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Preface

This edition is a complementary extension of the first edition rather than simply a revised and
updated version. Thus, the majority of contributors are new, and the present aspects of bioactive
natural product research were not necessarily covered in the first edition. However, following in the
same vein as the first edition of this book, the reviewed and edited chapters of this second edition
were written by international researchers representing a variety of scientific disciplines. Each con-
tributor consequently approaches bioactive natural product research from a different perspective,
highlighting the multidisciplinary and collaborative nature of this type of research.

Again following the ethos of the first edition, contributors to this book were carefully selected
to provide an integrated and cohesive treatise of bioactive natural product research, bringing their
extensive experience into focus for the benefit of the reader. The contributors to this book have
critically reviewed the literature and presented research from their own laboratories that emphasize
both the philosophy and rationale that has successfully directed detection and isolation of bioactive
natural products. They also review and present the type and quality of structural information that
can be acquired and assessed in an integrated way to provide structure assignments for bioactive
natural products.

The editors worked closely with all authors to ensure that the individual chapters were amal-
gamated into a cohesive book that maintained its basic ethos throughout, that is, the imparting of
the expertise and experience of successful bioactive natural product researchers to others already
researching or planning to research the detection, isolation, and structure determination of bioactive
natural products.

Steven M. Colegate
Russell J. Molyneux

vii
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Steven M. Colegate and Russell ]. Molyneux
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1.1 INTRODUCTION

In the context of this book, and its predecessor, bioactive natural products are those chemical
compounds produced by living organisms that exert a biological effect on other organisms. This
includes therapeutic activity for diseases of humans and animals, toxic activity responsible for caus-
ing human and animal disease, and selective, biodegradable toxicity to help combat pests that may
adversely affect our endeavors to feed and otherwise service (e.g., protect cotton crops or plantations
of timber used for construction, etc.) the human population. In some cases, these bioactive natural
products are secondary metabolites produced by the organism to help protect itself within its own
environmental niche. In other cases, the compounds may be integral to the everyday existence of
the organism but have serendipitous activity in unrelated biological systems. This latter scenario is
exemplified by the search for novel bioactive applications for components of our food, for example,
milk and egg-derived proteins.

Several of the contributors to this book have commented on the vast potential offered by natural
resources for discovery and development of new therapeutics. They have also commented on the dwin-
dling of such resources in response to the expanding human population and its subsequent demands
for food and increasing areas of land on which to live. The extinction of plant and animal species, as
mankind encroaches on natural habitats, represents lost and irreplaceable resources, the full potential
of which is unpredictable. In the same way, the influence of mankind on aquatic environments paral-
lels that on the terrestrial habitats, with consequently similar concerns for loss of species yet to be
investigated or even discovered. The loss of indigenous cultures, as other cultures become influential
in an almost cancerous manner, is resulting in the loss of a fount of empirical ethnobotanical knowl-
edge that has been acquired over the course of thousands of years. Indeed, several chapters in this
book describe a heavy dependence on ethnobotanical and ethnopharmacological information.

The chapters in this book refer to the detection, isolation, and structural determination of bio-
active compounds from terrestrial and aquatic sources, from higher organisms to bacteria and
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endophytes. Microbial sources of useful bioactive compounds in conjunction with the capabili-
ties of genetic engineering are extremely important, especially in large-scale production of such
compounds.

1.2 THE MULTIDISCIPLINARY APPROACH

Nature recognizes no artificial barriers such as is represented by the “academic disciplines”, and
thus it is no surprise to find investigators with quite different academic training studying various
aspects of bioactive natural products. It is when such diversely trained investigators come together
as a team or, at the very least, collaborate very closely with each other, that most benefit will arise
from such studies since the investigators approach the subject from differing perspectives, which
will, with a little planning, complement and stimulate one another. This multidisciplinary approach
enables the solution of specific problems, such as in plant toxicology. For example, in the case
of plant-associated intoxication of livestock, the natural products chemist needs to work closely
with veterinarians and toxicologists; first to establish the etiology of the disease (e.g., which plant
is responsible? What in vivo effects are observed?) and then to isolate and identify those specific
bioactive compounds that can duplicate the pathogenesis of the intoxication that occurs naturally.
The multidisciplinary approach may also enhance the diversity and consequent value of bioactive
natural product research. For example, steroidal glycosides isolated on the basis of their mammalian
toxicity may also have useful ecdysteroid activity for insect control (see Chapter 21), or the polyhy-
droxylated alkaloid glycosidase inhibitors again isolated on the basis of mammalian toxicity may
have useful anticancer or antiviral activities (see Chapter 15).

Successful multidisciplinary collaboration requires that each individual has an understanding
and appreciation of the intellectual and technical contributions to the project of the other team
members. The sophistication of modern scientific instrumentation is such that the human aspects of
using such equipment are frequently overlooked. Although almost any research problem can pres-
ently be solved by the application of the most powerful equipment on the market, it requires imagi-
nation and resourcefulness to achieve results when such techniques are unavailable or too expensive
to employ. It is then essential for the collaborators to ask themselves appropriate questions with
regard to the most expeditious approach to be adopted, for example:

1. Can a single bioassay be used, or must more than one be employed to cover the bioactivity
of interest?

2. Is a “value-added” approach warranted, using multiple bioassays to investigate other
potential bioactivities?

3. What is the most useful technique for separation of the active compound for both struc-
tural determination and possibly large-scale biological testing? Obviously it is inefficient
to develop a separation method that yields the milligram quantities necessary for structure
elucidation and then to have to develop an entirely different method for preparation of
gram quantities for in vitro and, ultimately, in vivo testing.

4. What are the essential requirements for unambiguous determination of the structure? Can
deduced structural features be confirmed using another strategy or analytical technique?

5. Can the information regarding separation and structure of the bioactive compound(s) of
concern be integrated to give a useful method for detection and analysis? If so, the time
required for such method development may be significantly reduced.

6. What is the role of the compound(s) in the organism from which it is derived? Frequently,
this is not known but such knowledge could point the way to useful modes of action and
application to other organisms.

Such questions require that the collaborators have a basic understanding of both the potential and
the limitations of the techniques and disciplines that each can bring to bear on a problem. This can
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only lead to good experimental design, which will further the goals of the project. It is the intention
of this book to provide some measure of perception in this regard.

1.3 WHY ISOLATE BIOLOGICALLY ACTIVE NATURAL PRODUCTS?

The use of herbal and other natural medicines has a long history. However, the utilization of whole
plant or other crude preparations for therapeutic or experimental reasons can have several draw-
backs including:

1. Variation in the amount of the active constituent with geographic areas, from one season
to another, with different plant parts and morphology, and with climatic and ecological
conditions.

2. Cooccurrence of undesirable compounds causing synergistic, antagonistic, or other unde-
sirable, and possibly unpredictable, modulations of the bioactivity.

3. Changes or losses of bioactivity due to variability in collection, storage, and preparation of
the raw material.

Thus, the isolation of natural products that have biological activity toward organisms other than the
source has several advantages including the following:

1. Pure bioactive compound can be administered in reproducible, accurate doses with obvi-
ous benefits from an experimental or therapeutic aspect.

2. It can lead to the development of analytical assays for particular compounds or for classes
of compounds. This is necessary, for example, in the screening of plants for potential
toxicity and for quality control of therapeutic formulations or food for human or animal
consumption.

3. It permits the structural determination of bioactive compounds, which may enable the
production of synthetic material, incorporation of structural modifications, and rational-
ization of mechanisms of action. This in turn will lead to reduced dependency on plants,
for example, as sources of bioactive compounds and will enable investigations of structure/
activity relationships, facilitating the development of new compounds with similar or more
desirable bioactivities.

1.4 DETECTION AND ISOLATION

To search for a compound, which elicits a particular bioactive response, an appropriate assay is
required to screen the source material, and to monitor extracts therefrom and subsequent purifica-
tion steps. The assays described in this book are varied and include those for antimalarial, antican-
cer, seed germination, and mammalian toxicity activities, for example. Ideally, the assay should be
as simple, specific, and rapid as possible. An in vitro test is more desirable than a bioassay using
small laboratory animals, which, in turn, is more desirable than feeding large amounts of valuable
and hard to obtain extract to larger domestic or laboratory animals. In addition, in vivo tests in mam-
mals are often variable and are highly constrained by ethical considerations of animal welfare.

Extraction from the plant is an empirical exercise in which different solvents are utilized under
a variety of conditions such as time and temperature of extraction. The success or failure of the
extraction process is monitored by the most appropriate assay.

Once extracted from the plant, the bioactive component then has to be separated from the
coextractives. With luck, this may involve simple crystallization of the compound from the crude
extract, requiring only minor manipulation to yield pure compound. More usually, however, it will
involve further solvent partition of the coextractives and extensive chromatography, taking advan-
tage of particular properties of the desired compound such as acidity, polarity, and molecular size.
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In some cases, the isolation can be assisted by prior derivatization, imparting more easily manage-
able properties to the desired compound. As an example of improved separation techniques, the
application of high-speed countercurrent chromatography (HSCCC) to the isolation of usefully
large amounts of specific bioactive compounds is described in Chapter 10.

Several chapters of this book describe or provide examples of analytical technologies that allow
for the structure determination of compounds without the need for rigorous purification. How-
ever, in some cases the data are insufficient to allow an unambiguous confirmation of a tentatively
assigned structure, and more rigorous structural determination is required with purified compound.
Final purification, to provide compounds of suitable purity for such structural analysis, may be
accomplished by appropriate techniques such as recrystallization, sublimation, or distillation. It is
extremely important that such purification be done if for no other reason than to establish reference
standards for sharing with other scientists and for dereplication purposes (e.g., Chapters 5, 8, and 9).
The extensive use of HPLC techniques for separation of complex mixtures has led to the perception
that symmetrical peaks represent pure compounds (i.e., “the peak is the compound”), which is often
not the case when compounds of similar polarities coelute or when mixtures of enantiomers are
present (Chapter 7). Furthermore, eluted material is often described as, for example, an “amorphous
white solid”, but whenever sufficient product is available it should be recrystallized to constant melt-
ing point, thus providing a simple physical measure of purity and a benchmark for comparison by
other researchers. Similarly, optical rotation should be recorded to establish enantiomeric purity.

1.5 STRUCTURE DETERMINATION

The process of structural determination involves accumulating data from numerous sources, each of
which gives some structural information, and the assimilation of this data into a chemical structure
that rigorously and uniquely fits all the available structural information. A wide range of spectro-
scopic instrumentation, such as ultraviolet (UV)/visible (Vis) and infrared (IR) absorption spectros-
copies, nuclear magnetic resonance (NMR) spectroscopy, and mass spectrometry (MS), currently
forms the backbone of modern structural analysis. The development and application of the so-called
“hyphenated” approaches (HPLC-MS, HPLC-NMR, HPLC-DAD-MS-NMR, etc.) has increased
the speed and sensitivity of structure determinations. This has been particularly valuable in the
rapid dereplication of components in extracts, that is, where the structures are already known and
where the available data, that might otherwise only provide tentative structure determinations for
undescribed compounds, are confirmed by literature reports or comparison with standards.

Prior to the availability of such aids to structural determination and in cases where, despite
these aids, ambiguity existed, chemical modification or degradation of the unknown compound was
necessary. These latter processes involve the treatment of the unknown compound with functional
group-specific reagents or degradation of the compound in a predictable manner until a compound
of known structure is obtained. Backtracking should then provide a structure for the unknown
compound. Apart from being a time-consuming and exacting art, this method can be fraught with
difficulty and ambiguity.

When analysis of the spectroscopic data for an unknown compound is inconclusive, then, if the
compound or one of its derivatives is suitably crystalline, a single crystal X-ray diffraction study
should be considered. Simplistically, this involves the computer-aided analysis of the diffraction
pattern obtained when a single crystal is irradiated with X-rays. Correct interpretation of the data
will result in a three dimensional picture of the molecule, including the relative stereochemistry
if the molecule is optically active. In some cases, the absolute stereochemistry can also be deter-
mined. X-ray diffraction studies can give valuable information on the three dimensional shape of
the molecule, bond lengths and angles, and possible intra and intermolecular interactions, but it is
important to realize that this is solid-state data and may not be particularly informative as to the
behavior of a compound in solution where properties such as hydrogen bonding may have signifi-
cant effects. The importance of determining the absolute stereochemical nature of the structure is
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becoming more self-evident, since enantiomeric (mirror image) structures may have entirely differ-
ent biological properties. It is not acceptable to evaluate the bioactivity of mixtures of such optically
active compounds.

If structural analysis data are ambiguous and the compound is not amenable to an X-ray dif-
fraction study, then chemical synthesis, from precursors of known structure and stereochemistry, is
usually sufficient to prove or disprove a proposed structure, including the specific stereochemistry
if applicable.

There are traps for the inexperienced and experienced researchers alike. Deciding when a struc-
ture has been described unambiguously, or at least sufficiently for the investigator, is sometimes
governed by the availability (or lack thereof) of more probing technology. It is sometimes gov-
erned by the “need for speed”, or other time constraints that may be imposed upon the research.
Consequently, the chemical literature is replete with examples of how unambiguous synthesis has
been vital in finally establishing a structure for an unknown compound. Conversely, the literature
abounds with examples where complete synthesis has disproved a previously published structure
that was assigned based on spectroscopic and spectrometric analysis alone.

The power of sophisticated techniques such as NMR spectroscopy and MS for structural eluci-
dation is extremely seductive in their appeal. It is tempting to believe that structures determined by
their application are unequivocal, but their misuse can lead to egregious errors. A common mistake
is to use a 13C NMR carbon count, in combination with a low-resolution mass spectrum, to deter-
mine the molecular formula of a compound. Although the elemental composition can be presumed
by this procedure, it cannot be established. For example, carbon atoms with aberrant relaxation
times may not be seen in the NMR, and the mass spectrum may not show the molecular ion. With-
out careful consideration, even high-resolution MS may not be infallible in providing the molecular
formula, as the spectrum observed may be that of an impurity or an artifact. For example, alkaloid
N-oxides often undergo thermal deoxygenation at probe temperatures, giving the mass spectrum
of the parent base rather than the N-oxide. Combustion analysis is the most reliable method for
elemental analysis if sufficient material is available because it establishes both purity and the pres-
ence of atoms such as nitrogen or halogens.

It is also important to recognize that a great deal of fundamental structural information can be
accumulated by simple chemical or spectroscopic methods prior to resorting to the more expensive
and complicated techniques, thus limiting the load on instrument time. For example, a plethora
of color tests are available that can be used (either in test tube or as spray reagents) to establish
functional groups or compound classes. Simple derivatization reactions, for example, acetylation of
hydroxyl groups, can provide the number and type of reactive groups. A technique that has recently
become somewhat overlooked is IR spectroscopy. However, it is excellent for demonstrating partic-
ular functionalities or for “fingerprinting” a compound for comparison with subsequent isolations.
Similarly, UV spectroscopy can be used to determine the degree of conjugation in a molecule and
may be quite specific when used in combination with shift reagents. All of these methods should
be applied to the fullest extent not only to limit absolute dependence on NMR and MS, but also to
confirm the structures derived by such techniques.

1.6 OVERVIEW

Following in the same vein as the first edition of this book, the chapters are written by research-
ers from a variety of scientific disciplines, each of who consequently approaches bioactive natural
product research from a different perspective. This approach serves to highlight the multidis-
ciplinary nature of this type of research. Two of the chapters (Chapters 2 and 3) are significant
updates on those presented by the same authors in the first edition of this book. However, to fur-
ther enhance awareness of the diversity of bioactive natural products research and to derive maxi-
mum benefit from personal insights of researchers, the contributor network has been extended
with the publication of this edition. Therefore, apart from Chapter 21, the remaining chapters
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have been prepared by authors who did not contribute to the first edition. Six of these remaining
chapters (Chapters 6, 7, 9, 12, 15, and 21) are different but closely related to chapters presented in
the first edition whereas twelve (Chapters 4, 5, 8, 10, 11, 13, 14, and 16-20) are new contributions
presenting aspects of bioactive natural product research different from those presented in the
first edition.

The contributors to this book have critically reviewed the literature and presented research
from their own laboratories that emphasize both the philosophy and rationale that has successfully
directed detection and isolation of bioactive natural products. They also review and present the
type and quality of structural information that can be acquired and assessed in an integrated way to
provide structure assignments.

Several of the authors of this book have reviewed the natural occurrence of compounds with
specific activities and describe the rationale guiding the search for such compounds. It must be
recognized that the book is not intended to provide a catalog of bioassays but rather to illustrate the
extreme diversity of methods and to emphasize the importance of selecting a bioassay appropriate
to the activity being sought.

1.6.1 MEeTHODS OF DETECTION, ISOLATION, AND STRUCTURAL DETERMINATION
1.6.1.1 Detection and Isolation

Ghisalberti (Chapter 2) has updated his contribution to the previous edition of this book by adding
new sections and expanding original sections consistent with the most recent literature, including
282 references. Interweaving his own extensive experience as a natural products chemist into this
chapter, Ghisalberti has presented a review of approaches to detecting and isolating bioactive natu-
ral products and has illustrated advantages, disadvantages, successes, and failures with examples
from the literature. Insights into the practical realities of natural products chemistry abound within
this chapter. In addition to briefly discussing the many forms of chromatography available for isola-
tion and purification, a section on extraction-derived and separation-derived artifacts is particularly
enlightening. Some of the bioactivities briefly addressed by Ghisalberti are covered in more detail
in the following chapters.

Li and Chen (Chapter 10) have provided an overview of HSCCC and have illustrated its many
application modes (both analytical and preparative) to a wide variety of natural product structures.
The chapter focuses on the HSCCC applications and encourages the reader to examine the original
references for more detail on bioactivities and the source of extracts. However, the authors them-
selves state that “A comprehensive review of the literature on the use of HSCCC in isolation of
natural products is not intended; only selected examples are presented and discussed to illustrate the
capabilities of this technique and to serve as an entry point for further applications of the various
HSCCC methods”.

An intriguing review of the application of specifically designed biosensors to the rapid, online
detection of bioactive compounds has been described in Chapter 11 by Minunni and Bilia. Among
the biosensors described are included those that rely upon catalysis for the detection of specific
functional moieties, those that evaluate antioxidant properties, immunosensors, and DNA-based
sensors. In the authors’ words, “Biosensors represent new analytical devices which appear to be
an analyst’s dream”. Importantly, the authors have demonstrated the wide scope of developmental
opportunities that reside within this technology.

1.6.1.2 Structure Determination

Byrne (Chapter 3) has updated his previous chapter that described a strategy for using NMR spec-
troscopy in the structural elucidation of compounds. A brief description of NMR fundamentals and
techniques is accompanied by extensive referencing (208 references) to assist those readers who
require more detailed information. For simplicity, and so as not to detract from the NMR essence of
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the chapter, Byrne demonstrates this strategy, in the main, by the progressive structural elucidation
of one compound. The resulting rational and cumulative acquisition of 1D and 2D NMR informa-
tion gradually but surely defines the structure of the compound. This strategy, and variations of it,
can be detected in various chapters of this book, which concentrate on the structural determination
aspects of bioactive natural product research.

Combining detection and quantitation of bioactive natural products with the acquisition of
structural NMR data, Pauli, Jaki, Lankin, Walter, and Burton (Chapter 4) describe their experience
with the development, optimization, and application of quantitative NMR, especially quantitative
'H NMR. The authors introduce their chapter by outlining the benefits that can accrue from the
quantitation of NMR data. They then take the reader step by step through the process of acquiring
and optimizing the data, sharing with the reader the benefit of their combined experience.

Again combining detection and quantitation of bioactive natural products with the acquisition
of structural NMR data, the coupling of HPLC with NMR is described in Chapter 5 by Wolfender,
Queiroz, and Hostettmann. In this chapter the authors initially discuss the development and prin-
ciple of operation of LC-NMR. They then describe the integration of this technique into dereplica-
tion strategies for examining natural product extracts, and the acquisition of appropriate NMR data
for de novo structure determination. Modes of operation, the advantages and disadvantages, and the
application to various case studies are all illustrated with informative figures.

Emphasizing the need for the rapid and reliable dereplication of natural product extracts, Larsen
and Hansen (Chapter 8) have addressed the utilization of UV/Vis absorption spectroscopy. An often-
neglected technique by comparison with MS and NMR, either alone or hyphenated with chromato-
graphic stages, UV/Vis absorption spectra lack the significant fine structure required for definitive
structure determination. However, Larsen and Hansen have clearly shown the potential benefits
of utilizing HPLC-DAD UV/Vis databases to automatically screen samples to dereplicate known
components and to indicate new potential lead compounds that may be related to the dereplicated
bioactive compounds. The general approach presented by Larsen and Hansen can conceivably apply
to other datasets that could be compared to assist dereplication of sample extracts.

An important, potentially critical, and often overlooked or underrated aspect of the structure
determination of natural products is the absolute stereochemistry. In Chapter 6, with 75 references,
Humpf has reviewed the application of the exciton chirality circular dichroism method (including
fluorescence-detected exciton-coupled circular dichroism) in deriving the absolute configuration of
chiral centers within molecules. In addition to describing the principles behind the circular dichroism
method for determining absolute stereochemistry, and the development of new chromophores, Humpf
has examined several exemplifying applications of the technique. Taking a different approach to the
stereochemical perspective, Lee, Molyneux, and Panter (Chapter 7) describe the observations that
led them to suspect enantiomeric contamination of the piperidine alkaloids anabasine and ammoden-
drine extracted from Nicotiana spp. and Lupinus spp., respectively. They proceed then to isolate the
enantiomers via separation of diastereoisomers and chemical modification back to the enantiomers.
Subsequently, a difference in the biological activity of the enantiomers was also demonstrated.

The application of MS was covered in a broad sense in the first edition of this book. In this
second edition, Cheng, Chen, and Wang (Chapter 9) have focussed on LC-MS, exemplifying its
various modes of application by a heavy reference to bioactives in herbal preparations. Aspects
that the authors discuss include “fingerprinting” and thereby quality control of herbal preparations,
de novo structure analysis, and pharmacokinetic and metabolic analysis. Other applications of
LC-MS and the hyphenation of LC-MS with UV/Vis, circular dichroism and NMR can be found
throughout this book.

1.6.2 SpeciFic CASE STUDIES

Within this book, the most specific searches for bioactive compounds are those described by Flematti,
Ghisalberti, Dixon, and Trengove in Chapter 20 and by Colegate in Chapter 21. Flematti et al. reveal
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the reality behind the convoluted path that can sometimes constitute a “final” isolation procedure.
The hunt for, the isolation of, and the structure determination of a seed germination stimulant in smoke
was a trial of persistence and resourceful dedication that eventually led to the discovery of a butenolide
compound that was subsequently synthesized and shown to possess potent seed germination activity.
Among other topics, Colegate (Chapter 21) describes the collaborative efforts to isolate and identify
the steroidal compounds associated with the ovine toxicity of Stemodia kingii. The process involved
close collaboration with veterinary toxicologists to define the toxicity and develop suitable bioassays.
The structure determination of the bioactivity-guided isolates was based mainly on detailed 1D and
2D NMR analysis.

Su, Zou, Lei, Kong, and Hu (Chapter 18) describe biological fingerprinting analysis with an
emphasis on traditional Chinese medicines. This type of analysis is aimed at high-throughput detec-
tion of specific activities, particularly at the molecular level where it is based upon the affinity
interaction of natural products with biomolecular targets. Despite the emphasis on application in
traditional Chinese medicines within the chapter, the approaches described in Chapter 18 are appli-
cable to the detection of bioactive natural products from all sources.

Following on from the U.S. National Cancer Institute’s acquisition and screening of natural
products as potential anticancer agents described in the first edition of this book, Cragg and New-
man (Chapter 12) present a prodigious account (with 320 references) of the number and structural
variety of natural products that have been assessed for anticancer activity. The sources of the com-
pounds include terrestrial plants, microbes, and the marine environment. The chapter describes
agents in clinical use, clinical development or trials, and in preclinical development. There is some
discussion on the mechanism of anticancer activity and the targeted delivery of natural product-
based anticancer agents. The authors, experienced as they are in dealing with large-scale screening
of bioactive compounds, state that, “Once more, we strongly advocate expanding, not decreasing,
the exploration of nature as a source of novel active agents that may serve as the leads and scaffolds
for elaboration into desperately needed efficacious drugs for a multitude of disease indications”.

Chapters 15, 16, and 19 continue the theme of screening bioactive natural products for specific
activity. Nash (Chapter 15) describes the research into the search for alkaloidal natural products that
can inhibit glycosidases and therefore have potential value in therapeutic applications. Basically,
Nash describes his laboratory’s extensive experience in the detection, isolation, and structural iden-
tification of these polyhydroxylated alkaloids that mimic the carbohydrate substrates for enzymes
and receptor sites. Working from the observation that aflatoxin biosynthesis by Aspergillus spp.
seems to be substantially inhibited by some tree nut species and cultivars, Molyneux, Mahoney,
Kim, and Campbell (Chapter 16) apply many of the techniques also described in other chapters
of this book to search for antiaflatoxigenic factors in resistant nuts. After introducing the problem
and research challenge, the authors take the reader through the steps of developing the bioassay
and using the bioassay to isolate aflatoxin biosynthesis inhibitors. This latter goal required an effi-
cient analytical method to quantitate the production of aflatoxins. Finally, the authors describe the
structure determination of an aflatoxigenesis inhibitor and comment upon the mechanism of action.
From a generic aspect, the authors state: “The approach described in this chapter for defining the
localization of aflatoxin resistance factors by progressively identifying the specific localization within
plant species, varieties, organ and finally specific tissue by bioactivity-guided assay can be applied to
many other such problems, particularly in the plant world”. Mambu and Grellier (Chapter 19) review
the ongoing and crucial search for antimalarial compounds. The authors cover rational development
of bioassays based on the cycle of malarial infection and application of these bioassays to screening
natural products. They discuss the criteria used to select plants for investigation, and the methods
used to isolate, purify, and structurally identify active compounds. After describing the activity of
various classes of natural product from terrestrial and marine sources, the authors offer comment
on the postgenomic possibilities that now exist for aiding the search for new, specifically targeted
antimalarials.
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Another approach to novel bioactive natural products, exemplified in Chapters 13, 14, and 17, is
to “prospect” a specific source for useful activities. Mine and D’Silva (Chapter 17) focus on discov-
ering bioactive peptides from chicken egg (i.e., the shell, shell membrane, albumen, and yolk) pro-
teins. They first rationalize the effort that is going into the discovery of bioactive peptides and then
describe the isolation of peptides with various activities including antimicrobial, immunomodula-
tory, anticancer, and antioxidant, among others. With current interest in the discovery and utiliza-
tion of novel bioactives, the approaches outlined in this chapter can be applied to other sources of
proteins and their constituent peptides. Ojika (Chapter 14) and his research team have been study-
ing bioactive secondary metabolites from myxobacterial species. In particular, Ojika describes the
application of a Phytophthora-based assay to discover electron transport inhibitors produced by
myxobacteria. Ojika has structured his chapter according to the classes of compounds that have
been isolated. Within each of these broader classes, the author then discusses the production, iso-
lation, and bioactivity of the secondary metabolites. Casting the net wider, Strobel and Castillo
(Chapter 13) describe the detection, isolation, and structure determination of bioactive compounds
from endophytic microbes. In this chapter, the authors discuss the need for an increase in the search
for bioactive natural products that may have therapeutic benefit although warning of the loss of such
resources. Importantly, the rationale for plant selection is a serious consideration described by the
authors. Once plants have been collected, the search for endophytes and their consequent isolation
and storage are all dealt with in this chapter. The authors then describe various bioactive com-
pounds that have been isolated from endophytic fungi and bacteria. Significantly, these authors also
mention the need to work with indigenous people, involving them in the potential benefits accruing
from modern researchers tapping into their cultural knowledge.

The final chapter of the book centers around the toxicity of bioactive natural products. Thus,
Colegate (Chapter 21) briefly describes the development and utilization of irn vivo and in vitro bioas-
says designed to aid the search for specific toxins. NMR and MS, especially HPLC-MS, are then
utilized for the structure determination of the toxins. Since the toxic natural products can also enter
the human food supply, the second part of the chapter describes the development and application of
immunochemical methods of detection and the application of HPLC-MS to derive tentative struc-
tures for related compounds.

1.7 CONCLUSIONS

Foremost, it is the authors’ personal enthusiasm for their bioactive natural product-related research
that is evident in the chapters that compose this book. Generally, the authors have given the reader a
broad exposure to the scope of bioactive natural product research. This not only includes the “hard
science” of detection, isolation, and structure determination of bioactive natural products, but also
those aspects that can only come from experience. The latter encompasses selection of source mate-
rial, consideration for the ethnobotanical knowledge and proprietary rights of indigenous cultures,
personal commitment to the search for useful bioactivities and a conviction that nature continues
to offer an abundant resource that can provide new bioactive compounds, or lead compounds that
can be further modified, to help mankind battle disease and survive the less benign aspects of our
environment.
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2.1 INTRODUCTION

Humans have always relied on natural products and have continually explored their application
to improving various aspects of our lives. Thus, we have sought to use natural products such as
spices, flavoring agents, perfumes, cosmetics, and dyes to control and overcome diseases. Some
were recognized as poisons and others were used as insecticides and pesticides. This interest in,
and fascination with, natural products continues today and, despite the fact that periodic claims
pronounce that the era of natural products chemistry is over, this area of research is still attracting
considerable interest and offering significant promise. A recent review on the topic begins with the
adage, “There’s life in the old dog yet!” and, according to the authors, this also holds true for natural
product research.!

Natural products research remains one of the main means of discovering bioactive compounds.
Since little is known about the etiology of many human, animal, and plant diseases, it is difficult
to design potentially active compounds for their treatment and leads from natural sources will con-
tinue to be sought.? Natural products offer complementary features to synthetic compounds in terms
of composition, weight, size, functional groups, and architectural and stereochemical complexity.
Importantly, they have evolved to serve a function in specific biological systems such as inhibiting
or activating functions of the proteins to which they bind.># It is interesting to note that of the
877 small organic compounds introduced worldwide as drugs in the period 1981-2002, 61% were
natural products, derivatives, or mimics of natural products.’

For many years, most natural products chemists were more concerned with the isolation and
structural elucidation of secondary metabolites than with their bioactivity. Modern advances in
separation and spectroscopic techniques have provided tools for purification and structural analysis
that have reached extraordinary levels of sensitivity and sophistication. Armed with these tools,
natural products chemists have ventured into bioassay-guided isolation of metabolites, and they are
now turning their attention to the origins of bioactivity. As recently as 2003, Meinwald, a pioneer
in the field of chemical ecology commented, “Chemists need to talk to biologists, who could offer
valuable guidance ... Good field biologists are likely to notice interactions that might provide clues
to interesting chemistry”.® The significance of this statement is more obvious when considered
from the perspective of global biodiversity. For flowering plants, about half of the predicted total of
500,000 species have been described. However, only 10% have been studied chemically and many
of these only in a cursory manner. The earth’s fungal population has been estimated to consist of
1.5 million species of which only 100,000 have been described.” Soil microorganisms have been
rich sources of natural products, providing pharmacologically important antibiotics and biocata-
lysts. The heterogeneous soil environment contains a wide variety of microbial niches harboring
a high diversity of microorganisms. One gram of soil can contain 10 billion microorganisms of
possibly thousands of species. It has been estimated that only 0.1-1.0% of microorganisms can be
cultured using current techniques.® This need not mean that the metabolites of other species will
be unrecoverable. Strategies to access the metagenome from an environmental sample, such as
seawater, soil, or insect gut, by the construction and screening of DNA libraries derived from these
samples appear to be promising tools for the discovery of bioactive compounds from these other-
wise inaccessible species.>!0
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Myriads of other terrestrial and marine microorganisms should also prove to be as bountiful.
New habitats that are rich sources of fungal biodiversity continue to be discovered. As an example,
200 new species of yeasts were recovered from a total of 650 isolates from the guts of beetles.”
About a million insect species have been described, but this is only a small percentage of the pre-
dicted total of 30 million.!" Spiders are only second to insects as the most diverse group of animals
on land."? There are roughly 40,000 described species of spiders, but less than 1% of their venoms
have been investigated. It seems likely that a study of these venoms will reveal interesting neuro-
chemical agents.

All of these organisms coexist in ecosystems and interact with one another in various ways
in which chemistry plays a major role."? Clarifying such interactions, and applying the knowledge
gained, necessitates a broad multidisciplinary understanding at the individual organism’s level
as well as interdisciplinary collaboration among natural products chemists, analytical chemists,
molecular and cellular biologists, biochemists, and pharmacologists.!*

The aim of this chapter is to provide an overview of the range of methods used in the detec-
tion of bioactive compounds and to outline the approaches to their isolation and purification. The
intention is to provide a newcomer to the field with some working knowledge of the chemical and
biological techniques available. Given the breadth of the field, the choice of the topics is, of neces-
sity, selective. Emphasis is given to those strategies and techniques that have been well established
and can conveniently be applied, and those that, although still in a state of development, appear to
have potential.

2.2 DETECTION OF BIOLOGICALLY ACTIVE METABOLITES

The detection of bioactive metabolites is the starting point for a strategic approach in the search
for potentially useful compounds. Clues to the existence of bioactive compounds can arise from
disparate sources. Traditional medicine has selected groups of plants that time and experience have
shown to be beneficial. Other clues come from observations by scientists in the field who are in the
best position to recognize interactions among organisms. Yet others come from screening a large
number of organisms for a particular effect, from searches for a particular type of compound, from
old metabolites being tested in new screens or, not the least important, from chance discovery
of new metabolites displaying pharmacological properties (serendipity). Some examples are given
later by way of illustration.

The examples of traditional medicines providing leads to bioactive natural products are legion.
It is sufficient to point to some confirmations of the wealth of this source. Artemisinin (qinghaosou)
(1) is the antimalarial sesquiterpene from a Chinese medicinal herb that has featured in herbal rem-
edies since ancient times."> Forskolin (2) is the antihypertensive agent from Coleus forskohlii Briq.
(Labiatae), a plant whose use was described in ancient Hindu Ayurvedic texts.'® The ginkgo tree,
mentioned in Chinese medicinal books from 2800 BC and used in antiasthmatic and antitussive
preparations, produces the ginkgolides (3), unusual diterpene trilactones containing a tertiary butyl
group.'” Representatives of this group of compounds were first isolated in 1932, their structures
were determined in 1967, and their total synthesis was described in 1988. Their involvement in the
clinical efficacy of ginkgo tree extracts was reported in 1985 when they were shown to be antago-
nists of platelet aggregation factor (PAF). Galanthamine (4), an alkaloid first isolated in 1951 from
Galanthus woronoii (Amaryllidaceae), provides an effective symptomatic treatment for patients
with Alzheimer’s disease and delays the progression of the disease.!® It appears that the plant came to
the notice of scientists in the 1950s when a Russian pharmacologist discovered that the villagers liv-
ing at the foot of the Caucasian mountains used it to treat poliomyelitis in children. Little is known
about the use of this genus in Europe. It has been hypothesized that in Homer’s Odyssey the plant
used by Odysseus to prepare an antidote to Circe’s poisonous potion may have been a Galanthus
species. If so, then the ethnobotanical history of this plant spans 28 centuries. The identification of
swainsonine (5), a potent a-mannosidase inhibitor, came from the realization that the clinical signs
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and pathogenesis of Swainsona intoxication in cattle resembled those of an hereditary condition in
man and other animals known as a-mannosidosis.'®?® This stimulated a search for other alkaloids
with glycosidase-inhibiting activity and resulted in the discovery of, inter alia, castanospermine
(6), a tetrahydroxyindolizidine alkaloid that inhibits replication of the human immunodeficiency
virus (HIV).2!
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Following the publication of the first positive clinical data on penicillin (7) between 1942 and 1944,
much effort was concentrated on discovering further antibiotics. Up to 1968, the same methods to tar-
get B-lactams were still being used, and one could have concluded that all natural -lactams had been
discovered. The introduction in the 1970s of new screening methods, which, (a) used bacterial strains
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supersensitive to [3-lactams; (b) tested for inhibition of B-lactamases; or, (c) specifically searched for
sulfur-containing metabolites, resulted in the discovery of new antibiotics, that is, the norcardicins (8)
and carbapenems (9) in 1976 and the monobactams (10) in the 1980s.2

A screen designed to find metabolites from microorganisms active against parasitic infections
resulted in the detection and isolation of the avermectins, for example, avermectin la (11). The
producer organism, subsequently named Streptomyces avermitilis MA-4680, came from a selection
of nearly 2000 cultures from soil samples collected from different environments. Screening was
carried out with an in vivo mouse assay using mice infected with larvae of the parasitic helminth,
Nematospiroides dubius. The broth from different bacterial cultures was mixed with the feed given
to the mice for 6 days, and the feces and intestinal contents were examined for eggs and worms. The
assay required 2 weeks,?>?* but it is interesting to note that, although such an in vivo test was both
lengthy and expensive, it simultaneously tested for antiparasitic activity and toxicity to the host.
Significantly, a deliberate choice was made to select microorganisms with unusual morphology and
nutritional requirements.

The search for enzyme inhibitors of proteases related to various diseases led to the discovery
of more than 100 low molecular weight compounds produced in microbial cultures. These com-
pounds have both pharmacological and immunopharmacological activities.?> Of particular value
are mevinolin (12) and compactin (13), two potent inhibitors of HMG-CoA reductase, an enzyme
that controls cholesterol biosynthesis in humans.?

Cyclosporin A (14), a nonpolar cyclic undecapeptide, was present in an extract from the soil-
borne fungus Tolypocladium inflatum (formerly Trichoderma polysporum). Although it showed
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weak antifungal activity, the low toxicity of this extract prompted its testing in a pharmacologi-
cal screening program.?’ On in vitro screening and in a mouse model, it was shown to inhibit
antibody formation, to suppress delayed-type hypersensitivity, and to interfere with the release of
inflammatory mediators. The potent immunosuppressive activity was not linked to general cyto-
toxicity. Cyclosporin A was isolated from the metabolite mixture in 1973 and has since become the
prototype of a new generation of immunosuppressants.?’-28

Another case of serendipity is illustrated by the discovery of the now commercial drugs vin-
cristine (15) and vinblastine (16) in Catharanthus roseus. A random screening program, conducted
at Eli Lily and Company, of plants with antineoplastic activity found these anticancer agents in the
40th of 200 plants examined. Ethnomedical information attributed an anorexigenic effect to an
infusion from the plant.?®3°

Many bioactive compounds have been found in the past but, for varying reasons, their activity has
not been pursued. On passing through newer screening procedures, a number of these compounds,
with previously unsuspected modes of action, are rediscovered (e.g., the ginkgolides), and other activ-
ities become apparent.?! An interesting finding relates to the activity associated with betulinic acid
(17). This triterpene occurs in many plants, and its structure has been known since 1932. Betulinic
acid was found by bioassay-guided fractionation of the ethyl acetate-soluble extract of Ziziphus
mauritiana, which displayed selective cytotoxicity against human melanoma cell (MEL-2).3?
Biological studies indicate that betulinic acid works by induction of apoptosis. The acid and its
derivatives seem to hold some promise as inhibitors of HIV replication.??

Azidothymidine (18), when first synthesized and tested for anticancer activity, gave negative
results. It was later found to be a reverse transcriptase inhibitor effective against the HIV-1 virus.
When azidothymidine was first evaluated, the enzyme was not known.? The same metabolite can
sometimes be detected by different screening procedures. Compactin (13) was first discovered*
as an antifungal compound in 1976 and found shortly after in a screen for cholesterol-lowering
agents.®

2.3 SCREENING FOR BIOACTIVE METABOLITES

Testing large numbers of extracts or compounds to determine if they produce a biochemical or cel-
lular effect is usually one of the first steps in the discovery of bioactive compounds. In principle, a
bioassay is any in vitro or in vivo system used to detect the biological activity of an extract or a pure
substance from a living organism. This may involve testing for antibiotic activity, in vitro inhibition
tests, pharmacological, agricultural, or veterinary screens, which require diverse in vitro assays
or in vivo animal models. The application of these assays to monitor the presence of a bioactive
compound(s) during the isolation process is called bioassay-guided fractionation (isolation). Thus,
all fractions generated are tested for biological activity, and those giving a positive test are further
processed until the bioactive agent is obtained in a pure form.

As explained later, there are now a large number of bioassays available that differ in degree
of sophistication. Simple and inexpensive assays suitable for the rapid screening of extracts in the
typical laboratory have been developed. Methods to make screening faster and more efficient are
continually being developed. The process by which large numbers of samples are tested in an auto-
mated fashion is referred to as high throughput screening (HTS) (Section 2.5.1).

Many factors can complicate matters when using bioassays or bioassay-guided fractionation.
The most obvious is that the solubility of the extracts or fractions is limited, and the aliquot of the
test sample does not represent the original extract. Most plant extracts can be solubilized by forma-
tion of a soluble complex with polyvinylpyrrolidone.?® In some cases, use of a powerful solvent such
as dimethylsulfoxide is possible.?’

Crude extracts often contain various compounds that may interfere with a bioassay. Phenolic
compounds, such as tannins, may hamper receptor binding and enzyme assays through nonselective
binding to proteins. Treatment with adsorbents (e.g., XAD-2 resin) that bind aromatic compounds
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is used to minimize the effect. Linoleic acid, a common fatty acid, binds in the adenosine receptor
assay and gives rise to false positives. In cases like these, a preseparation step after extraction is
necessary.®

Other factors are not so obvious and can be due to one or a combination of effects, including
chemical changes during the extraction and manipulation of extracts, antagonistic or synergistic
effects. For example, in the isolation of leurosine, a dimeric indole alkaloid related to vinblastine
(16), the crude alkaloid fraction showed no in vitro activity against the P1534 leukemia system,
but the pure alkaloid showed pronounced cytotoxicity in the same test.>® However, fractionation
of the extracts from Combretum caffrum was complicated by loss of in vivo activity. Modification
of the extraction of a new batch of the plant eventually led to the isolation of the antineoplastic
combretastatin A-1 (19).4° Berberine (20) has a weak but quite broad spectrum of activity against
a number of pathogenic microorganisms. The artifact (21) obtained on contact of ammoniacal
solutions of berberine with chloroform has greater in vitro antimicrobial activity.*

With bioassay-guided fractionation, it is not unusual for the initial extract to show greater
activity than any of the fractions obtained. For example, testing extracts of the African plant
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Kigelia pinnata for cytotoxicity toward melanoma cancer cell lines gave ICs, values that were lower
than those of any of the fractions obtained after fractionation through silica gel.*? In cases like this,
the possibility of synergy should be considered and, if possible, checked by testing the bioactivity
of the recombined fractions. Evidence to support the occurrence of synergy is increasing, and a
number of cases have been discussed in a review.*

2.3.1 PRIMARY SCREENING ASSAYS

There are a number of criteria to be met for a useful front line screening bioassay (basic or pri-
mary screen). It must be rapid, convenient, reliable, inexpensive, sensitive, require little material,
and be able to identify a broad spectrum of activities. It should also be able to be applied in-house
by chemists, botanists, and others who lack the resources or expertise to carry out more elaborate
bioassays.

2.3.1.1 Brine Shrimp Lethality Test

A general bioassay that appears capable of detecting a broad spectrum of bioactivity present in
crude extracts is the brine shrimp lethality test (BSLT).*+* The technique is rapid (24 h), simple
(e.g., no aseptic techniques are required), easily mastered, inexpensive, and uses small amounts of
test material (2-20mg or less). The aim of the method is to provide a frontline screen that can be
backed up by more specific and more sophisticated bioassays once the active compounds have been
isolated. It has been found that brine shrimp toxicity is predictive of cytotoxicity and pesticidal
activity. In particular, a positive correlation was found between BSLT toxicity and cytotoxicity
toward the 9 KB cell line (human nasopharyngeal carcinoma) and other solid tumors, as well as for
the P388 cell line (in vivo murine leukemia).

For this test, the tiny crustacean Artemia salina is used. The eggs are readily available com-
mercially and kept viable for years if refrigerated. When placed in a brine solution, the eggs hatch
within 48 h to provide large numbers of larvae (nauplii). Compounds or extracts are tested at initial
concentrations of 10, 100, and 1000 ppm in vials containing 5 mL of brine and 10 brine shrimps in
3 replicates. Survivors are counted after 24 h, with the aid of a stereoscopic microscope, and LCj,
values at the 95% confidence limit are calculated. Since this test was first introduced in 1982, it
has been used in the isolation of in vivo active antitumor agents and pesticides produced by plants.
Protocols for testing and for bioassay-guided fractionation have been described.*4-#¢ As an example,
the fractionation of the bark of the pawpaw plant (Asiminia triloba) is illustrated in Figure 2.1.46
A simple extraction of the bark with ethanol gave an extract with significant activity in the BSLT.
A separation into lipophilic and water-soluble metabolites showed the activity to be associated with
the lipophilic fraction. Liquid-liquid partitioning localized the activity in the fraction of medium
polarity. The active constituent (asimicin) was subsequently isolated by a combination of chromato-
graphic techniques using the bioassay to identify the most potent fractions in each separation. This
plant and other species of the Annonaceae family have been shown to contain potent bioactive
acetogenins, which exhibit a broad range of activities such as cytotoxic, antitumor, antimalarial,
antimicrobial, immunosuppressive, antifeedant, and pesticidal effects.*’-+

This assay is more widely used in laboratories with limited resources and provides a particularly
useful entry to the detection of bioactive compounds. It has been employed, inter alia, to evaluate
plants for potential pharmacological activity,’® to guide the isolation of a new bioactive colchinoid
from Jordanian saffron,’ bioactive neolignans from the leaves of Magnolia virginiana,> acetylenic
acids from Ximenia americana,> diterpenes from Haplopappus rigidus,>* and triterpenes from
Celaenodendron mexicanum.>

Minor modifications have been made to suit particular cases. The problem of solubility of
extracts can be overcome by using DMSO (1%) as a solvent. When this is not sufficient, the solubi-
lizing agents Tween 80 (2% aq.) or polyvinylpyrrolidone, which is not toxic to brine shrimp at con-
centrations of up to 400 ug/mL in water, can be used.”® The test can also be carried out in 96-well
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FIGURE 2.1 Bioassay-guided (BSLT) fractionation of an extract from Asimina trilol.

microtiter plates. Seawater (50 uL) containing 10—40 larvae is introduced into each spot, and 300 uL.
of test solution are added, the final concentration of the sample being 8.5, 5.0, and 1.25 mg/mL. The
plates are incubated under a light source at 25-30°C, and after 24 h, the number of dead larvae are
counted using a microscope. The living larvae are then killed by the addition of 50 pL of phosphate
buffer (pH 1), and the total number of larvae is counted.

Recently, a complementary assay based on inhibition of hatching of the cyst in a medium con-
taining different concentrations of organic extract has been described.>” This bioassay and the BSLT
were tested with extracts from 14 species of marine invertebrates and 6 species of microalgae.
As a comparison, the extracts were also tested against two human cell lines, lung carcinoma A-549
and colon carcinoma H T-29. Each bioassay detected activity against the human cell lines in 50%
of the species, but this increased to 75% if the results of both bioassays were combined. The BSLT
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identifies strong anticancer activity but is limited in its predictive capacity to distinguish between
strong to moderate and weak potency anticancer compounds. Therefore, the BSLT represents a
quick initial screen for potent cytotoxins, but a finer level of discrimination for anticancer activity
requires the human cancer cell panel (Section 2.3.2.2).

2.3.1.2 Crown Gall Tumor Bioassay

Another bench-top test that has proven useful monitors the inhibition of crown gall tumor on potato
discs.® This bioassay is fairly accurate in predicting cytotoxicity to the P388 cell line, giving some
false-positives, but few false-negatives. The assay is not meant to replace the P388 assay, but it is
particularly convenient for rapid screening of extracts or fractions and does not require expensive
equipment or highly trained personnel.

Crown gall is a neoplastic disease induced by the gram-negative bacterium Agrobacterium
tumefaciens. During infection of the plant material with the bacterium, a large tumor-inducing (Ti)
plasmid, found in the bacterial DNA, is incorporated into the plant’s chromosomal DNA. The phe-
nols released when the plant is wounded activate the Ti plasmid of the bacterium, which induces cell
proliferation without the cells going through apoptosis, thus transforming normal, wounded cells
into autonomous tumor cells. The induced tumor is similar in nucleic acid content and histology to
human and animal cancers.

In a study aimed at verifying the detection of antineoplastic activity in the potato tumor bioas-
say, the chemotherapeutic drugs camptothecin (22), paclixatel (23), podophyllum resin (containing
podophyllotoxin, 24), vincristine (15), and vinblastine (16) were tested. Each of these drugs exhib-
ited different modes of action on the cell cycle, and all inhibited tumor induction without affecting
the viability of the bacterium.®

For the assay, potato tubers are surface sterilized, and a core of the tissue is extracted from each
tuber. A 2-cm piece is cut from each end, and the remainder is sectioned into 0.5-cm thick discs,
which are then placed onto Petri dishes containing 1.5% water agar. A solution (5 mL) of the extract
or compound, dissolved in a suitable solvent, is spread over a disk, and the solvent is allowed to
evaporate. The discs are then inoculated with 0.1 mL of the bacterial suspension, and the plates are
incubated at 27°C. The assay measures the inhibition of tumors induced by the bacterium on potato
discs by various extracts.* A prerequisite for this test is that the extract or substance being tested
does not show antibacterial activity toward A. tumefaciens. This can be established by the standard
agar plate-assay disk method.>¢° The common problem of solubilizing lipophilic extracts also sur-
faces in this assay, although it appears that it will tolerate water:methanol mixtures up to a ratio of
1:1.%° Importantly, DMSO as a solvent did not interfere with the activity of the bacterium or induce
any tumors.>® Some other examples of the application of this bioassay to determine the bioactivity
of extracts of common mullein (Verbascum thapsus)®' and Ginkgo are noted.®?

2.3.1.3 Starfish or Sea Urchin Assay

The eggs of the starfish Asterina pectinifera have cell membranes permeable to a variety of sub-
stances. Maturation of oocytes, mediated by 1-methyladenine, occurs after 40 min and after 60 min
the first polar body is released. A second polar body is released after 100min, while meiosis is
occurring. Insemination can be done at any time of the maturation process and cell division occurs
after that. Exposure of the fertilized egg to different compounds will lead to different outcomes. If
aphidicolin (25), a diterpene that selectively inhibits DNA polymerase A, is added (ca. 10 mg/mL)
then the cells die after eight or nine divisions, although this compound does not affect the maturation
process. Vinblastine (16), an inhibitor of microtubule assembly, stops the formation of the first polar
body and the first cell division. When cycloheximide (26), a protein synthesis inhibitor, is added,
the breakdown of the germinal vesicle (meiotic division) and the first mitotic division are affected.
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Inhibitors of RNA synthesis show no effect on the maturation stage and allow the embryo to develop
to the 64-128 cell stage. Cytolytic agents affect both types of division. This assay appears to be use-
ful to determine which test samples should be investigated for in vivo antineoplastic activity.®3

The fertilized sea urchin egg assay is a similar technique that can detect inhibitors of DNA and
RNA synthesis, microtubule assembly, and protein synthesis. It is less selective than the starfish egg
assay and is relatively insensitive to a series of antineoplastic agents.®* A number of new metabolites
isolated from Red Sea corals were tested for their activity in the BSLT, crown gall, and sea urchin
assays. All gave positive tests and, for example, the oxylipin (27) showed 74% inhibition in the
crown gall test.%
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2.3.1.4 Bioassays for Antibiotic Activity

The classical agar diffusion methods have been used to isolate and identify antibiotic-producing
microorganisms. These screening methods helped to discover the principal antibiotics against
gram-positive bacteria and partly against gram-negative pathogens and pathogenic fungi. Several
authors have discussed the history and development of classical and modern approaches to screen-
ing for antibiotic metabolites.®6-8
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There are a number of simple tests for antibiotic activity that can be carried out with simple
equipment and a minimum of microbiological expertise. The following example illustrates the assay
used for the detection of an antibiotic (28) produced by a strain of Trichoderma koningii antago-
nistic to the “take-all” pathogen of wheat and other cereals.®®”° A plug (7-mm diameter) taken from
the growing edge of a colony of the “take-all” fungus (grown on 1/5 potato dextrose agar, PDA)
was placed at the center of a Petri dish containing 1/5 PDA. Samples of the ethyl acetate extract of
the broth from a liquid culture of T. koningii, or from subsequent chromatographic fractions of the
extract, were dissolved in ethanol (2mg/mL). Ten milliliter of this solution was dispensed directly
on top of the plug, and the solvent was allowed to evaporate in a laminar flow cabinet. The dish was
incubated at 20°C, and the growth of the pathogen measured as area of the colony after 2, 3, 4, and 5
days compared to a control treated only with ethanol. Inhibition of growth was obvious after 2 days
with the controls showing a colony area of 110 mm? and the test samples an area of 32 mm?.
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In screening for antibiotics, the primary screen can be used not only to detect bioactivity, but
also for fermentation control aimed at production of larger amounts of material. In agar-dilution
streak assays, up to seven different organisms can be screened simultaneously on a Petri dish at
a fixed concentration of extract. Weak antimicrobial agents present in low concentrations (<1%)
can be detected. Representative microorganisms responsible for human infections of significance
are normally chosen for screening. Typical examples are Staphylococcus aureus (representing the
gram-positives), Escherichia coli, Salmonella gallinarum, Klebsiella pneumoniae, and Pseudomo-
nas aeruginosa (gram-negatives), Mycobacterium smegmatis (acid-fasts), and Candida albicans
(yeasts and fungi).”! Qualitative and quantitative assays, in combination with a positive control (e.g.,
streptomycin sulfate), can be carried out.”?

Cole’ has published a particularly detailed review on key antifungal and antibacterial assays
that can easily be performed in a typical laboratory. The interpretation of data from such assays is
critically discussed, and recommendations for the applications of the assays are made. The topic
of comparability of results in antifungal testing of filamentous fungi has been addressed. Two
known antifungal agents, the polyacetylene falcarindiol (29) and the naphthoquinone juglone (30),
were tested in various dilution and diffusion assays against three microfungi, Botrytis cinerea,
Cladosporium herbarum, and Fusarium avenaceum. Scoring by direct observation with image
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analysis and the fluorescein diacetate method showed comparability of results. Although thin-layer
bioautography and the radial growth rate method are deviated, they were considered to have some
merit. The authors conclude that microdilution offers the potential to become the general standard
methodology.”* Although these techniques are useful as frontline screens, selective search strategies
have been devised and these have identified a variety of new antibiotics.”>~7°

2.3.1.5 Bioautography

Bioautography is a very useful and relatively simple laboratory technique for the rapid detection
of compounds that affect the growth rate of test organisms. The method tests the bioactivity of the
analyte, which could have antibacterial, antifungal, or antiprotozoan activity, etc. There are three
variants of the method: agar diffusion (contact), immersion, and direct bioautography. The most
commonly used method is direct bioautography.®® In this case, the sample is separated by thin
layer chromatography (TLC), the plate is dried, and then dipped in a suspension of the test organ-
ism growing in a suitable broth, or the suspension is sprayed onto the plate. After an incubation
period, zones of inhibition are made visible by spraying the plate with a reagent (e.g., the colorless
p-iodonitrotetrazolium chloride or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
[MTT; 31]) that is specific for dehydrogenase activity. The tetrazolium salt is converted into an
intensely pink-colored formazan over a period of 4h after which antibacterial compounds appear
as clear spots against a colored background. This is a very sensitive assay that gives accurate local-
ization of the bioactive compounds. It is also very useful in tracking bioactivity through different
fractionation processes.

A number of test organisms have been used to monitor bioactivity by bioautography. The fungal
plant pathogen Cladosporium cucumerinum is nonpathogenic to humans, readily forms spores, and
grows on TLC plates with the correct medium.?#2 The presence of antibacterial compounds is indi-
cated by a white spot against a grey background. An active control such as amphotericin B should
be used. The sensitivity of the assay is increased by addition of detergent (e.g., Triton X-100) to the
dye.?° Another suitable plant pathogen is Valsa ceratosperma, which can be used with TLC plates,
such as silica gel G60 F,,, aluminium- and glass-backed plates, RP-8, RP-18 F254S, and RP-18
WF254S plates (Merck).®?

Direct bioautography using yeasts such as C. albicans can be problematic in which case the
agar overlay method is used instead.’# In this method, the developed TLC plate is covered with
an agar layer containing the test organism. The compounds diffuse into the agar during the incu-
bation period after which the plate is sprayed with MTT to reveal areas of inhibition observed as
clear spots against a purple background.®> Bacillus subtilis, E. coli, and S. aureus are often used
as representative bacteria. In these cases, an active control such as ampicillin or chloramphenicol
should also be included. Other workers have been able to use the direct method with five human
pathogens, including C. albicans.®

Bioautography also accommodates tests involving enzymes and receptors. Particular interest has
been shown in detecting inhibitors of acetylcholinesterase since they form the basis of the newest
drugs for the management of Alzheimer’s disease.®® Galanthamine (4), an alkaloid from some mem-
bers of the Amaryllidaceae family, has recently been approved in some countries for the treatment
of Alzheimer’s disease. It slows down the progress of neurological degeneration by inhibiting ace-
tylcholinesterase as well as binding to and modulating the nicotinic acetylcholine receptor. Because
of the importance of this, a simple and rapid bioautographic enzyme assay on TLC plates was devel-
oped to screen acetyl and butyrylcholinesterase inhibition by plant extracts.?” The test relies on the
deacetylation of 1-naphthyl acetate to 1-naphthol by acetylcholinesterase, which in turn is allowed to
react with Fast Blue B to give a purple-colored diazonium dye. Regions of the TLC plate that contain
an inhibitor show up as white spots against the purple background. Detection limits were determined
using the standards, physostigmine (32) (1 ng), galanthamine (4) (10ng), boldine (33) (0.1 ug), and
caffeine (10pg). This assay was used to flag plant species that contain potential inhibitors of the



24 Bioactive Natural Products: Detection, Isolation, and Structural Determination

cholinesterases. Coincidentally, only a short time previously, a different group reported on similar
work.3® The two methods were essentially the same, except that the Ellman reagent (5,5'-dithiobis-
(2-nitrobenzoic acid)) was used as the enzyme detector in the second assay. It appears that the first
assay has lower detection limits (by a factor of 10 for physostigmine; 32).

32
HaC THS

HaC >/CH2\C
HaC ‘

34

Due to the growing interest in natural antioxidants, a bioautographic assay using stable radi-
cals such as DPPH (2,2-diphenyl-1-picrylhydrazyl; 34) has been introduced to screen for radical
scavenging activity.?>?0 Radical scavengers reduce the radical producing white spots on a purple
background.

Another interesting variant of bioautography is an assay for visualizing the binding proper-
ties of secondary metabolites to biomacromolecules, for example, DNA-binding molecules can be
detected via the differential chromatographic mobility of a compound with and without the pres-
ence of DNA.®! The limitations of bioautography are mainly the restricted number of relevant bio-
logical targets, and the fact that bioautography essentially only provides qualitative results.”

A 2D-TLC direct bioautographic assay for the detection of antifungal agents has been described.”®
In this method, the TLC plate is developed once with a polar solvent, turned 90°, and developed again
with a nonpolar solvent system. The plates are sprayed with a nutrient broth/spore suspension, and
the culture is allowed to grow directly on the surface of the silica gel. Two dimensional chromatogra-
phy is well suited to resolving extracts containing lipophilic compounds. Considerable variation was
observed among extracts (<1 mg/plate) from different origins (plants, algae, microorganisms, and
invertebrates) tested against the important plant pathogens Colletotrichum acutatum, C. fragariae,
C. gloeosporioides, and Phomopsis spp. Inhibition of fungal growth was assessed 3—4 days after
treatment. This method has been coupled to a microbioassay in which conidia of Botrytis cinerea,
Colletotrichum spp., Fusarium oxysporum, Phomopsis obscurans, and P. viticola in a 96-well
microtiter format is challenged with pure compounds or fractions at concentrations of 0.3, 3.0,
and 30.0 uM. Fungal growth is evaluated by measuring absorbance of each well at 620nm for up
to 1209394

2.3.1.6 Allelopathy

While the major plant-growth regulators, that is, ethylene, auxins, cytokinins, gibberellins, and
abscisic acid, are intimately involved in the differentiation and development of plants and the
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etiology of plant diseases, substantial evidence now suggests that there are a number of natural
products that can regulate the growth of plants. These compounds are called allelochemicals and
they exhibit allelopathy, which is defined as any direct or indirect effect (stimulatory or inhibitory)
by one plant (also algae, bacteria, and fungi) on another through production of compounds released
into the environment. Strategies for allelochemical discovery are similar to those used in drug
discovery and involve screening of crude extracts and pure compounds for bioactivity. The most
widely used bioassays for allelochemicals are seed germination and seedling growth studies. In
developing a bioassay, the major consideration is the selection of the target species.”> Lemna minor
(duckweed) is often used for plant—plant interactions in aquatic environments, whereas barnyard
grass, gooseweed, and ducksalad are more relevant for study of allelopathy in rice. Test samples
of mono and dicotyledons should be included to determine potential selectivity. Macias®® has sug-
gested standardizing allelopathy bioassays by determining appropriate standard target species and
using mixtures of commercial herbicides as an internal standard.

A simple, quick bioassay to test crude extracts or fractions utilizes lettuce seeds. A quantity
of a solution of the sample (S5mL, concentration of 0.5-5mg/mL) is introduced into a Petri dish.
A Teflon ring supporting a small screen is placed in the dish. Twenty lettuce seeds are placed on the
screen and allowed to germinate under white light for 72h. The germination rate at each concen-
tration is recorded as a percentage of controls and individual root and coleoptile length are deter-
mined.”” Interestingly, lettuce seedlings are insensitive to auxin (indoleacetic acid) but respond to
gibberellin-type activity. Selective plant-growth regulating effects of marine algal constituents on
lettuce and rice seedlings have been noted using a similar assay.’®

CO,H

CHz (CHp)s—CHg
H
CO,H
35
o
OH
T/\002H
H
AcO OH
37 38
o
o) OH

39




26 Bioactive Natural Products: Detection, Isolation, and Structural Determination

Another assay frequently used to detect plant-growth regulating substances is the etiolated
wheat coleoptile bioassay.”®1%° This assay has also detected compounds that have antimicrobial,
antiamoebic, and immunosuppressive activity.” It is important to be aware of some problems with
bioassays that monitor the inhibitory effects of metabolites on seed germination. Lower phyto-
toxin concentrations can produce equivalent or greater inhibitory effects than higher concentra-
tions.!o! Tt is also well known that some compounds that are inhibitory at high concentrations can
be growth promoting at lower concentrations and vice versa. For instance, (+)-hexylitaconic acid
(35) at 20 ppm promoted lettuce root growth by 250%, but at 100, 200, and 500 ppm the growth of
shoots and roots was inhibited.!??

McLaughlin and Rogers® have described a bioassay for plant-growth stimulants and inhibitors.
In this assay, L. minor is the test organism. Single Lemna plants, consisting of three fronds (one
mother and two daughter fronds), are placed in two vials containing an inorganic salt and EDTA
medium (2mL) and known concentrations of the test sample to obtain 5, 50, and 500 ppm. The
vials are placed in translucent, glass-covered dishes and incubated at 27-29°C under fluorescent
and incandescent light. After 7 days, the number of fronds is counted and FIy, (inhibition of 50%
frond proliferation) and FPs, (50% frond proliferation) are calculated. Using this assay, it was found
that usnic acid (36) has potent herbicidal activity (FIs, 0.91 ppm) and that hippuric acid (37) is
a plant-growth stimulant (FPs, 125 ppm). Bioassay-guided fractionation of a leaf extract of Lag-
gera decumbens (Asteraceae) with the Lemna bioassay led to the isolation of two phytotoxic
metabolites, 5-acetoxy-2-hydroxythymol (38) and 3-hydroxythymoquinone (39).1® The triterpene
3a-hydroxy-20-ox0-30-norlupane (40), isolated from Salvia nubicola, was found to have significant
growth promoting activity.!*

A primary herbicide screen to test for microbial production of herbicides utilizes surface-
sterilized seeds of garden cress (Lepidium sativum), barnyard grass (Echinochloa crusgalli), and
cucumber (Cucumus sativum).'9>1% As an example, seeds of garden cress and barnyard grass are
placed on filter paper in Petri dishes and moistened with culture broth diluted with distilled water
(1:4; v/v). The dishes are incubated in darkness at 25-28°C for 72 h. Germination and radicle growth
of the seeds are then evaluated compared to controls. This assay has been used to screen 1500 soil
microbial isolates, mostly actinomycetes, for herbicidal activity. Of the 4—12% that showed strong
inhibition of seed germination or seedling growth, only 1-2% was strongly herbicidal in a second-
ary screen, which involved pot trials with a greater range of test samples and observation over a
14-day period.

Another screen monitoring for phytotoxicity involves placing a few microliters of the test solu-
tion over a small puncture on a detached leaf of the target plant. The leaf is then placed in a Petri
dish containing a filter paper saturated with water. The cover of the dish is sealed with Parafilm,
and the dish is incubated under controlled temperature and light conditions. Activity is normally
observed by the appearance of chlorotic, necrotic, or colored spots spreading radially from the point
of application compared to the control. The effect can be seen in as short a period as 24 h.19%198 The
assay can be complicated by a number of factors. First, there is the usual problem of solubilizing
an extract. Some weeds can tolerate a 1:1 mixture of methanol:water without any apparent damage
to the control. Alternatively, some solubilizing agent, for example, Tween, can be used. The more
interesting problem is one of host selectivity. Some toxins affect all plant species used in the bioas-
say, others affect only certain species and, at reduced concentrations, even select among different
cultivars. This assay was used in the isolation of maculosin (41), the first host-specific toxin isolated
from a weed pathogen.'” Other assays involving CO, fixation, effects on organelles, and tests on
whole plants, plant parts, organelles, or tissue cultures have been described to monitor herbicidal
activity.l1

A two-volume compilation entitled Biologically Active Natural Products: Agrochemicals and
Biologically Active Natural Products: Pharmaceuticals, published in 1999, emphasized the point
that natural products are a common interest in agrochemical and pharmaceutical studies. The first
of these books includes details on a number of bioassays for plant-growth regulating activity.!!
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Laboratory bioassays are useful in establishing allelopathic potential of a compound or extract, but
they should be followed up by greenhouse and field studies to determine if activity is maintained in
the natural environment. This topic is the subject of a recent review.!!?

2.3.1.7 Insecticidal Activity

A simple bench-top assay to determine the pesticidal activity of extracts, fractions, or compounds
uses eggs of the yellow fever mosquitoes, Aedes aegypti. The assay takes 4 days and requires small
amounts of material (5-25 mg). Rotenone (42), a natural insecticide, can be used as a positive control
in the assay. Pure substances with LCs, values of =1 mg/mL are worthy of further consideration.*

This assay was used in a study of the pesticidal activity of the annonaceous acetogenins iso-
lated from, inter alia, Asimina triloba and Annona muricata. Both of these species provide extracts
that are complex mixtures of compounds and display potent pesticidal effects. The authors make
an interesting case for the use of crude plant extracts as pesticides rather than pure individual
compounds. They refer to the work of Feng and Isman,''* who showed that green peach aphids,
which were repeatedly treated with pure azadirachtin (43) or a refined neem seed extract, after
40 generations developed resistance to azadirachtin, but not to the neem extract that also contains
azadirachtin.

In a major screening program, Alkofahi et al.*¢ submitted many species of higher plants for test-
ing against seven indicator organisms that are agronomic pests, that is, mosquito larvae (A. aegypti),
blowfly larvae, corn rootworm, two-spotted spider mite (Tetranychus urticae), southern armyworm
(Spodoptera eridania), and melon aphid (Aphis gossypii). As an example, an aqueous solution,
containing 5000 ppm of crude or fractionated extract, was applied to the leaves of a squash plant,
and the leaves were allowed to dry. The leaves were removed and placed in Petri dishes along with
armyworm larvae. After 3 days, the percent mortality was assessed. The tests with other organisms
generally took between 1 and 3 days. The active fractions from the pawpaw fractionation scheme
(F020, AT49, and asimicin; Figure 2.1) were compared to the commercial pesticides pyrethrum and
rotenone and proved to be of comparable activity. A review on botanical insecticides, deterrents,
and repellants has been published recently.!*

2.3.2  SPECIALIZED SCREENING ASSAYS

All of the “frontline” assays described in the previous section have proven useful in bioassay-guided
fractionation leading to the isolation and identification of bioactive metabolites. There are a great
number of other assays being used, and newer ones are constantly being developed. However, they
are of increasing sophistication and require the skills and expertise of biological scientists. Some of
these specialized assays are described in this section, but the emphasis is now on the type of infor-
mation that can be obtained rather than providing a protocol of the assays. This is also a convenient
point to consider the topic of synergy.*>!15116

The fact that a whole or partially purified extract has more or less bioactivity than any single
isolated constituent is not new but, until recently, has not been systematically investigated. Evidence
for the occurrence of synergistic effects is accumulating, and although this phenomenon is being
discussed in the context of phytomedicines, it is of significance for any mixture of bioactive com-
pounds. If two bioactive substances of a mixture have the same pharmacological target, an additive
effect is expected. If, in contrast, two or more substances of a mixture have different targets, a syn-
ergistic effect may result, provided that none of the substances have antagonistic effects.!!

A particularly telling example of this was observed with the ginkgolides, the PAF antago-
nists from Ginkgo biloba. Mixtures of ginkgolides A (3) and B (44) showed a lower ICs, than
that obtained for either of the two metabolites individually. The presence of other ginkgolides and
ginkgoflavones also appears to have an effect. A PAF-antagonizing effect in humans is produced
by a mixture of ginkgolides A, B, and C at doses between 100 and 240 mg. An equivalent effect
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is observed with a dose of 120mg of a standardized Ginkgo extract containing only 6—7mg of the
ginkgolides.*11

In an in vitro antimalarial bioassay, the activity of artemisinin from Artemisia annua was
enhanced by the presence of the flavonoids artemetin (45) and casticin (46).!"> As another example,
the antibacterial activity of berberine (20) from Berberis freemontii against a resistant strain of
S. aureus was potentiated by the addition of two other constituents of the plant, the flavolignan
5’-methoxyhydrocarpin (47) and the porphyrin, pheophorbide a (48). Neither possessed antibiotic
activity when tested alone.!"”

2.3.2.1 Antiviral Activity

Viral diseases, both chronic and emerging, pose the greatest health risk to humans and are an
increasing worldwide health concern. Considerable activity has been observed in the last 20 years in
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this field with the National Cancer Institute (NCI) implementing anti-acquired immunodeficiency
syndrome (AIDS) screening and antiviral development programs in parallel with its long-standing
anticancer drug program.!"® An in vitro antiviral assay was used to test extracts from 61 higher
plants.""” Antiviral activity was observed in approximately 20% of the plants, which was higher than
expected. It was suggested that the antiviral activity detected was due to phytoalexins produced by
the plant as a protection against plant viruses. These assays simultaneously allow an estimation of
cytotoxicity (loss of the cell monolayer in which the plaques are normally formed). Active extracts or
compounds then become candidates for testing against tumor cell lines, for example, P388 or
L1210.

Next to malaria, the HIV, resulting in AIDS, is the leading infectious cause of death in the
world, and the search for new, effective, and safe as well as affordable anti-HIV drugs is a matter
of some urgency. There is also a continuing requirement for new antiviral drugs since an increasing
number of patients infected with HIV show degrees of resistance to the currently approved drugs.
Much effort has been invested in the search for natural products with anti-HIV activity, but none
has so far been included in the list of recommended antiretroviral agents. It is anticipated that this
situation will change soon. Recent listings of anti-HIV agents that show promise are impressive,
and contain compounds form all the major classes of secondary metabolites. As examples, two
compounds of particular interest are the coumarin (+)-calanolide A (49) and the triterpene betulinic
acid (17)."2° A number of coumarins were isolated using an anti-HIV bioassay-guided fractionation
of an extract of Calophyllum lanigerum var. austrocoriacenum. Of these, (+)-calanolide A (49)
exhibited potent activity against HIV-1 reverse transcriptase, showed an unique sensitivity profile
to nonnucleoside reverse transcriptase inhibitor (NNRTI)-sensitive viruses and had a synergistic
effect with other anti-HIV drugs. This compound and congeners represent a novel and distinct
subgroup of the NNRTI family, and they appear to be useful in combination therapy. Synergy
with AZT was also demonstrated in the hollow fiber mouse model (Section 2.3.2.2). Currently,
(+)-calanolide A (49) isundergoing clinical trials to evaluateits safety inboth healthy and HI V-infected
volunteers.

Betulinic acid (17), together with the biosynthetically related oleanolic and ursolic acids, is a
widespread plant metabolite well known to most natural products chemists. All three triterpenes
inhibit HIV-1 protease activity in vitro. Betulinic acid was found to be active in vivo using athymic
mice carrying human melanomas. Further biological studies suggest that betulinic acid works by
induction of apoptosis.'?!122

In another study, 156 natural products and 100 plant extracts were examined for inhibition of
HIV-1 reverse transcriptase, using an assay developed for the detection of the enzyme in virions.
Of the natural products, benzophenanthridine alkaloids showed potent activity. In examining plant
extracts, polyphenolic substances such as tannins, inhibitors of the enzyme themselves, compli-
cated matters. The method favored for removal of these was polyamide chromatography, carried out
on 3mg of plant extract. Solubilization of the extracts was achieved using DMSO.!?3

A bioautographic assay to screen for antiviral agents from insects and plants involves overlay-
ing a TLC plate on HSV (Herpes simplex virus)-infected CV-1 (monkey kidney) cells and, after
incubation, looking for areas of viral growth inhibition.?* Antiviral testing of 40 plant species by
this method suggested that terrestrial plants and marine species contain about the same proportion
of antiviral compounds. Extracts from 30 species of insects were tested and some were found to
be active. In addition to antiviral information, this assay also gives an indication of cytoxicity by
showing inhibition of the CV-1 cells.

A number of reviews detailing natural products with antiviral activity have been published and
serve to illustrate the wide range of compounds that may have potential application.!?>-1?” Historical
precedents suggest that diverse screening strategies should be used in the discovery of new HIV-1
agents. To this end, a recent review and report detail a number of cell-based and biochemical meth-
ods that can be utilized in antiviral screens, whereas others can be formatted for HTS or utilized as
secondary screenings.!?8:129
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2.3.2.2 Cytotoxicity, Antitumor, and Antineoplastic Activity

Most of the assays to test for these activities have been developed by the NCI and implemented
in extensive programs, for example, The Natural Product Discovery Group, for the discovery of
natural product cancer therapeutic agents. Since 1990, more than 100,000 compounds have been
screened for anticancer activity in the Developmental Therapeutics Program. A large number of
bioassays have been used to detect antitumor substances in extracts and to monitor chromatographic
fractionation.

More recently, the P388 murine leukemia model (for in vitro and in vivo testing) has been
favored in terms of sensitivity and predictivity, although advanced in vivo testing included addi-
tional mouse tumors, that is, Lewis lung carcinoma, colon 38, and CD8fl mammary. To test the
sensitivity of the P388 assay, 18 cancer chemotherapeutic drugs and natural products were assayed.
All were detected by toxicity at 0.01 pg or 1.0 pg with P388 cells. Using human HT-29 colon carci-
noma cells, only 11 of the 18 were detected at 10 pug.!*

In recent years, several interesting papers have detailed the collaborative programs funded
by the NCI that involve research of multi-institutional groups from both academic and corporate
laboratories."3! Kinghorn et al.!'%132133 are investigating plants collected mainly from the tropical
rainforests as potential sources of cancer chemotherapeutic agents. Another group is adopting a
molecular approach to discover anticancer leads in marine natural products.'3

As an example, the steps involved in the evaluation of plant samples for potential anticancer
agents are given.'?? Chloroform-soluble extracts from each plant sample are washed with sodium
chloride solution to remove tannins that would otherwise interfere with protein-based bioassays.
The organic solvent—soluble portion of the extract is screened against a panel of about 25 in vitro
bioassays including human tumor cell lines, as well as diverse mechanistic and cell-based assays.
Plant extracts with selective and potent cytotoxicity are tested against the P388 in vivo murine leu-
kemia model. The active extracts are subjected to LC with mass spectrometry (LC-MS) dereplica-
tion (Section 2.5.2) to determine if the extracts contain previously isolated cytotoxic compounds.
This involves subjecting the extract to high-performance liquid chromatography (HPLC), directing
the output through the UV detector (280 nm), and splitting the stream into two uneven portions. The
smaller portion is passed into a mass spectrometer, whereas the larger portion is fractionated in a
96-well plate, and each well is reassayed. If activity is associated with unknown compounds, bioas-
say-guided fractionation is used to aid the isolation of the active agents.!** Once they are obtained in
pure form, the active compounds are evaluated in all the in vitro assays available to the program.

Differential solubility can be a problem, particularly when the extract is not water soluble, in
which case methanol or dimethylsulfoxide may need to be used. The presence of large amounts
of substances that can interfere with the assays, either dominating spectrometric measurement
(e.g., pigments) or masking the biological effects (e.g., tannins, fatty acids) of smaller amounts of an
active principle, must be considered.'

Another in vivo assay used as a secondary screen to select compounds for additional biological
testing is the hollow fiber assay.'3¢ This assay relies on the fact that the majority of human tumor
cell lines can be grown inside hollow fibers to form a heterogeneous solid tumor model. These semi-
permeable fibres (polyvinylidene fluoride) containing tumor cells are implanted (intraperitoneal or
subcutaneous) in host mice, and the mice are then treated with the test sample and sacrificed on day
7 and the fibers retrieved. The effect of treatment is determined by the net growth percentage of cell
relative to changes in body weight.'3> Compounds that give positive responses at the subcutaneous
site seem to be more important for follow-up testing than those showing activity only at the intra-
peritoneal site.

By way of illustration, the results obtained for two natural products are compared.'3
The nor-diterpene, 13-hydroxy-15-oxozoapatlin (50), isolated from the root bark of Parinari
curatellifolia (Zimbabwe) and P. sprucei (Venezuela) was shown to be cytotoxic to cultured KB
(nasopharyngeal), LNCaP (human hormone-dependent prostate), and Lul (human lung) cells
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with EDs, values of 1.2, 1.5, and 5.1 pg/mL, respectively. In the hollow fiber assay, it showed
inhibition with KB (68.7%) and LNCaP cells (87.7%) but did not inhibit growth of Lul cells at
the intraperitoneal site. No indication of bodyweight loss was observed, indicating that further
testing was warranted. In the event, 50 was found to be a G2DNA damage check-point inhibitor
and to exhibit antimitotic activity.

As a comparison, plumbagin (51), a well-known naphthoquinone, was also tested. It showed
cytotoxicity toward KB (EDs, 0.1 pg/mL), LNCaP (0.8 mg/mL), and Lul (0.3 ug/mL) cells. In the
hollow fiber assay, concentrations of 7.5 and 10 mg/kg were lethal to one or more mice, and significant
bodyweight loss was observed at 5 mg/kg. No tumor growth inhibition was noted at either of the two
sites, and thus plumbagin was not selected for further investigation.

Another strategy is to detect cancer chemopreventive agents by using mechanism-based
assays.!32133 The search for compounds that inhibit carcinogenesis by (a) preventing the formation
of carcinogens; (b) preventing binding of the carcinogen to target (blocking); or (c) preventing
the development of the tumor, has led to the deployment of a number of bioassays. Application of
these assays in guiding the fractionation of selected plant extracts have led to the identification of
the isoflavones biochanin A and genistein, and the flavones apigenin and chrysin, as chemopre-
ventive agents.'3> Several other promising compounds have been isolated, including resveratrol
(52) and the steroid ixocarpalactone (53).!3
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More recently, approaches have expanded to include antimutagenicity, antioxidant, HL-60
cell differentiation, quinine reductase induction, aromatase inhibition, cyclooxygenase 1- and
2-inhibition, protein kinase C inhibition, ornithine decarboxylase inhibition, and estrogen receptor
antagonist/agonist bioassays.

The NCI has tested over 90,000 extracts of terrestrial plants, marine plants, and invertebrates
in its human cancer/60 cell-line prescreen that includes the HL-60 and K-562 leukemia cell lines.
These data have been sifted so as to identify genera and families (e.g., Myrsinaceae, Sapindaceae)
that appear to contain antileukemic agents.!3’

A multiauthored volume Anticancer Agents from Natural Products provides a historical, bio-
chemical, and chemical rationale to the search for plant, marine, or microbial sources of anticancer
agents. The authors discuss approaches to drug discovery and development and ways of to obtain
viable amounts of the drugs.!3

2.3.2.3 Immunosuppressive Activity

Both terrestrial and marine organisms provide metabolites with immunosuppressive activity. A
review of natural products as immunosuppressive agents also contains a very readable introduction
to the role of T cells in the immune response.!*

The discovery of cyclosporin A (14) and its remarkable immunosuppressive activity have con-
tributed greatly to successful transplants of heart, liver, kidney, and bone marrow. Cyclosporin A
is a fungal metabolite that exhibits a high degree of selectivity for T-cell lymphocytes but without
cytotoxicity, in contrast to many other immunosuppressive agents. It is interesting to note that more
than 750 analogues of cyclosporin A have been prepared, but none has had superior activity. In a
systematic screening program aimed at finding metabolites with similar activity to cyclosporin
A (14), a soil Streptomyces was found to produce the polyketide FK506 (54). The activity of this
metabolite is 100 times greater than cyclosporin A (14).1%

The sesquiterpene 15-hydroxyovalicin (55) has been reported to have an ICy, of 1nM in the
murine mixed lymphocyte reaction. This compares favorably with an ICs, of 13nM observed for
FK506. Mycophenolic acid (56), a metabolite of Penicillium brevicompactum, has been the subject
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of chemical and biological studies for over a hundred years.'*® Apart from antitumor and antiviral
activity, 56 also exhibits immunosuppressive activity. Specifically, it inhibits the inosine monophos-
phate dehydrogenase and guanylate synthetase, enzymes that are responsible for the production of
GDP, GTP, and dGTP. Lymphocytes do not have a salvage pathway, and thus mycophenolic acid
leads to inhibition of DNA synthesis. The prodrug has been successfully used to prevent renal graft
rejection.!40

2.3.2.4 Antimalarial Activity

Malaria is directly responsible for the deaths of 1-2 million people each year and a number of other
deaths due to malaria-related anemia. Human malaria is caused by four species of Plasmodium
that are transmitted by female mosquitoes (Anopheles spp.). Infection in humans leads to cerebral
malaria, and other complications and the majority of cases of malaria and deaths are caused by
P. falciparum.'! In the last 30 years, malaria has become more prevalent, largely due to the devel-
opment of resistance to chloroquine and other antimalarial agents. In 1972, the sesquiterpene arte-
misinin (1) was isolated from A. annua (Asteraceae) and was shown to be a rapid and effective agent
against resistant parasites, to have a higher chemotherapeutic index than chloroquine, and is as good
as quinine for the treatment of cerebral malaria.'

In 1976, the asexual cycle of P. falciparum was successfully cultured in human erythrocytes
and since then P. falciparum has been used in in vitro screens. Before then, antimalarial screen-
ing relied on in vivo avian and rodent models. A semiautomated assay in which the viability of
the parasite and the activity of the test sample are related to the uptake of [*H]-hypoxanthine, a
nucleic acid precursor, has been widely used. This technique was applied to evaluate the activity
of crude, ethanol extracts of A. annua and A. vulgaris. This in vitro test discriminated between the
two extracts with ICy, values of 3.9 and 250 pg/mL, respectively. A. annua contains artemisinin (1),
which is absent in A. vulgaris.

Protocols for determination of in vitro anti-P. falciparum activity and in vivo anti-P. berghei
activity in mice have been described.!*>!*3 It is worthwhile noting that in vitro antimalarial activity
does not parallel cytotoxicity against KB cells (human epidermoid carcinoma of the mouth). Thus,
bruceantin (57) is three times as active as brusatol (58) in the antimalarial test but 10 times more
toxic to KB cells.

Malarial lactate dehydrogenase, which requires 3-acetylpyridine adenine dinucleotide as a
coenzyme in the oxidation of L-lactate to pyruvate, has been used to measure the susceptibility
of P. falciparum to a drug in vitro. Several methods to determine the activity of this enzyme are
available. Colorimetric tests provide an alternative to the radiolabelled hypoxanthine method. Since
parasite growth is shown by the production of a dark blue color, tests can even be carried out without
the need for a spectrophotometer.!#+143

Apart from being able to detect activity against erythrocytic parasites, methods have been
developed to assess activity against liver stage parasites and gametocytes. It is now possible to
examine plant extracts and compounds for their abilities to interfere with the pathological processes
involved in cerebral malaria such as the adhesion of infected erythrocytes to cerebral microvessels
and the action of cytokines.'

Many plant extracts have been evaluated for in vitro antiplasmodial activities, and some have
been tested in vivo, usually in mice infected with P. berghei or P. yoelii.'¥-'¥> Although the devel-
opment of artemisinin and its derivatives was a major advance in the chemotherapy of malaria,
it does have limitations, particularly in terms of availability and cost. This means that there still
is an urgent need for effective and affordable antimalarial therapies. In searching for a lead com-
pound, Wright'>° has made a case for the alkaloid cryptolepine (59) that occurs in relatively large
amounts (>1%) in the roots of the west African plant Cryptolepis sanguinolenta. Other possibilities
include the alkaloid nitidine (60)'*' and the euglobals, the acylphloroglucinol-terpene adducts found
in Eucalyptus species.'>
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2.3.2.5 Amoebicidal Activity

In vitro screening methods have been developed to evaluate plant extracts and natural products
with activity against Entamoeba histolytica, the causative agent of amoebic dysentery.">* Emetine
(61) and 2,3-dehydroemetine were found to have IC, values of 0.07 and 0.16 ug/ML, respectively,
whereas metronidazole, a well-tolerated drug for this infection but known to cause tumors in exper-
imental animals, had a value of 0.22 pg/mL. However, emetine has high cytotoxicity against guinea
pig ear keratinocytes, and the cytotoxicity/amoebicidal ratio is <1, whereas quassin (62) has a more
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favorable ratio of 132. A number of extracts from simaroubaceous plants and their alkaloid and
quassinoid components have been tested.'*-¥3 A suggestion that anticancer drugs should also be
tested for antiparasitic activity has recently been made.!>*

2.3.2.6 Antimycobacterial Activity

It has been estimated that one third of the world’s population is infected with the tubercle bacil-
lus (TB; Mycobacterium tuberculosis). Although only a small percentage of infected individuals
develop clinical TB, about 8 million new cases and 2 million deaths occur every year. The problem
is compounded by the fact that the HIV pandemic has provided a large number of susceptible indi-
viduals, thus increasing the global burden of TB. In the 1940s and 1950s, a number of efficacious
anti-TB agents became available with the last, rifampin, being introduced in the 1960s. However, as
seen with most anti-infective agents, the use of these drugs has resulted in the generation of resistant
strains.!>

One of the problems in applying bioassay-guided fractionation to biological extracts concerns
the choice of the test organism. M. fuberculosis needs to be handled in appropriate biosafety facili-
ties (BL-3). Alternative, avirulent strains are available (M. bovis BCG, M. tuberculosis Hy;Ra), and
require class-2 conditions. A number of bioassays have been used to test extracts, fractions, or com-
pounds for anti-TB activity.!>> Macro and microagar dilution methods require up to 18 days to detect
growth of colonies. In radiorespirometry, the growth or inhibition of the mycobacteria is measured
from the extent of oxidation of [1-'*C] palmitic acid to *CO, over a period of 1 week. Other meth-
ods, which lend themselves to adoption in HTSs (Section 2.5.1), are the microbroth dilution method
in which growth is measured colorimetrically, fluorometrically, or by use of an indicator dye, and
by a reporter gene assay using firefly luciferase.

The carbazole alkaloids are a class of metabolites that show moderate but consistent activity.
The well-known antimicrobial alkaloid berberine (20) has been reported to exhibit antimycobac-
terial activity in a number of studies. The alkaloid inhibited the growth of M. intracellulare with
an MIC of 0.78-1.56 ug/mL, and M. smegmatis and M. tuberculosis with an MIC of 25 pg/mL.
Reviews on antimycobacterial natural products are available.!5157

2.4 ISOLATION AND SEPARATION

In the following sections, the various techniques available for the isolation, separation, and
purification of biologically active metabolites are considered. At this stage of the investigation,
the chemist is working in close collaboration with the biological scientists. The task of the chemist
is to isolate and identify the substance(s) responsible for the bioactivity observed, although often
no information is available regarding the nature and class of compounds to which the metabolite
belongs. The identification of the metabolite as being biologically active is not more important than
ensuring that the compound is pure and properly characterized. The natural products chemist has
to ensure that adequate amounts of metabolites are isolated in as pure a form as possible to allow
proper characterization, both chemical and biological.

It is useful to consider the following incident described by Nakanishi.!*® The structure of aza-
dirachtin, a potent insect antifeedant, was proposed in 1975 by Nakanishi and coworkers and was
based largely on results obtained by applying a new '*C-NMR technique. The evidence was not
convincing. For many years, the sample of azadirachtin became a test sample for newly described
NMR pulse sequences in attempts to obtain more rigorous evidence for the structure, but prog-
ress was hampered by a lack of pure material. This continued until a postdoctoral research fellow
devised an isolation scheme'> that provided 10 g of the compound and, with this, the possibility of
studying its chemistry. By the time that Nakanishi’s group had arrived at a revised structure (43) in
1986, it was too late; two other groups had established the correct structure.
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The temptation to bypass careful isolation and purification processes is compounded by
the fact that what takes weeks to achieve in the laboratory may have to be described in one
sentence in the experimental section of the paper. While structure determination has in many
ways become quite routine, isolation and purification have not. This is not apparent from most
papers dealing with the isolation, purification, and structural determination of natural products.
Contributing to this is the attitude that purification is a trial and error process that, in any event,
is not transposable from one problem to the next. In many papers long and involved separation
sequences are described, but the rationale for the methods chosen is often not disclosed, even
ex post facto.

In this context, an example illustrates the confusion that can be introduced by ignoring the
importance of purity. Two papers, which appeared almost simultaneously, have described the
isolation of ent-kauran-3-oxo-16a,17-diol from terrestrial plants. In one, the compound is said to
have a melting point of 173—174°C and optical activity of [a], —39.2° (CHCl,), and in the other, the
melting point is not given and an optical rotation of [«], —73.1° (CHCl,) is quoted. The latter sample
is reported to be cytotoxic. Either the two compounds are different, in which case there has been an
overreliance on interpretation of spectroscopic data, or, if they are the same, the samples differ in
homogeneity. A paper published as recently as 2003 describes the preparation of this compound by
semisynthesis. In the experiment, it is described as a “white foam”, and although IR, MS, and NMR
parameters are presented, the entry for this compound concludes with the phrase “further physical
data” citing the two references mentioned earlier.

A commentary entitled “Quantity over Quality”'¢° laments the declining standards in organic
chemistry. The writer is concerned with the shortcuts taken by authors as evidenced from their
papers. Some examples are the cavalier attitude toward ensuring purity of compounds, obtaining
elemental analysis, quoting optical rotation values, reporting the NMR data for new substances
without nuclei-signal assignments, and publication in a format that does not require the full charac-
teristics of new compounds to be presented. Coincidentally, a short time after, a review by Nicolaou
and Snyder's! presented a number of cases in which the structures of natural products have been
misassigned. The authors conclude: “Although the past half century has witnessed a remarkable
improvement in our ability to isolate and characterize complex natural products, mistakes are still
a relative common occurrence’.

There are now several books available on the topic of natural products isolation. Some of the
earlier compilations are still quite useful,'62-164 but the more recent ones are broader in scope.!93-168

2.4.1 EXTRACTION

In choosing a solvent for extraction, its ability to extract components of a solute has to be consid-
ered. For instance, ionic solutes can be extracted from aqueous solutions with nonpolar solvents if
neutral complexes can be generated in the aqueous phase before extraction. The more efficient the
extraction step the greater is the range of compounds present in an extract. The need to use pure
solvents for extractions is obvious. Less obvious is the need to carry out the extraction under mild
conditions utilizing, whenever possible, solvents of low reactivity. The possibility of generating
artifacts should never be discounted (Section 2.6).

There are many basic extraction procedures described in the literature that can be tried and
refined if necessary, although a trial and error approach is often required. Solvent partition schemes
have been outlined for screening plants for antitumor agents'®® or screening organisms for antitumor
metabolites.”>!7! The isolation of bioactive compounds is almost “always fraught with difficulties
and every step requires judgment, improvisation, and discovery”.!”!

2.4.1.1 Dry Biological Material

Air or freeze-dried samples are normally extracted with a variety of solvents, and sometimes
sequentially from low to high polarity, if a crude fractionation of metabolites is sought. Generally,
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however, a polar solvent such as ethyl acetate or methanol is used, and the separation of compounds
is left until a later chromatographic step. It is useful to consider the possibility that the choice of
solvent used can determine to some extent whether exo or endocellular metabolites, or a mixture of
both, will be extracted. With dried material, ethyl acetate or low-polarity solvents will only rinse
or leach the sample, whereas alcoholic solvents presumably rupture cell membranes and extract a
greater amount of endocellular materials. For instance, washing a plant sample with ether afforded
a sesquiterpene alcohol and di and trihydroxyflavones, whereas extraction with methanol provided a
different sesquiterpene alcohol and a diterpene diol, both of which are also soluble in ether.!”? In the
extraction of dried algal samples, more lipophilic material can be extracted with dichloromethane
after soaking the sample in methanol than from an initial dichloromethane or methanol extraction.
A good system with high extraction potential is a 1:1 mixture of the two solvents.

Of the extraction methods used to provide fractions suitable for bioassays, the following*¢ is rep-
resentative. Dried, powdered material is extracted by cold percolation or Soxhlet extractor with 95%
ethanol (fraction 1). The ethanol extract is partitioned between chloroform and water (1:1), which
normally generates three fractions: the water solubles (fraction 2), chloroform solubles (fraction 3),
and a fraction comprising any insoluble material at the solvent interface (fraction 4). The chlo-
roform solubles are then partitioned between hexane and methanol with enough water (normally
10%) added so as to generate two phases. This gives rise to two other fractions, the 90% methanol
solubles (fraction 5) and the hexane solubles (fraction 6). If seeds or leaves coated with waxes or
fatty materials are used, washing with light petroleum prior to solvent extraction is recommended.
The individual fractions are submitted for bioassay, and a qualitative and sometimes quantitative
measure of their activity can be obtained. This protocol has been widely used particularly in the
detection and isolation of the biologically active acetogenins from the Annonaceae'”? and in the
assaying for cytotoxicity and antitumor activity of bryophytes.!7*17

In crude plant extracts, various compounds might be present that interfere with bioassays or are
common constituents of plant extracts. Phenolic compounds may bind to and inactivate proteins and
thus may affect receptor binding and enzyme assays. Tannins can be present in high concentration
in some plant extracts, and they have been shown to inhibit HIV replication and infection of cells.
Passage through polyamide XAD-2, PVPP, or other adsorbents that bind aromatic compounds can
be used to remove them. Polysaccharides and their sulfonated derivatives reduce the HIV titer in
cells. They can be precipitated from the aqueous extract by addition of ethanol.

2.4.1.2 Fresh Material

The water content in samples of fresh material make the dichloromethane—methanol solvent mix-
ture ideal for extracting purposes. Once the extract has been partitioned and the methanol removed
from the aqueous fraction, this can be back-extracted with ethyl acetate and then with butanol to
separate the lipophilic material from the water-soluble fraction.

In the case of fermentation metabolites, the mycelial mat should be separated from the culture
broth by filtration and extracted separately since some metabolites, although they may be partially
exuded into the broth, adhere to the mycelium. This is the case for the avermectins (11), which are
lipophilic and are always found to adhere to the mycelial cake after broth filtration.?* In fermenta-
tions producing the polyether antibiotics, for example, monensin (63), most of the metabolites are
contained in the filter cake if the fermentation broth is allowed to stand for an hour at room tem-
perature before filtration.””® With the Actinoplanes strain that produces the ramoplanin complex
of glycolipodepsipeptide antibiotics, 85% of the activity is found in the mycelial mat. This can be
extracted with water—methanol or water—acetone.!”” In any event, the mycelium may very well con-
tain different endocellular metabolites.

For small quantities of fresh biological material, freezing with liquid nitrogen is useful. The fro-
zen material can then be ground to a powder and extracted in the normal way. With this technique
endocellular material is also extracted.
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2.4.1.3 Liquid Culture Broth and Other Biological Fluids

These can be extracted sequentially with solvents of increasing polarity from petroleum ether to
butanol. The pH of the medium should be checked before extraction. In some cases, extraction of the
medium at varying pH ensures maximum recovery of extract and may lead to partial fractionation.

In a number of cases, the organic material can be concentrated by passage of the broth through
Amberlite XAD-2 or XAD-4 (polystyrene divinylbenzene) resin columns. These are neutral resins
with no ion exchange groups, the adsorption process occurring through hydrophobic forces. To
maximize adsorption, addition of 1-5% sodium chloride to the solution is recommended. For some
compounds, for example, the carbapenems (9), elution with water is sufficient, more lipophilic sub-
stances are desorbed with organic solvents (e.g., aqueous acetone or methanol).

Ion-pair extraction can be very useful in extracting sulfated carbapenems at neutral pH.'”® The
antibiotic (64) and related sulfates are produced in small amounts (ug/mL) in liquid cultures of
Streptomyces olivaceus. Direct extraction of these sulfates with organic solvents is unsatisfactory
because of the acid labile carbapenem nucleus. Neutral extraction can be achieved with dichlo-
romethane containing 10mM of a quaternary ammonium salt, for example, benzyldimethyl-n-
hexadecylammonium chloride (BDHA). The organic layer is then back-extracted with 3% aqueous
sodium iodide to remove the ammonium species. Another advantage of this method is that it leaves
nonsulfated analogues in the aqueous solution. The zwitterionic thienamycin (9) can similarly be
extracted, however, a more polar solvent, methylisobutyl ketone, and lower pH (~3), necessary for

H
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ion-pair formation, are required. Contact times for the extraction and back-extraction need to be
kept to a minimum to avoid decomposition of the metabolite.!”

Centrifugal partition chromatography is a technique that potentially could be useful for the
extraction of compounds from solutions (Section 2.4.2.1). The solution is employed as the mobile
phase and a solvent or mixture of solvents with a high affinity for the compound of interest is chosen
as the stationary phase.'”

2.4.1.4 Extraction of Water-Soluble Metabolites

Surprisingly, water is often not the best solvent for the extraction of water-soluble compounds. This
is a consequence of many of these compounds being intimately associated with lipophilic structures
such as membranes. In fact, the best method of extraction is to use methanol or ethanol, preferably
after powdering the biomass following treatment with liquid nitrogen. Treatment with liquid nitro-
gen, and subsequent storage at low temperatures, should be carried out immediately after collection
of the biomass to minimize the possibility of peptidases, glycosidases, sulfatases, and oxidases
reacting with the compounds of interest. For example, steroidal glycoalkaloids (65) are known to
undergo partial hydrolysis by glycosidases on extraction of the metabolites from plant material.'8

In cases where the source organism comes from a saline environment, removal of the salt is nec-
essary. Desalting can be achieved by use of columns or cartridges containing reverse-phase solid
supports (C8 or C18) or neutral polymers such as XAD-2, -4, or -7. In these cases, one is relying
on the retention of the organic compound by the absorbent, whereas inorganic ions will elute with
the water. This method cannot be used if the organic compound is strongly polar or in an ionized
form, in which case size-exclusion chromatography using Sephadex G-10 or Bio-Gel P-2 can be
used. These resins in general do not retard large molecules, whereas elution of the smaller inorganic
compounds will be delayed.!®!

For isolation and purification purposes, there are a number of chromatographic supports avail-
able that operate through different mechanisms. These include anion and cation exchange, ligand
exchange, reverse phase, and size exclusion. Silica gel-based supports frequently can irreversibly
retain some compounds, possibly due to a combination of hydrogen bonding and pore structures.
For example, the linear polycyclic ethers, brevetoxins, and some cyclic peptides can be trapped in
silica gel and cannot be desorbed even with polar solvents. Covalent binding between the silica oxy-
gens and electrophilic sites on the bioactive compound can contribute to the loss of material.

A number of alternative supports such as C18 reverse phase, polystyrene divinylbenzene, and
hydroxyethylmethacrylate and dimethylmethacrylate copolymers modified with different functional
groups (e.g., amino, diol, cyano) are available. These supports give better recovery and are more tol-
erant of high or low pH and high buffer concentrations. Some of the more commonly used supports
are those in the Sephadex series, that is, Sephadex G-10, G-15, G-25, G-50, and G-100 where the
number represents the amount of water adsorbed by the beads on swelling. Sephadex G-10 and G-15
are useful for the separation of natural products. The beads can also be swollen in DMSO, DMF,
ethylene glycol, and aqueous methanol to give supports that are used to fractionate water-soluble
metabolites. Another popular support is Sephadex LH-20, which is a modified G-25 with increased
lipophilicity and is well suited for the separation of organic extracts.'®!

Brief descriptions of the isolation of two water-soluble metabolites are presented as examples.
The first involves the isolation of the potent marine neurotoxin, tetrodotoxin (66).8> Cultures of bac-
terial colonies isolated from toxic marine puffer fishes were centrifuged to remove bacterial cells.
The supernatant was treated with activated charcoal and filtered through a Buchner funnel. The
metabolite was desorbed from the charcoal with 1% acetic acid in 20% aqueous ethanol, and the
solution was lyophilized. The residue was dissolved in 10mL of 0.03 M acetic acid and subjected to
gel filtration through a column (2 X 50cm) of Bio-Gel P-2 equilibrated with 0.03 M acetic acid. The
toxic fractions, determined using a mouse bioassay, were lyophilized. The residue was dissolved in
10mL of acetic acid and was subjected to cation exchange chromatography through a column of
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Bio-Rex 70 (H*). The toxin was eluted by a linear gradient from 0 to 0.03 M acetic acid. Toxic frac-
tions were combined and subjected to chemical analysis.

The second example concerns the isolation and purification of domoic acid (67), a glutamate
agonist and neuroexcitant from a marine diatom.'®! A 50-day-old culture of the diatom was cen-
trifuged to remove algal cells. The supernatant was adjusted to pH 3 with dilute HCI and passed
through C-18 reverse-phase silica gel in a Buchner funnel. The silica bed was washed with water,
and the adsorbed material was desorbed with methanol. After removal of the solvent, the residue
was loaded onto a Sephadex LH-20 column and eluted with methanol. The elution was monitored
by UV absorption at 250 nm. Fractions containing domoic acid were pooled and further purified by
rechromatography on a C-18 column, eluting with a gradient from 0.1% acetic acid in 10% methanol
to 0.1% acetic acid in 50% methanol. Domoic acid was mostly eluted with 30% methanol.

2.4.1.5 Removal of Fatty Material

Many extracts contain significant amounts of fatty material that can seriously interfere with subse-
quent chromatographic separation. A number of methods for partitioning such extracts are used. The
extract can be dissolved in a mixture (1:1) of methanol-petroleum ether, and enough water (~10%) is
added so as to give two phases, which are separated.'®® The aqueous methanol layer can be concen-
trated, and the organic material is recovered by back-extraction with ethyl acetate. Toluene—methanol,
heptane—acetonitrile, or heptane—ethylene glycol can also be used. In the last case, the ethylene gly-
col layer is diluted with ether, and the ethylene glycol is removed by washing with water.>*

2.4.1.6 Supercritical Fluid and Accelerated Solvent Extraction

In this process, the material to be extracted is placed in a pressure vessel, and a liquefied gas at
a specific temperature and pressure is pumped through it. The extracting solvent is pumped into
a separation chamber, the pressure is reduced, and the solvent (now a gas) is recovered for reuse,
whereas the extract remains in the chamber. This essentially eliminates the need for concentration.
Typical gases used are carbon dioxide, ethanol, and propane; these can be modified by addition of
small amounts of a cosolvent, for example, methanol, acetonitrile, acetone, or water. Supercritical
CO, extraction requires only moderate temperature (31°C), making it attractive for heat-sensitive
compounds.

Supercritical fluid extraction (SFE) offers some advantages over conventional extraction meth-
ods, particularly when the class of compound(s) to be extracted is known. The advantages include
reduced extraction time, reduced volume of solvent used, and more selective extraction. Supercriti-
cal fluids are not supersolvents, but they have a relatively high liquidlike density, low viscosity, and
high diffusivity.'®4

The main disadvantages of the technique are that it requires pressure equipment, and the extrac-
tion efficiency is highly dependent on the particle size and amount of water contained in the mate-
rial to be extracted. Extraction yields have been shown to depend on the type of matrix involved.
The extraction of the immunosuppressant cyclosporin A (14) from the mycelial mat of Beauvaria
nivea that had been subjected to varying degrees of air and oven drying showed such a dependence.
The best yield of the metabolite was obtained from partly air-dried biomass, whereas oven-dried
material gave the lowest yields. Scanning electron microscopy showed that the oven-dried sample
had formed a solid surface in contrast to the porous surface of the air-dried sample.'3

Another study compared the extractability of the metabolites from a number of microorgan-
isms, that is, Penicillium, Aspergillus, and Streptomyces species. All the components of interest that
were extractable with dichloromethane and methanol were also extractable by SFE with methanol-
modified carbon dioxide.’® The active sesquiterpene parthenolide (68) from the feverfew plant
(Tanacetum parthensis) could be efficiently and selectively extracted by SFE without degrada-
tion.’” SFE induced less racemization of the tropane alkaloid atropine than classical liquid—solid
extraction procedures. !



Detection and Isolation of Bioactive Natural Products 41

A number of reviews detail the application of SFE methods for the extraction of natural prod-
ucts, 819 including a review of the important antimalarial artemisinin (1)."' It appears that SFE
can be a useful complementary technique to other methods of extraction. Although it seems that it
does not recover more extract than that obtained by conventional extraction methods, it does so in a
shorter time, more cleanly and with much less solvent. Because the density of the fluid can easily be
varied, there is the potential for fractionation of the extract and for selective extraction.

Accelerated solvent extraction (ASE) is a related technique that normally operates at higher tempera-
tures (50-200°C) and can be used for the extraction of more polar compounds. Reviews on these and
other extraction methods (ultrasound- and microwave-assisted) are available.”>'°3 An inaugural review
on “Modern Extraction Techniques” is part of the biannual series of reviews in Analytical Chemistry.'*

2.4.2 CHROMATOGRAPHY

The separation of one or more substances from a crude extract or fractions of an extract can be a
long and expensive process. Obtaining a pure compound often requires several separation steps
involving different chromatographic techniques (multistep and multidimensional). This is particu-
larly the case when dealing with bioactive metabolites, where the target compound(s) may be pres-
ent only in trace quantities in a matrix of dozens of other constituents. There are many cases in
which the isolation of the bioactive metabolite is a relatively straightforward process, especially if
the fractionation is guided by a bioassay. The antibiotic agent (28) produced by a strain of Tricho-
derma koningii, which suppressed the “take-all” fungus of wheat, was isolated from a liquid culture
in the following way.”® Extraction of the culture broth with ethyl acetate gave a yellow oil, which,
from TLC, appeared to contain one major and several minor components. The bioactivity was asso-
ciated with this fraction, and this was subjected to flash chromatography (FC) on silica gel. Gradient
elution (light petroleum to ethyl acetate) gave six fractions of which only the most polar exhibited
bioactivity. This fraction, while giving rise to interpretable spectroscopic data, was shown by TLC
to be contaminated with another compound of similar R; value. Fortunately, this impurity could be
removed by chromatography on alumina (activity I) without loss of bioactivity.

Most separation procedures, however, require diverse chromatographic methods, and a selection
of the more widely used is given in the following sections. In multistep chromatography, the results
from one chromatographic step have to be evaluated before a decision can be made on the next step.
This is where expertise, intuition, trial and error, and serendipity can all play a part. The availabil-
ity of high-field NMR instruments, with their greater dispersion power, can usefully be harnessed
to guide the selection of separation methods. Even with mixtures of several compounds, it is often
possible to infer the class to which the major components belong. An early indication of the nature
of, and functionalities associated with, the compound(s) of interest can greatly facilitate rational
design of the separation process.

2.4.2.1 Liquid-Liquid Chromatography

2.4.2.1.1  Countercurrent Chromatography
This technique relies on the partitioning of compounds between two immiscible liquid phases.
Separation is determined by the different partition coefficients of the solutes. Although counter-
current distribution (CCD) techniques, developed in the 1950s by Craig, provided high-resolution
capabilities for separation, the method never achieved widespread use. Some reasons for this might
be that the instrumentation was cumbersome and fragile, the process required a lot of solvent, and
the multitube glass apparatus demanded significant time for cleaning and setting up. Nevertheless
the technique was found useful in separations in the actinomycin, peptide antibiotics, lincomycin,
erythromycin, and streptomycin classes of compounds.'¢*

Following the developmental work of Itoh in the mid-1960s, a number of other countercurrent
chromatographic (CCC) instruments became available, but in the meantime, developments in solid
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phase support chromatography, especially HPLC, had attracted the natural products chemists, and
CCC was largely overlooked.

2.4.2.1.2 Modern Countercurrent Chromatography

Modern CCC presents a number of advantages compared to adsorption and exclusion chromatography.
As a form of liquid-liquid partition chromatography, it provides a complementary technique to other
forms of chromatography. Importantly, there is no irreversible adsorption, as can occur with solid sup-
ports, and thus there is complete recovery of the sample loaded. A range of solvents can be employed,
from nonaqueous to buffered acidic and alkaline solvents. The composition of the two immiscible
phases can be fine-tuned to achieve the desired resolution. In addition, there is little risk of degradation
of the solutes, solvent consumption is low, and there is no requirement for expensive columns.

Crude extracts can easily be fractionated in a single step, preliminary to further separation. An
additional advantage is the ability to adopt either a normal or reverse-phase elution mode with the
same two-phase solvent system. Although the efficiency in terms of theoretical plates cannot match
that of HPLC, it has other advantages as a consequence of the high-stationary to mobile-phase ratio.
In HPLC, about 20% of the volume of the column is stationary phase available for interaction with
the solute. For CCC, the stationary-phase content can be as high as 80%. CCC can also be adapted
to a continuous extraction or enrichment mode. CCC has the disadvantage of requiring an initial
large capital cost, but it has low operating costs.

Marston and Hostettmann!®’ have listed the commercially available instruments and described
the components of typical rotating coil, cartridge, and disk instruments. Analytical instruments are
of the rotating coil type with a capacity varying from 10 to 50mL. They can be used for screening for
bioactive compounds in crude extracts and for microscale isolation. In bioassay-guided fractionation,
the collected fractions should be submitted for bioassay. Continuous monitoring systems, such as UV
absorption or evaporative light scattering detection, are most convenient. TLC analysis of each frac-
tion remains the surest method of monitoring separation, but the order of elution will not necessarily
be reflected by R; values since, in TLC, adsorption processes are additionally involved.

The key feature for a successful CCC separation is the choice of solvent system. Some of the
more general ones that can be used as a starting point are chloroform—methanol-water (10:3:7) or
the less polar, hexane—ethyl acetate—methanol-water (1:1:1:1). Many others are available, and these
have been listed in terms of the solvent to be used according to the (biosynthetic) class of com-
pounds to be separated. However, this is of limited use because often there is no information as to
the class of compound involved. Also, the metabolites of interest may be present in small amounts
and masked by more abundant compounds. In these cases, the choice of solvent system is best deter-
mined by trial separations using analytical CCC.

It is also possible to use TLC as a guide to solvent selection. A small amount of the sample is
thoroughly mixed with an equal amount of the upper or lower phase of the solvent system. The same
volume of the two resulting phase-based mixtures is applied to a TLC plate that is then allowed to
develop in the organic (or less polar) phase. A suitable system is one in which there is equal distri-
bution between the two phases and with R; values between 0.2 and 0.5. A similar preliminary test
on the solvent system can be carried out by HPLC. The crude sample is dissolved in a volume of
the upper-phase solvent, and a small amount is analyzed by HPLC. Then, an equal volume of the
lower-phase solvent is shaken with the sample solution and the upper phase is reanalyzed and the
peak areas are compared to those of the first chromatogram. The partition coefficient (K) for each
component is calculated from the following equation: K = (A, — A,)/A,, where A, and A, are the
peak areas measured from the two chromatograms.

The choice of the solvent systems for samples that are mixtures of potentially charged com-
pounds, such as alkaloids, is best approached by trial and error using analytical CCC. As an exam-
ple, separation of a mixture of alkaloids isolated from Coptis chinensis, a Chinese medicinal herb,
was attempted using a chloroform—methanol-aqueous hydrochloric acid system on a 30 mL mul-
tilayer coil system, with a separation time of 2h.!% Suitable separation of four alkaloids, including
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the antibacterial berberine (20), was achieved with chloroform—methanol-0.2 M hydrochloric acid
(8:3:4) after scaling up to a 236 mL system. By way of comparison, good separation was obtained on
TLC with benzene—ethyl acetate—methanol—-isopropanol-aqueous ammonia (12:6:3:3:1). A number
of other examples of successful separation of bioactive compounds are discussed by Marston and
Hostettman.'%

A way of reducing run times or to separate components of widely different polarity is to use
a solvent gradient. Although it may appear counterintuitive, gradient elution can be used in CCC.
Moreover, it is possible in some cases to vary the composition of one phase whereas the other
remains nearly constant. Another recent improvement is the combination of CCC with MS, and this
provides a complementary method to LC-MS for the analysis of nonvolatile or thermally unstable
compounds.

Several books on this technique have been published in the last decade.”®-2%" More detailed
descriptions of the instrumentation, techniques, and factors influencing resolution, together with
illustrative examples have been discussed. Guides to solvent systems useful for the separation or
purification of different classes of compounds have been compiled.!?3-202:203

2.4.2.2 Planar Chromatography

Planar chromatography (PC) is a collective term for all analytical, micropreparative, and prepara-
tive separation methods in which the mobile phase moves through the stationary phase in a planar
(flat bed) arrangement. These methods are essentially of two types: TLC and forced-flow planar
chromatography (FFPC). In TLC (and the largely superseded paper chromatography), the movement
of the compounds to be separated is the result of the driving force of the mobile phase and the retard-
ing action of the stationary phase. FFPC includes centrifugal thin layer chromatography (CTLC),
overpressure layer chromatography (OPLC), and electroplanar chromatography (EPC). With these
methods, the mobile phase migrates through the stationary phase under the influence of forced flow
in addition to capillary action. All methods can provide high resolution, reproducibility, and high
throughput. Some, such as EPC, are still largely in a state of development and the instrumentation
is both complex and expensive. There is also a move toward mechanization of the individual steps
in PC. An applicator that allows sample application in linear, circular, or anticircular PC has been
developed.?%4

The considerable activity in the development of these techniques is apparent from the several
books, reviews, and papers on the topic.24-2 The sixth (and last) edition of the classical textbook
Chromatography edited by Heftmann was published in 2004.2%° The practical aspects of these tech-
niques have been extensively covered by Gibbons and Gray.?%

2.4.2.2.1 Preparative Thin Layer Chromatography

Traditional preparative thin layer chromatography (PTLC) remains the most basic and most eco-
nomical of separation techniques since, in its simplest form, it only requires a supply of precoated
or homemade plates, a micropipette, developing chamber, sprayer, and an oven. Its usefulness as an
analytical method ensures its survival and presence in every chemistry laboratory. Silica gel is the
most used layer material. The availability of fine particle silica, bonded phase, and cellulose layers,
as well as plates with bonded chiral phases, extends the applicability of the technique.

In the preparative mode, it can be adapted for the separation of milligram to gram quanti-
ties. Although a number of TLC plates with different adsorbents are commercially available, the
advantage of homemade plates is that any thickness (up to 5 mm) and many compositions (addition
of silver nitrate or buffers) can be accommodated. PTLC also has a number of disadvantages. The
amount of sample per plate is low (maximum of 100mg on a 2-mm thick, 20 X 20cm plate), and
when loading is performed manually it can be haphazard. Furthermore, recovery of the purified
compound from the plate can be mechanically difficult and potentially hazardous, as containment
of fine adsorbent particles requires special precautions.
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2.4.2.2.2 Centrifugal Thin Layer Chromatography
A technique that has become popular is CTLC.?'° In this method, the circular preparative plate is
rotated at 800rpm whereas the sample is introduced in the center of the plate, followed by eluent
(3—6mL/s), under a nitrogen atmosphere. In the more popular version, the plate is rotated inclined to
the horizontal. The concentric bands of compounds migrate to the periphery of the circular plate are
collected. The separation of UV-active substances can be monitored with the aid of a UV lamp, but,
in any event, the fractions collected are analyzed by analytical TLC to decide which can be pooled.
This method is relatively simple, fast, does not require scraping of bands, the coated plate can be
washed and regenerated, step gradient elution is possible, and the contact time between compound
and stationary phase is reduced. In terms of loading capacity, a circular plate can tolerate the same
amount of material as three ordinary TLC plates. The drawbacks are that coated plates are not com-
mercially available, the maximum thickness of the layer is 4mm, and there is a restricted choice
of stationary phases. CTLC has been useful for the separation of a wide range of substrates from
polyacetylenes to saponins and nucleotides.?'® A knowledge of good laboratory practices, an under-
standing of the principles involved, and a “feel” for the substances to be separated, which comes with
experience, goes a long way in making PTLC a powerful separation and purification method.
Recently, the coupling of CTLC online with MS was described.?!! Using low-pressure fittings
and a self-aspirating atmospheric pressure, chemical ionization (APCI) probe proved a viable means
to couple online CTLC with APCI-MS.

2.4.2.2.3 Overpressure Layer Chromatography and Automated Multiple Development
OPLC can be used for analytical or preparative separations. In OPLC, the vapor phase of PTLC is
replaced by an elastic membrane under external pressure. The mobile phase is driven by a pump
through the sorbent layer, and thus the planar plate becomes a planar column. Depending on the
desired mobile-phase velocity, pressures from 2 to 100 bar can be used. The compounds are eluted
from the plate (20 or 40cm), and fractions are individually collected. Sample sizes may vary from
50 to 500mg. OPLC can handle increased solute loading, has higher efficiencies than PTLC, has
reduced separation times, and provides resolutions equivalent to those obtained with HPLC.212.213

The usefulness of OPLC for the separation and characterization of natural products, such as
coumarins, flavonoids, anthocyanins, alkaloids, and essential oils, has been illustrated. Quaternary
ammonium salts were readily separated by using silica gel plates and a mixture of ethyl
acetate—tetrahydrofuran—acetic acid (60:20:20) as eluent. The automated multiple development
(AMD) system is a complementary technique that is characterized by the progressive development
of a chromatographic plate, with a drying step between each development. Elution is realized in
20-25 steps that corresponds to approximately 40 m of adsorbent.?'#

2.4.2.2.4 Multidimensional Planar Chromatography

Resolution of complex mixtures often requires sequential and multiple fractionation using differ-
ent chromatographic media. For these cases, it is useful to harness forced-flow methods because
they allow optimal mobile phase-flow velocity. Optimum performance laminar chromatography is
an example of forced-flow TLC using a planar 2D column. The multidimensional capacity is not
limited to the separation technique alone, but also to the multitude of sample application and detec-
tion methods available.?!> It can be used as an analytical or semipreparative method (20 X 20cm,
500 um thick) and can be adapted for bioautography and 2D development techniques.

Online and off-line multidimensional chromatography has long been used in the separation of
selected metabolites from poorly resolved mixtures. In recent years, comprehensive 2D gas chro-
matography (GC X GC) has proven useful in handling difficult volatile samples. The LC equivalent
(LC X LC) is more complex to perform, but its potential is attracting more attention.?'¢

The developments in this field can be followed by referring to the fundamental reviews section
of Analytical Chemistry, a biannual review (latest issue 2006)?!7 and to various other journals, that
is, Analytical Chemistry, Chromatographia, Journal of Chromatography (parts A and B and the
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bibliographic issues), Journal of Chromatographic Science, Journal of Liquid Chromatography &
Related Technologies, Acta Chromatographica, and a recent journal devoted to the topic, Journal
of Planar Chromatography—Modern TLC.

2.4.2.3 Column Chromatography

2.4.2.3.1 Gel Filtration

Size exclusion chromatography, or gel filtration, is an important technique in the area of biopoly-
mers. An extension of the molecular sieves exclusion principle, it also obeys the basic principles of
chromatography. The support, or gel, is a neutral porous material that allows molecules of different
sizes to penetrate into the gel to different extents. This is a reversible process so that small mol-
ecules passing into the interior of the gel can be eluted out. For any given gel, there is an exclusion
limit, a molecular weight above which no penetration into the gel will occur. In general, molecules
will be eluted in the reverse order of their molecular weight, although for smaller molecules other
factors such as polarity will play a role.

Sephadex LH-20, obtained by alkylation of most of the hydroxyl groups of Sephadex G-25
(exclusion limit ca. 5000 Da), has become the most popular of the hydrophilic gels in the isolation
of natural products. The derivatization adds lipophilicity to the gel that still retains its hydrophi-
licity. The gel swells in polar solvents such as water, methanol, and tetrahydrofuran. In the gel
filtration mode, using a single solvent, compounds are separated according to their size and those
with molecular weight greater than 4000 Da are not retained. If a solvent mixture is used, the more
polar solvent will be taken up by the gel, thus generating a two-phase system with the stationary and
mobile phases of different composition. In this case a partition mechanism can operate, leading to
separation of compounds. Sephadex LH-20 is particularly useful in the removal of high molecular
weight and polymeric material from a sample. Since these often cause problems in later chromato-
graphic steps, gel filtration is often a prerequisite step to CCC and pressure LC.

A remarkable example is illustrated by the method used for the isolation of bryostatin 1, an
antineoplastic compound from the bryozoan Bugula neritina.*'® The isolation scheme is shown in
Figure 2.2. The dichloromethane-soluble portion of an extract was subjected to solvent partition-
ing, and the portion soluble in carbon tetrachloride was collected. The extract (214 g) was divided
among five large columns of Sephadex LH-20, prepared in dichloromethane—methanol. The
separation was bioassay-guided and yielded ca. 122 g of material showing activity. The separation
process was repeated using a less polar solvent combination to furnish fractions from which bryo-
statin 1 could be crystallized. Bryostatin 2 (deacetyl-bryostatin 1) could also be isolated in this
separation.

Partition chromatography on Sephadex LH-20 has also been used for the separation of vari-
ous avermectins®* and is the most common method for the preparative isolation of condensed and
hydrolysable tannins.?'>22 It is worthwhile noting that the separation of different tannins is induced
by their different adsorptivities on the gel. Because of this, higher molecular weight tannins are
not easily recovered from the column with organic solvents. In these cases, the use of a more stable
vinyl polymer gel, for example, Diaion HP-20 is indicated.??°

2.4.2.3.2  Preparative Column Chromatography

The conventional gravity-driven, open-column chromatography method is still widely used in
both rapid filtration and true separation modes. Sample to support ratios of 1:10 to 1:300 can be
used depending on the difficulty of separation of the components of the mixture. Various station-
ary phases of different particle size (10-200 pm) and porosity (50nm) are available. Silica is the
most widely used phase, but several bonded silica phases (cyano, amino, hydroxyl, nitro) are also
used, although they are more expensive. Polyacrylamide beads (45-180 pm) and the cross-linked
dextrans (Sephadex) are useful as inert packing in the chromatography of labile compounds. Both
phases swell in water, which is also used as the mobile phase. Styrene-divinylbenzene polymers
(XAD, HP, SP resins) are useful for reverse-phase chromatography, although their relatively large
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FIGURE 2.2 Isolation of bryostatin 1 from Bugula neritina.

beads (250—600 pm) preclude high-resolution separation. They can be used to advantage in desalting
and extraction of organic compounds from aqueous media. Alumina (Al,O;), initially much used
in open-column chromatography, should be used only with highly stable compounds. In both the
acidic or basic forms, it can become an excellent catalyst for undesired reactions.

Open-column chromatography is a slow method with the consequence that material is lost
by irreversible adsorption, particularly with silica and alumina, has low reproducibility (the ease
with which columns can be packed often leads to carelessness) and requires large amounts of
solvents, which, in step gradient solvent elution, are not easily recoverable. Two more recent
techniques, FC and vacuum liquid chromatography (VLC), have been widely adopted in natural
products laboratories and, in terms of convenience, are superior to their forerunner, dry-column
chromatography.
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2.4.2.3.2.1 Flash Chromatography

FC is a very convenient and simple technique that finds application in both synthetic and natural
products chemistry.??! Briefly, a column is preferably dry-filled with adsorbent, the sample is intro-
duced, and the solvent is forced through the column under pressure from compressed air or nitrogen
(ca. 1 bar above atmospheric pressure). Silica gel (25-200 um) is most frequently used, the sample
loading depending on the AR, of the compounds to be separated. With AR, of ca. 0.1, the suggested
column size is 50 mm (diameter) for a sample loading of 1 g.

Bonded phases, including chiral stationary phases, can also be used. Reverse-phase FC has been
shown to be particularly useful in the partitioning of polar bioactive metabolites.??> The method
involves coating the crude extract onto a reverse-phase support. This is loaded as an aqueous slurry
or a powder onto a column packed with the same support (100 g for 20 g of extract), and normal elu-
tion, for example, step gradient from water, methanol to dichloromethane, can be carried out. Ten to
twelve fractions are collected, which can be tested for bioactivity and can be further processed by
semipreparative RPLC. The solid support can be recycled many times.

For samples on the milligram scale, a convenient variant of this technique utilizes cartridges
that function as short columns. Developed originally for off-line cleanup of samples prior to HPLC
(Section 2.4.2.4.3), these cartridges are available with both normal and reverse-phase packing and
are made to fit on the end of a syringe. A solution of the sample is deposited on the column nor-
mally, and elution with different solvents is achieved by pressure applied with a syringe containing
the solvent. This method is useful not only for sample preparation,??? but also for separation?** and
purification of compounds.

2.4.2.3.2.2  Vacuum Liquid Chromatography
VLC rivals the foregoing FC method for simplicity, but the flow of the solvent is maintained by vac-
uum. The column is prepared in a sintered glass funnel using TLC grade packing (aluminium oxide,
silica gel, or reverse-phase supports). Uniform packing is achieved by initially tapping the funnel
on the bench and then by application of a vacuum from below the funnel. The sample is applied
uniformly at the top of the support. Step gradient elution is used and the column can be allowed to
run dry after collection of each fraction, approximating multiple-development PTLC. All the usual
stationary-phase adsorbents can be used, and the technique is applicable to large-scale separations.
Sample sizes from a few milligrams to 50 g can be accommodated by choosing the appropriately
sized funnel. The advantages over PTLC (e.g., reduced cost, time saving, and resolution) have been
listed,??* and detailed description of the simple apparatus has been given.??>-2?7

Additionally, in a similar way to the use of cartridges and small columns with FC, many differ-
ent types of cartridge or column (e.g., normal and reverse phase, and ion exchange) can be used with
vacuum manifolds to isolate compounds. Larger samples can be distributed over several columns in
the manifold and the relevant fractions from each pooled prior to evaporation of the mobile phase
to recover the compound(s).

2.4.2.4 Preparative Pressure Liquid Chromatography

This term covers those techniques of column chromatography in which pressure is applied by a
pump operating above 2 bar pressure. Preparative, in this context, refers to amounts ranging from
micrograms to kilograms. The division between low- (up to 5 bar), medium- (5-20 bar), and high-
pressure (>20 bar) liquid chromatography is not simply arbitrary but reflects the use of different
columns with different size packing material and size of sample that can be fractionated.

2.4.2.4.1 Low-Pressure LC

This can be conducted with homemade glass or stainless steel columns. Ready-filled glass columns
(240 X 10mm to 440 X 37mm) packed with silica or RP-8 support (40—60 pm) are commercially
available. The system requires a pump capable of reaching 6 bar pressures and an injection system.
Smaller columns are suitable for sample loads up to 200 mg, whereas the larger size will tolerate up
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to 3 gm. The selection of solvent can be extrapolated from TLC, and normally a single solvent com-
bination (isocratic) is used. Some representative examples have been discussed.?'® This technique
is most useful for processing crude extracts into discreet smaller fractions and, while it may not
necessarily provide pure compounds, the individual fractions can be submitted to chromatography
with higher resolution potential.

2.4.2.4.2 Medium-Pressure LC

This mode uses larger columns and higher pressures delivered by a reciprocating pump. It is a use-
ful substitute for open column chromatography or FC in terms of sample load with the advantage of
higher resolution and shorter separation times. Compared to these other two techniques, packings
with smaller particle size (25—-40 pm) are used. A flow rate of 100 mL/min is usual and high load-
ing capacity (1:25) can be achieved. The power of the technique can be illustrated with reference
to the separation of the four major secoiridoid glycosides from Gentiana lactea.?*® Crude extract
(1.5 g) was applied to a reverse-phase column (46cm X 26 mm i.d.; LiChroprep RP-8, 15-25 um)
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under a maximum pressure of 36 bar, equipped with an UV detector (254nm) and eluted with 20
and 30% aqueous methanol (flow rate 18 mL/min). The four compounds appeared between 50 and
180 min and were collected to yield (69) (8 mg), (70) (43 mg), (71) (37 mg), and (72) (14 mg), in order
of elution. The resolution approached that obtainable by HPLC (Section 2.4.2.4.3), which was used
to establish optimum conditions for separation.

2.4.2.4.3 High-Performance (Pressure) LC

In the 20 or so years since commercial instruments became available, HPLC has had tremendous
impact on separation methodology.?” The development in HPLC was spurred on by the discovery
of DNA and the need for the separation of nanogram to microgram levels of nucleotides and nucleo-
sides generated from hydrolysis of DNA and RNA. Commercial instruments were first referred
to as “nucleic acid analyzers” or “amino acid analyzers”. Developed initially for the biochemical
market, HPLC has been adopted by the natural products chemist as both a preparative and an
analytical technique. It has spawned the medium- and low-pressure LC methods. The development
of microparticulate, chemically bonded supports added a new dimension. Reverse-phase supports
were used to achieve separations not easily obtained by ion exchange, or normal adsorption, or
partition chromatography. HPLC has expanded to include ion exchange, size exclusion, affinity,
immunoaffinity, ion, and chiral chromatography. Besides the normally used silica, supports include
other oxides, carbon, polymeric resins, hydroxyapatite beads, agarose, and chiral phases. Packings
of various particle and pore sizes are available, and columns (stainless steel, glass-lined stainless
steel, plastic cartridges) come in various sizes. Detection is still not as reliable and sensitive as one
might wish. Photodiode array (uninterrupted acquisition of UV-visible spectra) is an extension and
improvement on the early UV-visible detector systems. The refractive index (RI) detection method
is not very sensitive and is subject to variations when using gradient elution.

The so-called universal HPLC detection method, able to detect a wide range of different com-
pounds, was developed in the late 1980s. This method, ELSD, involves transforming the eluent
from the HPLC column into a fine spray, evaporating the spray droplets, and then detecting the
resultant aerosol particles by light scattering. This allows detection of compounds that do not pos-
sess chromophores and, unlike many other detection methods, is compatible with gradient HPLC.
However, ELSD often generates very different responses for compounds of the same molecular
weight and makes quantitation difficult.

A more sensitive version of ELSD, called aerosol charge detection (ACD), has been devel-
oped.?*® In the ACD method, the aerosol particles are given an electrical charge by passing them
close to a stream of charged nitrogen. The charged aerosol particles are then detected by an elec-
trometer, which generates a signal in direct proportion to the quantity of each particle.?3°

The advantages of HPLC include ruggedness, versatility, and separating power; particularly for
hydrophilic, thermolabile compounds. The major disadvantage is the capital and maintenance costs.
The excellent contributions from the Journal of Chromatography Library, volume 43'%4 and 69B,2%3
contain several chapters illustrating the application of HPLC techniques.

2.4.3 SEPARATION OF SIMILAR COMPOUNDS

In the field of bioactive metabolites, HPLC almost always represents the final separation and
purity determination step. A simple example is illustrated by the isolation and purification of
four pseudopterosins, the anti-inflammatory, and analgesic diterpene glycosides from the sea
whip Pseudopterogorgia elisabethae.?'?3> The ethyl acetate and chloroform extracts of homog-
enized frozen animals were combined and reextracted with chloroform. Initial separation of the
extract by VLC (40 g on 300g silica) yielded three fractions (each 0.5L) containing the diterpenes.
The first obtained by elution with ethyl acetate—dichloromethane (1:9-3:7) was a mixture of 73
and 74, the less polar monoacetate analogues. These were separated by HPLC (p-Porasil; isooctane—
ethyl acetate; 1:1). The other fractions contained 75 and 76 and were similarly separated and purified
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with a more polar mixture of isooctane and ethyl acetate (15:85). Interestingly, the monoacetate (75)
is more polar than 73 and 74, presumably because one possible hydrogen bonding arrangement
between the glycosidic oxygen and the C-2 oxygen in the b-xylose unit is not possible in 75.

81 82

Another example involves the isolation of the calyculins, potent antitumor metabolites from
the sponge Discodermia calyx.”®® The sponge extract showed strong activity in the starfish egg
assay,>?3* and so the fractionation was guided by the use of this assay. The frozen sponge (1kg)
was homogenized and extracted with ethanol (3 X 5L). The extract was partitioned between dichlo-
romethane and water, the activity being associated with the organic fraction. This fraction (2.2 g)
was subjected to low-pressure LC on silica gel using dichloromethane—methanol as the eluent.
The active fractions thus obtained were purified by reverse-phase HPLC (octadecylsilane) eluting
with methanol-water, 8:2. Four active substances were obtained (ca. 20—150 mg) and designated as
calyculins A-D. The major compound, calyculin A, had potent antitumor activity!” although it was
highly toxic to mice also. The separation of these four compounds illustrates the resolution achiev-
able by HPLC. Calyculin A (77) and B (78) differ only in the geometry of the terminal double bond,
as do C (79) and D (80). Each pair is distinguished from the other by the presence or absence of a
methyl group at C-32. These differences in the lipophilic portions of the molecules are sufficient to
affect the degree of partitioning of each molecule into the lipophilic stationary phase.
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FIGURE 2.3 Isolation and separation of the phytotoxic metabolite from Helminthosporium sacchari.

The separation of the three phytotoxins produced by Helminthosporium sacchari also relied on
reverse-phase HPLC (Figure 2.3).23236 The toxin mixture was concentrated from the liquid broth on
Ambersorb, then by CC on silica gel and DCCC. The final separation by HPLC (p-Bondapak C18)
took into account the fact that the compounds differ only in the lipophilic portion of the molecule.
Thus using a reverse-phase support ensures that this portion will be “recognized” by the lipophilic
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C-18 ends of the support. Normal phase support would interact mainly with the hydrophilic portion
of the molecule, which is identical in all three compounds.

2.4.4 SepARATION OF DIFrerReNT CLASSES OF COMPOUNDS

In most of the examples given so far, the focus has been on the isolation of one type of compound
responsible for the bioactivity. Two cases are now considered where the fractionation of a biologi-
cally active extract led to the separation of different classes of compounds.

An extract of the microalga Hymenomonas sp. showed strong Ca-releasing activity in sarcoplas-
mic reticulum. The isolation and separation of the active component, hymenosulfate, was carried out
as shown in Figure 2.4.2%” There are several features of interest in this separation scheme. Somewhat
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FIGURE 2.4 Isolation of metabolites from Hymenomonas sp. (haptophyte).
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surprisingly, the sterol sulfate is initially extracted into toluene. Given the cooccurrence of the glyco-
lipids A, B, and C, this might be a reflection of the detergent nature of these compounds, which may
enhance the solubility of the sterol sulfate in toluene. Second, the fractionation step on Sephadex LH-20
neatly separates the glycolipid components from the sterol that is of lower molecular weight and polar-
ity. The glycolipids A and B were separated by FC on silica gel using a polar solvent system. Also inter-
esting is the isolation of the fatty acid D from what was initially the aqueous methanol layer. This may
be due to its detergent-like character, but since it does not appear in the toluene extract, the more likely
explanation is that it is, together with C, an artifact of the extraction and arises from hydrolysis of A.
The second example concerns the separation of the bioactive metabolites from Annona bul-
lata, a tree native to Cuba, extracts from which showed cytotoxic and pesticidal activities. The
bioassay-guided separation scheme is illustrated in Figure 2.5.23% The ethanol extract of the bark
was partitioned between chloroform and water, and highest activity was found to be located in the
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FIGURE 2.5 Isolation of bioactive metabolites from Annona bullata.
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chloroform-soluble portion. This fraction was defatted by another partitioning process using hexane
and aqueous methanol, and the bioactivity was found associated with the polar phase. Open CC of
this fraction, monitored by TLC, separated the extract into three major fractions. The first yielded
kaurenoic acid, a tetracyclic diterpene, and the second, liriodenine, a tertiary alkaloid. The less
polar nature of the diterpene can be rationalized if the hindered nature of the axial carboxylic acid is
recognized. The third fraction contained a mixture of the principal active acetogenins, which could
be separated by further CC; the order of elution was as expected considering the fact that bullataci-
none is a dihydroxy keto lactone whereas bullatacin is a trihydroxy lactone. All four metabolites
isolated showed activity in the BSLT bioassay, but only the acetogenins had pronounced cytotoxic
effects.

2.4.5 OTHER CHROMATOGRAPHIC TECHNIQUES

There are many other techniques that cannot be covered because of space limitations. Ion-pair chro-
matography is a combination of ion exchange and adsorption chromatography employing HPLC.
Although its major applications have been in analytical and bioanalytical chemistry, the adaptation
of this technique to the separation of charged as well as neutral molecules has proven valuable
in natural products chemistry.?® Chiral separation methods are also attracting increasing atten-
tion.23240 These methods are important in phytochemical studies where conclusive information
regarding the optical purity of particular metabolites is required. Affinity chromatography?# and
capillary zone electrophoresis?¥ are techniques whose role may increase in the future.

2.5 MODERN STRATEGIES

2.5.1 HiGH THROUGHPUT SCREENING

One of the major developments in the discovery of bioactive compounds has been the introduction
of small-scale in vitro bioassays whereby many samples are evaluated in the same biological test
for their effect on a protein or cellular process. This bioassay technique is called high throughput
screening (HTS), by virtue of the fact that many samples can be tested in a short period of time. The
move to increase throughput is also associated with a reduction in size of test volumes, from milli-
liters to microliters (even nanoliters with miniaturization), and high-density microwell plates (1536-
well) with a 1-2 uLL capacity are used. Processes are automated to make them less labor-intensive,
more reproducible, and less expensive; and many routine tasks, such as pipetting, assay reading,
sample storage, and dispensing are performed by robots. In essence, this method operates on detect-
ing a specialized effect of a test compound or extract on receptors or enzymes (single-target specific
bioassay) or on intact cells, isolated organs, whole animals (multitarget functional bioassay). High
throughput bioassays are used to test large numbers of extracts obtained from collections of living
organisms and to monitor the fractions generated from chromatographic separation steps deployed
in the isolation of bioactive components. High throughput technology needs a large number of
samples, and pharmaceutical companies make use of chemical libraries generated by combinatorial
chemistry, combinatorial biosynthesis, engineering of biosynthetic pathways, biotransformation,
elicitation of plant cultures, and induction of microbial secondary metabolism.?*

The following example is given to illustrate the logic of the HTS technique, albeit in a simplified
and shortened form.?** A marine algae-derived fungus, identified as a Gliocladium sp., gave an
extract that showed strong cytotoxic and antibacterial activity. A portion (100 pug) of the extract was
separated by HPLC with photododiode array detection (DAD). The eluent from the DAD was split
into a 1:10 ratio between the evaporative light scattering detector (ELSD) and the fraction collector,
with the eluent being collected over 22 min into a 96-well microtitre “master” plate (88 X 0.25mL
fractions; 2.5-24.5min). A daughter plate was prepared (5 uL dispensed from each well of the mas-
ter plate; equivalent to a total 2 pug of extract), the solvent was evaporated, each well was inoculated
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with P388 cells (murine leukemia), and the plate was incubated for 3 days. The bioactivity across
the plate was revealed by addition of yellow MTT solution to each well. Living cells convert this
to the purple formazan. The “bioactivity chromatogram” generated was compared to the DAD and
ELSD chromatograms. Bioactivity was confined to fractions that eluted between 11 and 13.5 min,
whereas the DAD and ELSD chromatograms showed essentially three peaks at 10.8 (A), 12.5 (B),
and 15.7 min (C).

An “antibacterial chromatogram” using B. subtilis was produced in a similar way, with the
exception that 500 pg of extract was required to generate the master plate so that an appropri-
ate response was obtained.?** This chromatogram clearly showed that antibacterial activity was
associated with cytotoxicity and that the bioactive compound eluted at 12.5min. The three com-
pounds were separated by semipreparative HPLC and the structures deduced by NMR and MS
analysis. The bioactive metabolite (B) was assigned structure 81. Compound A was the dihydro
analogue (82) whereas C was a new cyclodepsipeptide. Many other biological chromatograms can
be obtained using different assays. A more sophisticated approach that involves the production and
analysis of natural products libraries has been described, for example, preparation of a library from
the bark of Taxus brevifolia.?*

In the past, one of the difficulties in the detection of bioactive compounds was the lack of bio-
assays to screen for the activity of interest. Recombinant DNA technologies have facilitated the
development of cell-based bioassays. Eukaryotic cells can be engineered to produce a specific gene
product in response to a stimulus. If the gene product itself has activity that can be monitored this, in
essence, is reporting the presence of the stimulus. Reporter genes are frequently used as indicators
of transcriptional activity or activation of particular signaling pathways within the cell. In a recent
review, the different types of inter and extracellular reporter gene products and their application in
bioassays of natural products have been discussed.?*

Validation of preliminary hits by mammalian animal models is slow and expensive. In recent
years, the use of the zebrafish as a vertebrate model organism has been found to overcome these
problems.?#-24 Zebrafish-based assays combine the advantage of HTS assays, compared to mam-
malian models, and greater relevance to humans. They can be performed in the same way as HTS
cell-based assays. Zebrafish (Danio rerio) is a small freshwater teleost (fish with bony skeleton)
that is easy to maintain and breed. The embryo develops externally, is transparent, and small. Test-
ing for bioactivity is simple. Embryos are raised for 5 days in individual wells of a 96-well plate
in 100 pL of “fish” water and test compounds, dissolved in “fish” water, diffuse into the embryo.
Zebrafish have been used to study the toxic effects of environmental pollutants, toxicity of drug
candidates, effects of xenobiotics, toxicity to organs, detection of compounds with antiangiogenic
activity, and compounds that modulate apoptosis. Apoptosis can easily be detected in zebrafish
embryos using fluorescent labeling techniques with acridine orange and fluorescence-conjugated
caspase substrate.

2.5.2  DEREPLICATION

When searching for bioactive metabolites and new lead compounds, the usual procedure involves
biological screening followed by bioassay-guided isolation. However, this often leads to the isolation
of known or undesirable metabolites. The process of identifying known compounds responsible for
the activity of an extract prior to bioassay-guided isolation is referred to as dereplication. This can
mean either full identification of a compound after only partial purification, or partial identification
to the level of a class of compounds. Full identification in these cases relies on comparison with
a characterized standard. Partial identification serves to (a) identify undesirable compounds, such
as tannins, polyphenols, and fatty acids, (b) to prioritize samples for extraction, and (c) to gather
information on the type of compound to facilitate subsequent isolation. Dereplication strategies
generally involve a combination of bioassay, separation science, spectroscopic methods, and data-
base searching and can be regarded as chemical or biological screening processes.
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2.5.2.1 Biological Screening

In bioassay-guided fractionation, fractions from an HPLC separation of an active extract are col-
lected in microtitre plates, the HPLC solvent is removed and replaced by a compatible solvent
(water, buffer, DMSO), and then each fraction is assayed. This is time- and labor-intensive and not
cost effective. To overcome this potential bottleneck, a system in which the bioactivity is measured
in the HPLC effluent stream and the bioactive compounds are chemically characterized online
would be more efficient. Such systems have recently been described for a range of targets, for
example, the human estrogen receptor, the urokinase receptor, acetylcholinesterase, and phospho-
diesterase. In essence, the extract is injected into the HPLC, and the compounds, on elution, are
passed into a closed continuous flow reaction detection system where the bioactivity of individual
compounds is measured.

As an example, the online bioassay to screen extracts for binding to the estrogen receptor (ER),
a and f, is considered.?’® The extract is injected into the HPLC, the ER is added to the effluent,
and the mixture is allowed to interact (30s). In the second step, the remaining free sites on the ER
are saturated with a fluorescent ligand, for example, coumestrol. The phytoestrogen coumestrol
has a high affinity for the ER and exhibits fluorescence with a maximum at 438 nm when excited at
340nm. The emission fluorescence of the bound coumestrol is shifted to 410nm and has an inten-
sity about four times higher than that of coumestrol. Thus, the presence of estrogenic compounds is
detected by the reduced intensity at 410 nm for the ER—coumestrol complex. This approach is appli-
cable to a great number of enzyme targets, for example, kinases, phosphatases, phosphodiesterases,
angiotensin-converting enzymes, and caspases.

This method can be extended to include chemical screening by introducing a splitter after the
analytical column and directing part of the effluent from the LC to a mass spectrometer. In this way,
biochemical responses are rapidly correlated to MS and MS/MS data.

2.5.2.2 Chemical Screening

In chemical screening, a technique as simple as TLC can be used, but these days the preference is for
HPLC linked to different detectors (hyphenated techniques) to be employed. Instruments with HPLC
coupled to a UV diode array (LC-UV) have been available for some time and have been employed in
dereplication. The high-resolution separation achievable in LC combined with fast UV diode array
detectors allows the UV spectra of practically every compound in a mixture to be acquired. Although
most organic chemists make limited use of UV parameters in structural elucidation, some classes
of compounds such as polyketides and alkaloids have characteristic spectra. For example, an initial
UV-based library was compiled for dereplication of 187 mycotoxins. This has been extended to 474
fungal metabolites and has been enhanced by the inclusion of mass spectral parameters.'?

The combination of LC-MS was the next major advance in chemical screening. Interfacing
HPLC with MS provides one of the most sensitive methods of molecular analysis. It allows the
molecular weight of a compound to be determined, which, if measured at high resolution, can
lead to a unique molecular formula. Importantly, it can also provide structural information for the
compounds being analyzed. There are a number of different LC-MS interfaces available: thermo-
spray (TSP), electrospray ionization (ESI), continuous flow fast atom bombardment (CF-FAB), and
atmospheric pressure chemical ionization (APCI). TSP and APCI allow ionization of moderately
polar compounds up to a mass of 800 Da. Larger polar compounds such as glycosides are best ana-
lyzed using CF-FAB or ESI. In particular the deployment of ESIMS provided an excellent tool for
the study of natural products. ESI is a soft ionization technique that can be optimized to produce,
in the positive mode, protonated or sodiated ions from a broad range of metabolites. Although all
these methods lead to soft ionization of the constituents of an extract, some fragmentation occurs.
The origin and fate of the ions produced can be tracked by tandem MS/MS or by multiple stage
MS/MS in ion trap systems. This can provide information that is of significance in determining the
structures of the constituents.
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Although nuclear magnetic resonance spectroscopy is less sensitive than MS, it provides a
powerful complementary technique for identification and quantitative analysis of metabolites in an
extract. Metabolite fingerprinting using LC-NMR is a fast, convenient, and effective tool for distin-
guishing among groups of related compounds. Thus, using the array of hyphenated techniques, it
is possible to dereplicate single metabolites or a mixture of metabolites. It is now possible to deter-
mine, with high probability, the structure of a compound without the need for isolation.

An example that serves to illustrate many of the techniques mentioned is presented.?! It has
been selected because the compounds involved are structurally simple and not too distracting.
Blumea gariepina is an African plant that was suspected of containing neurotoxins. Closer exami-
nation failed to reveal such toxicity in the extracts, but the dichloromethane extract of the aerial
parts of the plant showed marked toxicity against the pathogenic fungus Cladosporium cucumeri-
num and significant acetylcholinesterase inhibition. This extract was chosen to evaluate a strategy
for chemical and biological screening. For chemical screening, LC was coupled with UV/DAD, MS,
and NMR independently. The LC-UV/DAD system had postcolumn addition of UV shift reagents.
The LC-MS coupling included an APCIMS" arrangement. The extract was submitted to two stan-
dard TLC bioautography tests for a rapid assessment of the biological activity. The antifungal test
showed two spots of fungal growth inhibition against C. cucumerinum, and the acetylcholinesterase
test showed three spots of activity.

A combined LC-UV/DAD and positive ion APCIMS" analysis was carried out. Eight major
peaks were observed whose UV spectra indicated two chromophoric groups. Compounds A-C
showed absorption maxima at 210, 260, and 353 nm and compounds E-H had maxima at 210 and
275nm, suggesting the presence of flavonols and other phenolics, respectively. The LC-MS data
showed that group A—C displayed protonated ions between 330 and 388 Da and the second group at
150-222 Da. Fragment ions arising from the loss of 15, 31, and 42 Da in the LC-APCIMS" indicated
the presence of methyl, methoxyl, and acetate groups.

The next step was to obtain the 'H NMR spectrum of each compound after which the sample
would be collected for biochemical screening. To facilitate this, a high loading for the LC separa-
tion was required, and so a C18 radial compression column was selected instead of an analytical
column. A loading of 10mg of extract was injected onto the LC, and satisfactory resolution was
obtained at 1 mL/min flow rate. During this analysis, fractions (1 mL) were collected every min-
ute for 70 min, and these were used for the bioautography. The fractions eluting between 18 and
40min displayed notable activity. Analysis of the data obtained by LC-APCIMS" and LC-NMR
measurement indicated that compound A was 5,7,2',5'-tetrahydroxy-3,4’-dimethoxyflavone (83).
Assignment of the structure of B required isolation of this material. Subsequent MS and NMR data
showed it to be 5'-acetoxy-5,7,2'-trihydroxy-3,4’-dimethoxyflavone (84). Compound C was 3',5,7-
trihydroxy-3,4'-dimethoxyflavone (85). Compound D could not be identified from online data and
attempts to isolate it failed. A tentative structure (86) was suggested. Compound E was 2-isopropyl-
4-hydroxy-5-methylphenylacetate (87), F was 2-isopropyl-3-hydroxy-5-methylphenylacetate (88), G
was thymol (89), and H was acetyl thymol (90).

2.5.2.3 New Approach to Natural Products Discovery

Extraction of a biological sample is normally the first step in the search for bioactive natural prod-
ucts. Natural products chemists are usually aware of the potential problems that this can create. The
processes of sampling, homogenization, lyophilization, and extraction with organic solvents can
all affect the nature and relative amounts of metabolites present in vivo. Moreover, extraction and
chromatography will discriminate against some classes of compounds and favor others. Because
of these considerations, Meinwald and coworkers have adopted the approach of direct NMR spec-
troscopic acquisition and analysis before subjecting the extract to chromatography.?>> Apart from
providing a “high-fidelity” snapshot of the constituents in the extract, the information acquired
from 1D- and 2D-NMR spectra may be sufficient to identify all of the compounds of interest.
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At least, it will provide information to allow rational decisions to be made about the best method of
fractionation. The NMR data of the metabolites subsequently isolated can be checked against that
in the original “snapshot” to determine if any component has been lost or altered.

This approach has been illustrated in a project aimed at the characterization of the components
in the venom of the hobo spider, Tegenaria agrestis.>>> Spider venoms show diverse bioactivity
including blocking the neuronal nicotinic acetylcholine receptor, increasing the secretion of para-
thyroid hormone, and inhibiting atrial fibrillation. Previous work had resulted in the discovery of
the unique, disulfated glyconucleoside (91). Surprisingly, no other example of this type of com-
pound had been found in other spider venoms. Venom from 7. agrestis was obtained through elec-
trostimulation of the venom gland. Acquisition of NMR spectra of the crude venom and analysis
of the results allowed the identification of four compounds, including 92, and tentative assignment
of structure to three other compounds. In retrospect, it appears that compounds such as 91 are rela-
tively unstable and, moreover, they are not very efficiently ionized under electrospray conditions.

In an extension of this approach, the applicability of a capillary NMR probe (CapNMR) for the
analysis of mass-limited biological samples was investigated.?> The CapNMR probe features a very
small flow cell (5 pL) with an active volume of 3 uL (1.5 uL is also possible). Essentially, this means
that a low molecular weight metabolite can be measured at below the microgram level.?3425

Using this technique, Gronquist et al.>>* investigated the metabolites present in the blood of
the firefly, Lucidota agra. Certain nocturnal fireflies are known to produce steroidal pyrones as
a defense against predators. L. agra is a diurnal firefly, and it was of some interest to investi-
gate the nature of its defensive arsenal. To this end, the hemolymph of five fireflies was obtained,
and 'H-NMR spectroscopy revealed the presence of approximately 10 steroidal pyrones. The NMR
spectra showed considerable overlap of signals, thus necessitating partial HPLC fractionation.
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The whole-body extract (dichloromethane:methanol; 1:1) of 50 fireflies was partly separated by
HPLC into 11 fractions. Attempts to take advantage of the enhanced sensitivity of a cryoprobe were
not encouraging, largely due to the poor line shape obtained in the dfqCOSY spectra and the poor
sensitivity in the HMBC experiment. Use of the CapNMR probe overcame these obstacles and
analysis of the 1D and 2D (dfqCOSY, NOESY, HMBC, and HMQC) spectra allowed the structures
of 13 new steroid pyrones (e.g., 93) to be proposed.

These applications amply demonstrate the power of the NMR techniques and the interpretative
skills of experienced natural products chemists. However, in all cases mentioned, the structures
proposed should be regarded as working hypotheses. Confirmation of the structures must await
chemical studies or syntheses.

2.6 ARTIFACTS

2.6.1 ARTIFACTS FROM EXTRACTION

In the isolation of bioactive molecules, it is essential to extract under the mildest possible conditions.
In certain cases, this might involve carrying out the extraction under an inert atmosphere, as for
the isolation of tunichrome B-1, the reducing blood pigment from the tunicate Ascidia nigra
(Figure 2.6). Tunichromes are extremely sensitive to air and water, and consequently the blood from
the animals was collected in test tubes under a current of dry, oxygen-free argon in the presence of
tert-butylhydroxyphenyl sulfide or fert-butyl sulfide as an antioxidant.?3¢-257

Some algal metabolites particularly those containing bis-enol acetate (e.g., 94) moieties and
polyhalogenated metabolites (e.g., 95) from green algae are very unstable and difficult to isolate.
The widely different melting points and optical rotations quoted for samples of what is apparently
the same compound leaves room for suspicion. Freshly collected material either frozen or stored in
solvent for long periods of time may decompose.?®
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FIGURE 2.6 Isolation of tunichrome B complex from Ascidia nigra (the structure of one of the components
is shown).

Solutions of organic solvents are normally evaporated under vacuum. Aqueous solutions of an
extract are better concentrated by adsorption (Section 2.4.2) for large volumes or with the cartridge
method?° for small volumes. Freeze drying (lyophilization) is a mild concentration technique and is
useful in those cases where extracts contain inorganic salts and acids, which could catalyze reactions
if the temperature is allowed to increase. As an example, weak bases such as sodium acetate and
ammonia initiate epimerization at C-8’ in the strained enolizable molecules of the podophyllotoxin
group (96) forming mixtures, which contain as little as 1% of the original bioactive compound.?®® It
has been suggested that this might occur even in saline preparations.?®! Weak acids can also induce
formation of artifacts. The dehydration of 97-98 occurs on wetting a chloroform solution of 97 with
dilute hydrochloric acid, or on contact with neutral alumina or silica gel.?6>263

Solvents often appear as the cause of problem in the formation of artifacts. Eleutherobin (99) is
a metabolite of a soft coral, Eleutherobia spp., collected off the coast of Western Australia. It shows
taxol-like activity as a microtubule-stabilizing antimitotic agent, but is 50 times more potent than
taxol against a range of in vitro cell lines.?6*
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It has been shown that eleutherobin (99) is an artifact arising from the C-4 hemiketal (100)
on exposure to methanol. If methanol is excluded from the extraction, the hemiketal is obtained,
whereas use of ethanol leads to the C-4 ethylketal. Interestingly, it appears that formation of the
methyl ketal occurs when a methyl, hydroxymethyl, or a glycosidic functionality is present at C-15,
but not if an ester is present at this position.

Zooxanthellamide Cs are vasoconstrictive, polyhydroxylated macrolides from a marine
dinoflagellate, Symbiodinium sp.?®> Three of these metabolites display lactones containing 63-,
64-, and 66-membered rings (partial structure 101), the largest found so far among the natural
macrolides. Although they can be extracted and isolated by HPLC, they are unstable in D,O
or CD;0H and collapse to the carboxylic acid (102) and the trideuterated methyl ester (103),
respectively.

The isolation of the bisbenzylisoquinoline alkaloids from Cyclea peltata by normal methods,
involving partitioning of extracts with citric acid solution, basifying with ammonia followed by ion
exchange, alumina, and silica gel chromatography, led to the formation of artifacts.?®® These arose
from involvement of ethylene glycol and dichloromethane used in extraction steps (104-106). Frac-
tionation of extracts rich in berberine (20) by partitioning ammoniacal solutions with chloroform
leads to the formation of the adduct (21). On contact with acetone, (21) the adduct (107) is produced.*!
The formation of acetonides, on extraction of glycols with acetone, and of acetals, on extraction of
ketones with methanol or ethanol, can occur. The -addition of alcoholic solvents to conjugated sys-
tems (108-109) is also possible.?’ Condensation of aryl aldehydes with acetone, the extracting sol-
vent, has been noted.?*® The dienedioic acid (110) was obtained as the diethyl ester after extraction
of the bark of Phebalium nudum with ethanol.?® The possibility of exchanging methoxyl groups of
an acetal or carboxylic ester with ethoxyl group should not be discounted.?’?”! The exchange of a
carboxylic methyl ester to form the amide (111-112) on contact with aqueous ammonia has been
reported.?’? Tuliposide A (113), isolated from Tulipa gesneriana L., is unstable even at —20°C and
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converts to the positional isomer (112). On contact with dilute acid, 113 is hydrolyzed to give
the a-methylene lactone (115).#' The observation that polygodial (116) is generated from the
diacetate (117) on exposure to wet ether or silica gel?’? suggests that polygodial may be an artifact.
The presence of free polygodial in the organisms would be unlikely, given the reactivity of the
dialdehyde group.

2.6.2  ARTIFACTS FROM SEPARATIONS

In an investigation of the metabolites produced by the salt water culture of a Penicillium chrysoge-
num strain, an unusual [3.2.1]bicyclooctadione (118) was obtained.?” The presence of an ethoxy
group, very rare in secondary metabolites, raised the possibility that 118 may be an artifact. Given
the structure of the cooccurring metabolites, the most likely explanation was to assume that in the
extraction step, in which dichloromethane, methanol, ethyl acetate, and petroleum ether were used,
or in the HPLC separation step when acetonitrile was used as the eluent, a suitable precursor reacted
with ethyl vinyl ether (see 119). The origin of this contaminant remains a mystery.

Problems may also arise at the separation steps, particularly when active alumina is used.?”
A range of reactions such as aldolization, dehydration, hydration, hydride transfer, and skeletal
rearrangements can occur.?’® The occurrence of N- and O-demethylation, oxidation, Hoffmann
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B-elimination, rearrangements, and ring expansion when isoindolobenzazepine alkaloids are
chromatographed on silica gel has been noted.?”” Crude extracts can survive relatively unchanged
over a period of years, but, on separation, the individual components are often unstable to air,
solvents, nonneutralized glass surfaces, and light. An example of the instability of a pure com-
pound to light involves the retrochalcone tepanone. Exposure of solutions of tepanone, or its
methoxy derivative, to ordinary laboratory light was found to lead to an equilibrium mixture of
E- and Z-isomers.?’

Any natural product chemist who has had to work on the milligram scale knows the frustration
of having to exclude or remove plasticizers. They have become the most widely distributed isolat-
able “unnatural products”. They appear to be present in solvents and chemicals, gases (from plastic
tubing), plants (stored in plastic bags), and even in microorganisms (nutrients stored in plastic bags).
Indeed, up to 1973, there had been 21 reports of the natural occurrence of phthalic acid and dialkyl
phthalates,?”® and the presence of these and dimethyl terephthalates in algae has been reported.?®
Less obvious are a number of artifacts and contaminants that plague the analytical chemist and
could fool the natural products chemist. For instance, in an investigation of the metabolites thought
to be responsible for the plant-growth promotion activity of the coprophilous fungus, Sordaria
fimicola, two major metabolites were isolated from this source.?®! The first was indole carboxalde-
hyde, a catabolic product of the auxin indoleacetic acid, the formation of which would explain the
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activity observed. The second was triacontanol, a “metabolite”’, which most natural products chem-
ists would prefer to ignore. However, triacontanol is a potent plant—growth stimulant and, to add a
measure of uncertainty, it is a known contaminant of some filter papers. A useful compilation of
such “nuisance” substances together with indications of their likely origin has been published.??

2.7 CONCLUDING REMARKS

In this review, an attempt has been made to present some of the more widely used methods in the
detection and isolation of bioactive natural products. Examples of both simple and specialized bio-
assays, often deployed in tandem, have been considered. Much effort is being invested in developing
rapid bioassays that allow monitoring single and multitarget effects. At the same time, analytical
methods have been refined to achieve previously unimagined levels of resolution and sensitivity.
Hyphenated techniques, for example, LC-DAD-MS, LC-DAD-NMR, can be arranged in series or
in parallel for chemical screening and can be interfaced with continuous-flow biochemical detec-
tion. The structures and bioactivity profiles of many metabolites can be obtained without the need
of their isolation. Herein lies the conundrum. It is important to remember that a structure deduced
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from an analysis of its spectroscopic properties is useful as a working hypothesis. More evidence
for the structure (or elimination of alternatives) is required and may involve comparison to standard
compounds, chemical correlations, and synthesis. In this context, the words of Chesterton’s Father
Brown, “No machine can lie, nor can it tell the truth”, are a sobering reminder. The isolation of
sufficient quantities of a bioactive metabolite, so that its structure can be rigorously established and
its range of activities adequately defined, remains a demanding and important task.
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