taxol.
Nature 277: 665

Rodi DJ, Janes RW, Sanganee HJ, Holton RA, Makowski L (1999) Screening of a library
of phage displayed peptides identifies human bcl-2 as a taxol binding protein. ] Mol Biol
285:197-204

Rowinsky EK, Cazenave LA, Donehower RC (1990) Taxol: a novel investigational anti-
microtuble agent. ] Natl Cancer Inst 82: 1247-1259

Tabata H (2004) Paclitaxel production by plant cell culture technology. Adv Biochem
Engin Biotechnol 7: 1-23

Whiterup KM, Look SA, Stasko MW, Ghiorzi TJ, Muschik GM, Cragg GM (1990) Taxus
needles contain amounts of taxol comparable to the bark of Taxus brevifolia: analysis
and isolation. ] Nat Prod 53: 1249

Holton RA, Biediger R], Boatman PD (1995) Semisynthesis of taxol and taxotere. In: M
Suffness (ed): Taxol: science and applications. CRC, Boca Raton, FL, 3-25

Yukimune Y, Tabata H, Higashi Y, Hara Y (1996) Methyl jasmonate induced overproduc-
tion of paclitaxel and baccatin III in Taxus cell suspension cultures. Nat Biotechnol 14:
1129-1132

Frense D (2007) Taxanes: perspectives for biotechnological production. Appl Microbiol
Biotechnol 73: 1233-1240

Fett-Neto AG, Dicosmo F, ReynoldsWF, Sakata K (1992) Cell culture of Taxus as a source
of the antineoplastic drug taxol and related taxanes. Biotechnology 10: 1572-1575
Jennewein S, Wildung MR, Chau M, Walker K, Croteau R (2004) Random sequencing



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Natural products from plant cell cultures

of an induced Taxus cell cDNA library for identification of clones involved in Taxol
biosynthesis. Proc Natl Acad Sci 101: 9149-9154

Nims E, Dubois CP, Robers SC, Walker EL (2006) Expression profiling of genes involved
in paclitaxel biosynthesis for targeted metabolic engineering. Met Eng 8: 385-394
Withers ST, Keasling JD (2007) Biosynthesis and engineering of isoprenoid small mol-
ecules. Appl Microbiol Biotechnol 73: 980-990

Stierle A, Strobel G, Stierle D (1993) Taxol and taxane production by Taxomyces andrea-
nae, an endophytic fungus of pacific yew. Science 260: 214-216

Shrestha K, Strobel GA, Shrivastava SP, Gewali MB (2001) Evidence for paclitaxel from
three new endophytic fungi of Himalayan yew of Nepal. Planta Med 67: 374-376
Lorence A, Nessler CL (2004) Camptothecin, over four decades of surprising findings.
Phytochemistry 65: 2735-2749

Thomas CJ, Rahier NJ, Hecht SM (2004) Camptothecin: current perspectives. Bioorg Med
Chem 12: 1585-1604

LiQY, Zu YG, Shi RZ, Yao LP (2006) Review camptothecin: current perspectives. Curr Med
Chem 13(17): 2021-2039

Oberlies NH, Kroll DJ (2004) Camptothecin and taxol: historic achievements in natural
products research. ] Nat Prod 67: 129-135

Wall ME, Wani MC, Cook CE, Palmer KH, McPhail AT, Sim GA (1966) Plant antitumor
agents. L. Isolation and structure of camtothecin, a novel alkaloidal leukemia and tumor
inhibitor from Camptotheca acuminata. ] Am Chem Soc 88: 3888-3890

Lopez-Meyer M, Nessler CL, McKnight TD (1994) Sites of accumulation of the antitumor
alkaloid camptothecin in Camptotheca acuminata. Planta Med 60: 558-560

Wani MC, Wall ME (1969) Plant antitumor agents. II. Structure of two new alkaloids
from Camptotheca acuminata. ] Org Chem 34: 1364-1367

Govindachari TR, Viswanathan N (1972) 9-Methoxycamptothecin. New alkaloid from
Mappia foetida. Ind ] Chem 10: 453-454

Wani MC, Ronman PE, Lindley JT, Wall ME (1980) Plant antitumor agents. 18. Synthesis
and biological activity of camptothecin analogs. ] Med Chem 23: 554-560

Hutchinson CR (1981) Camptothecin - chemistry, biogenesis and medicinal chemistry.
Tetrahedron 37: 1047-1065

Kitajima M, Yoshida S, Yamagata K, Nakamura M, Takayama H, Saito K, Seki H, Aimi N
(2002) Camptothecin-related alkaloids from hairy roots of Ophiorrhiza pumila. Tetrahe-
dron 58: 9169-9178

Sakato K, Tanaka H, Mukai N, Misawa M (1974) Isolation and identification of camp-
tothecin from cells of Camptotheca acuminata suspension cultures. Agric Biol Chem 38:
217-218

Pan XW, Xu HH, Xin L, Gao X, Lu YT (2004) Improvement of growth and camptothecin
yield by altering nitrogen source supply in cell suspension cultures of Camptotheca acu-
minata. Biotechnol Lett 26: 1745-1748

Bensaddek L, Gillet F, Saucedo JEN and Fliniaux MA (2001) The effect of nitrate and
ammonium concentrations on growth and alkaloid accumulation of Atropa belladonna
hairy roots. ] Biotechnology 85: 35-40

Wiedenfeld H, Furmanowa M, Roeder E, Guzewska J, Gustowski W (1997) Camptothecin
and 10-hydroxycamptothecin in callus and plantlets of Camptotheca acuminata. Plant
Cell Tiss Organ Cult 49: 213-218

365



Elizabeth McCoy and Sarah E. O’Connor

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

366

Roja G, Heble MR (1994) The quinoline alkaloids camptothecin and 9-methoxycamp-
tothecin from tissue cultures and mature trees of Nothapodytes foetida. Phytochemistry 36:
65-66

Ciddi V, Shuler ML (2000) Camptothecin from callus cultures of Nothapodytes foetida.
Biotechnol Lett 22: 129-132

Fulzele DP, Satdive RK, Pol BB (2001) Growth and production of camptothecin by cell
suspension cultures of Nothapodytes foetida. Planta Med 67: 150-152

Lorence A, Medina-Bolivar F, Nessler CL (2004) Camptothecin and 10-hydroxycamp-
tothecin from Camptotheca acuminata hairy roots. Plant Cell Reports 22: 437-441

Saito K, Sudo H, Yamazaki M, Koseki-Nakamura M, Kitajima M, Takayama H, Aimi N
(2001) Feasible production of camptothecin by hairy root culture of Ophiorrhiza pumila.
Plant Cell Rep 20: 267-271

Lee-Parsons CWT, Shuler ML (2002) The effect of ajmalicine spiking and resin addition
timing on the production of indole alkaloids from Catharanthus roseus cell cultures.
Biotechnol Bioeng 79: 408-415

Sudo H, Yamakawa T, Yamazaki M, Aimi N, Saito K (2002) Bioreactor production of
camptothecin by hairy root cultures of Ophiorrhiza pumila. Biotechnol Lett 24: 359-363
Asano T, Watase [, Sudo H, Kitajima M, Takayama H, Aimi N, Yamazaki M, Saito K (2004)
Camptothecin production by in vitro cultures of Ophiorrhiza liukiuensis and O. kuroiwai.
Plant Biotechnol 21: 275-281

Hashimoto T, Yamada Y (1983) Scopolamine production in suspension — cultures and
redifferentiated roots of Hyoscyamus niger. Planta Medica 47: 195-199

Knopp E, Strauss A, Wehrli W (1988) Root induction on several Solanaceae species by
Agrobacterium rhizogenes and the determination of root tropane alkaloid content. Plant
Cell Rep 7: 590-593

Oksman-Caldenty KM, Arroo R (2000) Regulation of tropane alkaloid metabolism in
plants and plant cell cultures. In: R Verpoorte, AW Alfermann (eds): Metabolic engineering
of plant secondary metabolism. Kluwer Academic Publishers, Netherlands, 253-281
Hashimoto T, Kohno J, Yamada Y (1989) 6b-Hydroxyhyoscyamine epoxidase from cul-
tured roots of Hyoscyamus niger. Phytochemistry 28: 1077-1082

Yamada Y, Hashimoto T (1989) Substrate specificity of the hyoscyamine 6f3-hydroxylase
from cultured roots of Hyoscyamus niger. Proc Japan Acad B 65: 156-159

Matsuda J, Okabe S, Hashimoto T, Yamada Y (1991) Molecular cloning of hyoscyamine
6p-hydroxylase, a 2-oxoglutarate-dependent dioxygenase, from cultured roots of Hyo-
scyamus niger. | Biol Chem 266: 9460-9464

Yun DJ, Hashimoto T, Yamada Y (1992) Metabolic engineering of medicinal-plants
- transgenic Atropa belladonna with an improved alkaloid composition. Proc Natl Acad
Sci 89: 11799-11803

Zarate R, el Jaber-Vazdekis N, Medina B, Ravelo AG (2006) Tailoring tropane alkaloid
accumulation in transgenic hairy roots of Atropa baetica by over-expressing the gene
encoding hyoscyamine 68-hydroxylase. Biotechnology Lett 28: 1271-1277

Zhang L, Ding RX, Chai YR, Bonfill M, Moyano E, Oksman-Caldentey KM, Xu TE, Pi Y,
Wang ZN, Zhang HM et al (2004) Engineering tropane biosynthetic pathway in Hyoscya-
mus niger hairy root cultures. Proc Natl Acad Sci 101: 6786-6791

Jouhikainen K, Lindgren L, Jokelainen T, Hiltunen R, Teeri TH, Oksman-Caldentey KM
(1999) Enhancement of scopolamine production in Hyoscyamus muticus L. hairy root
cultures by genetic engineering. Planta 208: 545-551



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Natural products from plant cell cultures

Kang YM, Lee OS, Jung HY, Kang SM, Lee BH, Karigar C, Prasad T, Bahk JD, Choi MS
(2005) Overexpression of hyoscyamine 6p-hydroxylase (h6h) gene and enhanced pro-
duction of tropane alkaloids in Scopolia parviflora hairy root lines. ] Microbiol Biotechnol
15:91-98

Palazon ], Moyano E, Cusido RM, Bonfill M, Oksman-Caldentey KM, Pinol MT (2003)
Alkaloid production in Duboisia hybrid hairy roots and plants overexpressing the h6h
gene. Plant Science 165: 1289-1295

Lee OS, Kang YM, Jung HY, Min JY, Kang SM, Karigar CS, Prasad DT, Bahk JD, Choi MS
(2005) Enhanced production of tropane alkaloids in Scopolia parviflora by introduc-
ing the PMT (putrescine N-methyltransferase) gene. In Vitro Cellular Dev Biol Plant 41:
167-172

Moyano E, Jouhikainen K, Tammela P, Palazon ], Cusido RM, Pinol MT, Teeri TH, Oks-
man-Caldentey KM (2003) Effect of pmt gene overexpression on tropane alkaloid pro-
duction in transtormed root cultures of Datura metel and Hyoscyamus muticus. ] Exp Bot
54:203-211

Rothe G, Hachiya A, Yamada Y, Hashimoto T, Drager B (2003) Alkaloids in plants and
root cultures of Atropa belladonna overexpressing putrescine N-methyltransferase. | Exp
Bot 54: 2065-2070

Moyano E, Fornale S, Palazon J, Cusido RM, Bagni N, Pinol MT (2002) Alkaloid produc-
tion in Duboisia hybrid hairy root cultures overexpressing the pmt gene. Phytochemistry
59: 697-702

Allen RS, Millgate AG, Chitty JA, Thisleton ], Miller JAC, Fist AJ, Gerlach WL, Larkin
PJ (2004) RNAi-mediated replacement of morphine with the nonnarcotic alkaloid reti-
culine in opium poppy. Nat Biotech 22: 1559-1566

Facchini PJ (2001) Alkaloid biosynthesis in plants: biochemistry, cell biology, molecular
regulation, and metabolic engineering applications. Ann Rev Plant Physiol Plant Mol Biol
52:29-66

Facchini PJ, Bird DA, Bourgault R, Hagel JM, Liscombe DK, MacLeod BP, Zulak KG (2005)
Opium poppy: a model system to investigate alkaloid biosynthesis in plants. Can | Bot
83:1189-1206

Unterlinner B, Lenz R, Kutchan TM (1999) Molecular cloning and functional expres-
sion of codeinone reductase: the penultimate enzyme in morphine biosynthesis in the
opium poppy Papaver somniferum. Plant | 18: 465-475

Grothe T, Lenz R, Kutchan TM (2001) Molecular characterization of the salutaridinol
7-O-acetyltransferase involved in morphine biosynthesis in opium poppy Papaver som-
niferum. | Biol Chem 276: 30717-30723

Sato F, Yamada Y (1984) High berberine-producing cultures of Coptis japonica cells. Phy-
tochemistry 23: 281-285

Matsubara K, Kitani S, Yoshioka T, Morimoto T, Fujita Y (1989) High-density culture
of Coptis japonica cells increases berberine production. ] Chem Technol Biotechnol 46:
61-69

Eilert U, Kurz WGW, Constabel F (1985) Stimulation of sanguinarine accumulation in
Papaver somniferum cell-cultures by fungal elicitors. ] Plant Physiol 119: 65-76
Lamboursain L, Jolicoeur M (2005) Critical influence of Eschscholzia californica cells
nutritional state on secondary metabolite production. Biotechnol Bioeng 91: 827-837
Klvana M, Legros R, Jolicoeur M (2005) In situ extraction strategy affects benzophen-

367



Elizabeth McCoy and Sarah E. O’Connor

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

368

anthridine alkaloid production fluxes in suspension cultures of Eschscholtzia californica.
Biotechnol Bioengineer 89: 280-289

Inui T, Tamura K, Fujii N, Morishige T, Sato F (2006) Overexpression of Coptis japonica
norcoclaurine 6-O-methyltransferase overcomes the rate-limiting step in benzylisoqui-
noline alkaloid biosynthesis in E. californica. Plant Cell Physiol 48: 252-262

Siah CL, Doran PM (1991) Enhanced codeine and morphine production in suspended
Papaver somniferum cultures after removal of exogenous hormones. Plant Cell Rep 10:
349-353

Le Flem-Bonhomme V, Laurain-Mattar D, Fliniaux MA (2004) Hairy root induction of
Papaver somniferum var. album, a difficult-to-transform plant, by A. rhizogenes LBA 9402.
Planta 218: 890-893

Park SU, Yu M, Facchini PJ (2002) Antisense RNA-mediated suppression of benzophen-
anthridine alkaloid biosynthesis in transgenic cell cultures of California poppy. Plant
Physiol 128: 696-706

Park SU, YuM, Facchini PJ (2003) Modulation of berberine bridge enzyme levels in trans-
genic root cultures of California poppy alters the accumulation of benzophenanthridine
alkaloids. Plant Mol Biol 51: 153-164

Fujii N, Inui T, Iwasa K, Morishige T, Sato F (2007) Knockdown of berberine bridge
enzyme by RNAi accumulates (S)-reticuline and activates a silent pathway in California
poppy cells. Transgenic Res 16: 363-375

Frick S, Chitty J, Kramell R, Schmidt ], Allen R, Larkin P, Kutchan T (2004) Transforma-
tion of opium poppy with antisense berberine bridge enzyme gene via somatic embryo-
genesis results in an altered ratio of alkaloids in latex but not in roots. Transgenic Res 13:
607-613

Larkin PJ, Miller JAC, Allen RS, Chitty JA, Gerlach WL, Frick S, Kutchan TM, Fist AJ
(2007) Increasing morphinan alkaloid production by overexpressing codeinone reduct-
ase in transgenic Papaver somniferum. Plant Biotechnol ] 5: 26-37

Frick S, Kramell R, Kutchan TM (2007) Metabolic engineering with a morphine biosyn-
thetic P450 in opium poppy susrpasses breeding. Met Eng 9: 169-176

Zhao Y, Liu C (2007) Biological production of artemisinin for malarial therapy. In: O
Kayser, W Quax (eds): Medicinal plant biotechnology. Wiley-VCH, Weinheim, 529-542
Wernsdorfer WH (1994) Epidemiology of drug resistance in malaria. Acta Trop 56:
143-156

Krishna S, Uhlemann AC, Haynes RK (2004) Artemisinins: mechanisms of action and
potential for resistance. Drug Resistance Update 7: 233-244

Uhlemann AC, Cameron A, Eckstein-Ludwig U, Fischbarg J, Iserovich P, Zuniga FA, East
M, Lee A, Brady L, Haynes RK et al (2005) A single amino acid can determine the sensi-
tivity of the SERCAs to artemisinins. Nat Struct Mol Biol 12: 628-629

Weathers PJ, DeJesus-Gonzalez L, Kim Y], Souret FF, Towler MJ (2004) Alteration of bio-
mass and artemisinin production in Arfemisia annua hairy roots by media sterilization
method and sugars. Plant Cell Rep 23: 414-418

Abdin MZ, Israr M, Rehman RU, Jain SK (2003) Artemisinin, a novel antimalarial drug:
biochemical and molecular approaches for enhanced production. Planta Med 69: 289-
299

He XC, Zeng MY, Li GE Liang Z (1983) Callus induction and regeneration of plantlets
from Artemisia annua and changes in qinghaosu contents. Acta Bot Sin 25: 87-90



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Natural products from plant cell cultures

Akhila A, Thakur RS Popli SP (1987) Biosynthesis of artemisinin in Artemisia annua.
Phytochemistry 16: 1927-1930

Mercke P, Bengtsson M, Bouwmeester HJ, Posthumus MA, Brodelius PE (2000) Molecular
cloning expression and characterization of amorpha-4,11-diene synthase a key enzyme
of artemisinin biosynthesis in Artemisia annua. Arch Biochem Biohys 381: 173-180

Liu Y, Ye HC, Wang H, Li GF (2003) Molecular cloning, E coli expression and genomic
organization of squalene synthase gene from Artemisia annua. Acta Bot Sin 45: 608-613
Matsushita Y, Kang WY, Charlwood BV (1996) Cloning and analysis of a cDNA encoding
farnesyl diphosphate synthase from Artemisia annua. Gene 172: 207-209

Martin VJJ, Pitera DJ, Withers ST, Newan JD, Kiesling JD (2003) Engineering a meval-
onate pathway in Escherichia coli for production of terpenoids. Nat Biotech 21: 796-802
Bouwmeester HJ, Wallaart TE, Janssen MHA, Loo B, Jansen BJM, Schmidt MAPCO,
Kracker JWD, Konig WA, Franssen MCR (1999) Amorpha-4,11-diene synthase catalyzes
the first probable step in artemisinin biosynthesis. Phytochemistry 52: 843-854

Yazaki K, Matsuoka H, Ujihara T, Sato, F (1999) Shikonin biosynthesis in Lithospermum
erythrorhizon. Light-induced negative regulation of secondary metabolism. Plant Biotech-
nology 16: 335-342

Yoon Y, Kim YO, Lim NY, Jeon WK, Sung HJ (1999) Shikonin an ingredient of Lithosper-
mum erythrorhizon induced apoptosis in HL60 human premyelotic leukemia cell line.
Planta Med 65: 532-535

Oinuma M, Shimoyama S, Noda, Y (1997) Red colorants their production and cosmetics
containing the colorants. Jpn Kokai Tokkyo Koho 8 pp. JP 09296125

Tabata M, Mizukami H, Hiraoka N, Konoshima M (1974) Pigment formation in callus
cultures of Lithospermum erythrorhizon. Phytochemistry 13: 927-932

Fujita Y, Tabata M, Nishi A, Yamada Y (1982) New medium and production of secondary
compounds with two staged culture medium. In: A Fujiwara (ed): Plant tissue culture.
Maruzen, Tokyo, 399-400

Sim §J, Chang HN (1999) Fed-batch hairy root cultures with in situ separation. Biotechnol
Bioprocess Eng 4: 106-111

Yazaki K (2001) Root-specific production of secondary metabolites: regulation of shikonin
biosynthesis by light in Lithospermum erythrorhizon. Natural Medicines 55: 49-54
Okamoto T, Yazaki K, Tabata M (1995) Biosynthesis of shikonin derivatives from L-
phenylalanine via deoxyshikonin in Lithospermum cell cultures and cell-free extracts.
Phytochemistry 38: 83-88

Hartwell JL, Schrecker AW (1951) Components of podophyllin. V. The constitution of
podophyllotoxin. ] Amer Chem Soc 73: 2909-2916

Jardine I (1980) Podophyllotoxins. In: JM Cassady, JD Douros (eds): Anticancer agents
based on natural product models. Academic, New York, 319-351

Cortese F, Bhattacharyya B, Wolff ] (1977) Podophyllotoxin as a probe for the colchicine
binding site of tubulin. ] Biol Chem 252: 1134-1140

Stahelin HF, von Wartburg A (1991) The chemical and biological route from podophyl-
lotoxin glucoside to etoposide. Cancer Res 51: 5-15

Canel C, Moraes RM, Dayan FE, Ferreira D (2000) Podophyllotoxin. Phytochemistry 54:
115-120

Staehelin H, Von Wartburg A (1989) From podophyllotoxin glucoside to etoposide. Prog
Drug Res 33: 169-266

369



Elizabeth McCoy and Sarah E. O’Connor

139

140

141

370

Arroo RRJ, Alfermann AW, Medarde M, Peterse M, Pras N, Woolley JG (2002) Plant cell
factories as a source for anti-cancer lignans. Phytochem Rev 1: 27-35

Sharma TR, Singh BM, Sharma NR, Chauhan RS (2000) Identification of high podo-
phyllotoxin producing biotypes of Podophyllum hexandrum Royle from North-Western
Himalaya. ] Plant Biochem Biotechnol 9: 49-51

Fuss E (2003) Lignans in plant cell and organ cultures: an overview. Phytochem Rev 2:
307-320



Index

Abraxane® 25

acetylcholinesterase (AChE) 225, 237, 238

AChE inhibitors 98

Acidobacteria 157

Actinobacterium 147

actinomycetes 145, 188

actinomycin D 8, 22

activity profiling 239

acyl homoserine lactones 157

adriamycin 22

Agrobacterium rhizogenes 336, 346, 348,
349, 359

Agrobacterium tumefaciens 339

Alzheimer’s disease 88, 97

6-amino-penicillanic acid 6

7-aminocephalosporanic acid 6

aminoglycoside 8

amphotericin B 15, 146, 164

amrubicin 26

analytical biosensor 198

angiotensin converting enzyme (ACE)-2
223

anthracyclines 22

antibiotics 158, 164

anticancer agents 53

antifoaming agents 319

antifungal agents 164

antimalarial agents 70-75

antiviral agents 75-81

aplidine 152

arachidonic cascade 232

Artemisia annua 336, 357

artemisinin 18, 71-74, 337, 357, 358

ascomycetes 158

Aspergillus sp. 148

Aspergillus nidulans 158

aspirin 163

assays screening strategy 181

atherosclerosis 91

atherosclerotic plaque 20

atmospheric pressure ionization (API) 193

atorvastatin 20, 21, 166

Atropa belladonna 346, 348, 351
avermectin (Ave) 131, 146, 165

baccatin III 341

bacterial diversity 151

Bacterioidetes 149, 155

bacterioplankton community 159

becatecarin 30

belotecan 26

benefit sharing 106

benzylisoquinoline alkaloid (BIA) 351,
353-357

berberine 351-354

betulinic acid 67, 79

bicyclomycin 161

bioactivity-guided fractionation 216, 234

bio-assay guided fractionation 188

bio-assay guided isolation 178

biogeography 150

bioinformatics 217

biologically active plant products, discovery
process 51-70

bioprospection 106

bioreactor 335-338, 343, 346, 347, 358

biosynthetic enzymes, distribution of
125-129

biosynthetic gene cluster 31

biosynthetic pathway 163

birth and death evolution 126

bleomycin 23,127, 147, 165

boswellic acids 82

Box-Behnken design 308

breakthrough time 197

Brookhaven Protein Data Bank (PDB) 221

bryostatin 152, 163, 166

buprenorphine 351

calanolides 76, 77

calicheamicin 24

callus culture 335, 336, 346
Camptotheca acuminata 344, 346, 347
camptothecin 24, 26, 58-60, 344-347

371



Index

Cancidas™ 152

cannabinoid 87

cannabinoid receptor 87

capillary scale microcoil NMR 194
capsaicinoids 84-87

carbapenems 164

carbon source 295
cardiovascular/metabolic disorders 91
caspofungin 152, 163
castanospermine 79-81, 95
catabolite repression 295
CATALYST 227, 229

Catharanthus roseus 333, 347

cell based reporter assays 189

cell suspension culture 335, 336, 342, 346,

353, 355, 356, 359, 360
Central Composite Design(CCD) 306
cephalosporin 6, 146, 164
chemical feature-based model 221
chemical feature-based pharmacophore
226
chemical fingerprint 192
chemical warfare 133
chemoinformatics 217
chemoprevention 69, 70
chemotaxonomy 232
chloroquinine 18
chromatographic profile 192
chromatographic separation 234
cluster analysis 192
co-cultivation 148
codeine 351-356
co-evolution 134
combinatorial biosynthesis 8, 149, 273
combinatorial chemistry, de novo 31
combretastatins 60
combretastatin A-4 27
combretastatin A-4 phosphate 27
competitive substrate inhibitor 181
complex media 294
computational approach 217
conformation analysis 229
consensus scoring 218
contour plot 302
Convention on Biological Diversity (CBD)
105
Coptis japonica 351, 353

372

CORINA 229

coronatin 127
countercurrent 184
cryogenic flow probes 195
cryogenic probe 199
cryptolepine 74,75
curcumin 69, 83, 84 102
cyanobacteria 148, 155
cyanosafracin B 27

cyclic AMP 157
cyclooxygenase 234, 235
cyclosporinel46, 163
cyclosporin A 146, 166
cytochrome P450 224, 227

daptomycin 9, 10, 146, 164
data mining 218

databases 229, 230
daunomycin 165
daunorubicin 22, 147

de novo combinatorial chemistry 31
decision tree 229

defined media 294
dereplication 154, 178, 187
diabetes 91

Dictionary of Natural Product Database 230
Dioscorides 235
discodermolide 152
discriminant analysis 228
dissolved oxygen (DO) 313
DKxanthenes 134

DNA, cosmid-size genomic 158
DNA, environmental 158
DNA, metagenomic 158
docetaxel 25, 29

Dolabella auricularia 148
dolastatins 148

doxorubicin 22, 147, 165
doxycycline 8

drug target 189

echinocandin 16

ECO-02301 161

eco-region 151

ecteinascidin 743 152

EGb761 100

electrospray ionization (ESI) 193, 196



electrospray ionization Fourier transform
ion cyclotron resonance mass
spectrometry (ESI-FTICR) 196, 197

elicitation 353

elicitor 338, 343

ellipticines 57

endophytes 152

endophytic fungal strain 344

enfumafungin 152

enzastaurin 30

epitope mapping 202

epothilone 30, 148, 202

epothilone A 202

epothilone B 30

ergotamine 147, 165

erythromycin 8, 146, 164

Escherichia coli 158

Eschscholzia californica 351, 354, 355

estrogen receptor-f 219

ET-743 27

ethnopharmacology 232, 235

etopophos 360

etoposide 24, 360

eupatin 189

experiment design, based on statistics 301

explant 335

factor analysis 192

factor Xa 223

fatty acid synthase(FAS) 123-125, 167

FEPOPS (FEature POint Pharmacoph-
oreS) 240

fermentation 251-274

fermentation broths, rheology of 314

Firmicutes 149, 155

fitness costs 137

FK506 163

FK506 binding protein 199

FKBP12 190

flavopiridol 29, 67

flow cytometry 159

flucytosine, see 5-fluorocytosine

fluorescence 181

S-fluorocytosine 16

frontal affinity chromatography (FAC-MS)
197

fumagillin 18

Index

fungi, biodiversity 149, 150
fungi, metabolites 145
Fusarium 148

galanthamine 99

genetic engineering 266

genomic island 127

gentamycin 146

Ginkgo biloba 100-102, 332

Glarea lozoyensis 152

glioblastoma multiforme 30

glucose, as carbon source 295

glucosidase inhibitors 95

glycopeptides 10

griseofulvin 15

growth of microorganism, effect of nitrogen
source 297

growth of microorganism, effect of pH and
temperature 298

growth of microorganism, effect of
phosphate and trace minerals 297

growth of microorganism, medium
development 298

growth of microorganism, nutritional
requirements for 294-298

guggul sterols 92, 93

hairy root cell line 348

hairy root culture 335, 336, 354, 356, 357

heat transfer 316

hemiasterlin 202

hepatitis C virus 80

heroin 355

high temperature short time sterilization
(HTST) 316

high throughput docking 218

high throughput screening of chemical
libraries (HTS) 178

HTS, confirmation assay 186

HTS, hit rate 186, 187

HTS, primary phase 186

histone deacetylase (HDAC) inhibitor 26

“History of Medicine”, homepage of NLM
4

hit-to-lead development 185

HMG-CoA 20

holistic approach 215

373



Index

holistic level 232

homoharringtonine 27

horizontal gene transfer (HGT) 127, 128

HPLC-MS 191

HPLC-NMR 194

HPLC-NMR-MS 194

HSQC 199

human genome 215

human immunodeficiency virus (HIV) 75,
76

HIV protease 224, 228

HIV-1 non-nucleoside reverse transcriptase
224

HIV-1 protease (PR) 228

HIV-1 reverse transcriptase (RT) 228

huperzine A 98

hydrofoil impellers 313

11p-hydroxysteroid dehydrogenase 227

hyoscyamine 348-350

hyoscyamine 6B-hydroxylase (H6H) 348-
350

Hyoscyamus niger 348-351

hypericin 66

Hypericum perforatum 331

icariin 189

iminosugars 95

immune system 82-91

in combo approach 237
indicator molecule 198
indirubins 62-64

indol-3 carbinol (I3C) 70
inflammation 82-91

ingenol 3-angelate 66, 67
insulin 152

integrated approaches 232
integrated strategies 231
intellectual property issues 106
inverse docking 240
irinotecan 26, 344

isocyanide 158

isoprenoid synthase 167
isotopically labeled protein 199
ivermectin 18

ixabepilone 30

kahalalide F 152

374

B-ketoacyl-(acyl-carrier-protein synthase I/1I)
(FabF/B) 189
khellactones 78
kinase assay 181
kinase inhibitor 181
Kohonen network 228

larotaxel 29

LC-NMR-MS 195, 196

lead optimization 178

lead structure, source 49

leinamycin 127

library, crude 183

library, pre-fractionated 183

library, purified natural product 184

lifetime discriminated polarization 182

ligand-based pharmacophore model 225,
226

ligand-detected NMR screening 200, 202

LIGANDSCOUT 221, 223, 224

light scattering 181

liphagal 190

Lipinski’s rule 221

Lipinski-type descriptor 185

Lipitor®, see atorvastatin

lipstatin 147, 165

Lithospermum erythrorhizon 359

long-chain acyl phenol 158

long-chain fatty acid enol ester 158

lovastatin 20, 147, 163, 166, 295

luteolin 134

macromolecular targets 215

malaria 17, 357

marine natural product database (MNDP)
230

marinomycins 153

mass spectrometry 191

maytansine 31, 69

medium sterilization 315

metabolic engineering 268

metabolites, promiscuous 192

metabolites, secondary, see secondary
metabolites

metabolomics 193, 194

methyl jasmonate 339, 342, 359

mevalonic acid 20



mevastatin 20, 147, 166

microbial community 150

microbial process control 317

microbial process models 318

microcoil NMR 195

microcolonies 159

microcystin 134

microdoplets 159

MicroDrop® AutoDrop microdispenser
system 159

microhabitat 151

Micromonosporaceae 148

mimetic desmethyl-asterriquinone 152

minocycline 8

mitogen activated protein kinase
phophatase-1 190

Molecular Breeding™ 273

monoaminooxidase-A (MAO-A) 238

monoterpene indole alkaloid 344, 345

moracins 234

moriniafungin 152

morphine 351-356

Morus 234

mTOR(mammalian target of rapamycin)
26

Multitarget Affinity/Specifity Screening 196

mupirocin 146, 164

mutagenesis 254-260

mutants, altered morphology 256

mycophenolic acid 146, 166

mycorrhizogenous basidiomycetes 158

Mylotarg® 24

myxobacteria 148

N-acyl arginine 158

National Cancer Institute (NCI) 230

natural antibiotics 6

natural product database (NDP) 230

natural product library 180, 183, 184, 193

neural network 228

neuroprotective activity 190

new molecular entities 179

N-hydroxy amides 158

Nicotiana tabacum 337, 350, 351

nicotine 134

NMR screen, detection of ligand-protein
binding 198

Index

NMR spectroscopy 193

nociception 82-91

NOE pumping 202

non-Hodgkin’s lymphoma 30

non-Newtonian characteristics 314

non-ribosomal peptide 145

non-ribosomal peptide synthase 167

non-ribosomal peptide synthetase (NRPS)
129

non-specific inhibition 181

normeridamycin 190

Nostoc punctiform 148

Nothapodytes foetida 346, 347

nuclear factor kB (NF-xB) 228

nystatin 15

olibanum 82

oligomycin (Olm) 131

oligotrophic isolation media 156

on-flow detection 195

“one variable at a time” approach 298-301
Ophiorrhiza 346, 347

opium poppy 356

oxycodone 351, 355

oxygen transfer rate (OTR) 312

paclitaxel 24, 25, 29, 54, 103, 152, 331,
332, 340-344

pactamycin 127

palmitoylputrescine 158

palytoxin 163

pan-inhibitor 188, 192

pantoprazole 185

Papaver somniferum 351, 353-355

parallel screening 224, 239

parasiticide nodulisporic acids 152

particle bombardment 340

Prediction of Activity Spectra for Substances
(PASS) 230

pattern recognition 192

peak trapping 195

Pedanius Dioscurides 230

penicillin 6, 146, 164

Penicillium 148

pharmacophore model 220

pharmacophoric properties 185

phomalenic acids 189

375



Index

phospholipase A, 237

photosensitizers 64-66

phylogenetic selection 232

physostigmine 98

PI3 kinase o 190

PKCB 30

Placket-Burman design 307, 308

Placket-Burman technique 298

plant cell culture 103, 104

plant derived drugs, industrial production
102-105

plant transformation 339

Plasmodium falciparum 357

platensimycin 189

pleuromutilin 13

pneumocandin 297

pneumocandin B, 146, 152, 164

podophyllotoxin 24, 360, 361

podophyllotoxin derivates 57, 58

Podophyllum hexandrum 360

polyketide 145

polyketide synthase (PKS) 122-125, 167

PKS superfamily 123

potassium ion channel 220

power input (P,) 312

pravastatin 20

principal components analysis (PCA) 192,
194

production medium 294

prostratin 77,78

protein kinase 181, 219, 227

protein kinase CK2 219, 227

protein kinase D (PKD) 227

protein tyrosine phosphatase-1B inhibi-
tor 220

proteobacteria 148, 149, 155

Pseudonocardiaceae 148

pyoluteorin 127

pyrrolizidine alkaloids 134

quantitative high throughput screening
(QHTS) 181

quillaja saponins 90, 91

quinine 17

Random Forest database 229
rapamycin 4, 146, 166, 185

376

rebeccamycin 29
recombination, domain exchange 130, 131
recombination, genetic 261-265
respiratory quotient 317
response surface 301

resveratrol 69

rhizoxin 31

Rhodococcus marinonascens 153
rifamycin 153

rifamycin B 12

rohitukine 29

root culture 337

rule-of-5 185

Rushton impellers 313

salinosporamides 153

sanggenons 234

Sanguinaria canadensis 353

sanguinarine 190, 351, 354

SARby NMR 199

SAR11 159,161

saturation transfer difference (STD)
spectroscopy 200, 201

scaffold diversity 221

scopolamine 348, 351

scoring function 218

screening, false positives 52

screening campaign 186

Screening Hypothesis 132, 136

secondary metabolites 121, 129-137, 145,
148, 215, 293, 294

secondary metabolites, biosynthesis 148

secondary metabolites, diversification
of 129-132

secondary metabolites, evolution of 121

secondary metabolites, functional roles of
133-135

secondary metabolites, microbial 145

secondary metabolites, selection and
adaptation of 135-137

secondary metabolite production 294

seed medium 294

SERCA 19

sesquiterpene lactone 228

severe acute respiratory syndrome corona-
virus (SARS-CoV) protease 219

SHAPES-based fragment 202



shikonin 358-360

shoot culture 336, 337

sigma-1 227

simplex design 306

simvastatin 20, 163, 166

sirolimus 4, 26

sofrafenib 31

solid phase extraction 195

Solonaceae 348, 350

Sorangium cellulosum 148

specific growth rate 317

spectral perturbation 199

spin diffusion 200

sporolides 153

St. John’s Wort 331

stanols 93, 94

staurosporine 30, 188

sterols 93, 94

stopped-flow detection 195

strain dereplication 154

strain improvement 253

Streptomyces  145-147, 158, 161

Streptomyces aizunensis NRRL B-11277 161

Streptomyces avermitilis 145

Streptomyces coelicolor 145

Streptomyces lividans 158

streptomycin 146, 164

structure-based pharmacophore
model 221-223

suaveolindole 189

sub-ecosystem 151

suksdorfin 78

super critical fluid extraction 184

Super Natural Database 230

superficial gas velocity (Vy) 312

tacrolimus 146, 166
Tamiflu® 104

target fishing 239, 240
taxanes 24, 54-57

Taxol®, see paclitaxel

Taxus 152, 340-343

Taxus baccata 341

Taxus brevifolia 152, 340, 341
temsirolimus 4, 26
teniposide 24, 360
terpenoid chloro-dihydroquinones 153

Index

terragines 158

tetracycline 8, 146, 164

A9-tetrahydrocannabinol (A9-THC) 87

thebaine 351, 352, 355, 356

thienamycin 146

tigecycline 8

topotecan 26, 344

trabectedin 27

Traditional Chinese Medicinal Database
(TCMD) 230

transferred NOE method 202

transformation, strain improvement 264,
265

transposition, strain improvement 264,
265

Trichoderma 148

trichostatin 26

triptolide 67

tropane alkaloid 48, 346, 348-351

TROSY method 200

tryptophan derivative 158

tubromycin 158

tylosin 127

vancomycin 146, 164
vanilloid receptors 84
Verrucomicrobia 157
vinblastine 24, 332

Vinca alkaloid 24, 53, 54
vincristine 24

vindesine 24

vinflunine ditartrate 29
vinorelbine 24
violacein 158

virtual chromatogram 192
virtual screening 217, 218
vorinostat 26

WaterLOGSY 202
whole genome shuffling 273

xanthohumol 197
X-linked inhibitors of apoptosis (XIAP) 225

yersiniabactin 127

377



	cover-image-large.pdf
	front-matter
	01
	02
	03
	04
	05
	06
	07
	08
	09
	back-matter

