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Preface

This book is designed for the use of the advanced student and professional
worker interested in the international scientific community, particularly
those in the fields of agronomy: agricultural sciences, botany, biological
sciences, natural products chemistry; pharmaceutical chemistry and bio-
chemistry. The purpose is to inform the reader about significant advances
in the biology and metabolism of alkaloids in plants. Since alkaloids are
generally referred to as ‘‘secondary metabolites,’” the reactions discussed
are not, for the most part, involved with the main metabolic pathways. The
reactions that we are interested in are pathways that have been developedfor
the formation of these secondary metabolites, using as their starting mole-
cules one of the compounds produced via a main or primary metabolic path-
way. The primary metabolic pathways are common to all plants, indeed to
most living organisms, whereas the highly specialized branches leading to
alkaloid formation are found in only about 10 to 20% of the known plants.
The reason for these diversities in plant metabolism is not clear; however, it
seems likely that the formation of highly individualized and specialized
pathways resulted as a.response to the pressure of natural selection.
Nevertheless, the genetic peculiarity that controls-alkaloid production has
provided many extremely interesting problems Yor scientists and consti-
tutes convincing evidence of nature’s superior ability in biochemistry.
This attempt to pull together in one book most pertinent information is
a result of a desire by both authors to present an authoritative, up-to-date
treatise. Frequent references are made to the outstanding series The Alka-
loids, edited by R. H. F. Manske, Biosynthese der Alkaloide by K. Mothes
and H. R. Schuette, Secondary Metabolism in Plants and Animals by M.
Luckner, and The Biochemistry of Alkaloids by T. Robinson. The authors
recognize the contributions of the series The Alkaloids—Specialist
Periodical Reports edited by J. E. Saxton; of Chemistry of the Alkaloids
by S. W. Pelletier; and those of the early very authoritative volumes
vii ) ’



viii Preface

The Plant Alkaloids (4 volumes) by T. E. Henry, Die Alkaloide by Georg
Trier, and The Vegetable Alkaloids by Amé Pictet (translated into English
by H. C. Biddle). This list is not all-inclusive. In presenting this material
for Alkaloid Biology and Metabolism in Plants we have adopted the view
that biosynthesis (which is such a large field that it requires a separate book),
catabolism, genetic, chemotaxonomic, environmental influences, sites of
alkaloid formation, and the role of alkaloids in plant physiology must be
considered. Many of the studies presented have been carried out on whole
plants, with results understood poorly, i.e., in terms of genetic control,
chemotaxonomic relationships, environmental influences, and sites of alka-
loid formation. It would be preferable to rely on the results of isotopic
labeling studies, such as have developed over the past 25 years, and some
are reported in this book. The study of alkaloid metabolism has not reached
a level of sophistication as high as that of some other areas of intermediary
plant or animal metabolism. ‘

Writing a book of this type presents many difficulties when the coau-
thors live more than five thousand miles apart. This book was originally -
drafted in 1968—69 in Stillwater, where we could work on it together.
Recently we met and worked on some of the problems; the others have
been settled by correspondence. The coverage of the literature has been
completed through 1975. We would appreciate that any errors of commis-
sion or omission are called to our attention.

, . We are indebted to those who reviewed the individual chapters: Dr.
Robert M. Ahring, Dr. Donald F. Banks, Dr. Eddie Basler, Dr. B. R. Clay,
Dr. Margaret Essenberg, Dr. Robert K. Gholson, Dr. Wilfred E.
McMurphy, Dr. Jay C. Murray, Dr. E. C. Nelson, Dr. Jimmy F. Stritzke,
Dr. Glenn W. Todd, and Dr. Ronald J. Tyrl (all faculty members of
Oklahoma State University), Dr. H. J. Floss (faculty member of Purdue
University), Dr. W. W. Weeks (faculty member, North Carolina State
University), Dr. Ian Forbes, Jr. (Research Agronomist, USDA, Tifton,
Georgia) and also Dr. Otis C. Dermer, who read the entire book. We
express our sincere appreciation to Mr. Jack 1. Fryrear, who did the
drawings in this book. :

GEORGE R. WALLER
Stillwater, Oklahoma

EpMUND K. NOWACKI
Pulawy, Poland
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Twenty years ago the number of known alkaloids was about 800. At present
it is estimated that in excess of 6000 compounds wih alkaloid-like properties
have been described. Most of them are found in the Angiospermeae and
only a few in the Gymnospermeae (including the Taxus and Pinus pseu-
doalkaloids). The Lycopodiales and Equisetales do contain some alkaloids,
but the ferns and the mosses have none.

A comment or: the definition of alkaloids is appropriate. The term
“‘alkaloid’’ is applied to nitrogen-containing compounds, produced primar-
ily in higher plants but also in lower organisms and in some animals, that
have significant pharmacological activity. They are grouped together
because of the presence of a basic nitrogen atom in their structures rather
than by ring size or type. They represent one of the largest and most
diverse families of natural compounds, and they contain some of the most
complicated molecular structures.

Alkaloids were consilered for a lgng time as specialized products
solely of plant metabolism. Yet in recent times alkaloids have been isolated
from both vertebrate and invertebrate animals. Some of the animal alka-
loids can clearly be traced to a food plant ingested. As an example, the
alkaloid castoramine, isolated from the beaver (Castor canadense), resem-
bles the alkaloids of the water lilies, Nuphar spp., which serve as food for
the beavers. Some caterpillars accumulate alkaloids from the plants on
which they feed. Other alkaloids, however, such as the ones found in toads,
salamanders, and some fishes, are true products of animal metabolism.

Alkaloids can be recognized as resulting from aberrations of metabolic
pathways in both plants and animals. Most alkaloids have a disturbing
effect on the animal nervous system; therefore, it is unlikely that a mutation
(followed by hybridization) in metabolism' causing the synthesis of an
alkaloid can be established because it would be self-destructive (lethal).
Only in instances where the mutation occurs in a tolerant (preadapted?)

xili



xiv Introduction

system can the mutant survive. In many laboratories alkaloids are consid-
ered merely offshoots of normal metabolism, so-called aberrant forms.
Then, what is the reason for a scientist to spend time and resources to
investigate these metabolic curiosities—the alkaloids—particularly when
our knowledge of the basic metabolism of higher plants is negligible? We
shall address ourselves to answering this question. Over 90% of the biologi-
cal compounds on the earth’s surface are produced by higher plants, yet we
only have a‘fragmentary knowledge of the metabolic pathways that operate
in these plants. If our knowledge of higher plant basic metabolism is so
limited, why bother with alkaloid research?

Alkaloids are the oldest drugs. Since the times of Hippocrates,
extracts of plants have been known to serve as medicine for a number of
diseases. Later on, many of the respective active principles of those plant
extracts have been identified as alkaloids. Even with the dramatic progress
of organic chemistry which has resulted in an enormous production of
synthetic drugs, some of the most powerful remedies are still of plant
origin. Whereas organic synthesis of complicated molecules is often
extremely costly, plants produce them with apparent ease and at little
cost; so plants will remain important sources of some. In the last 40 years,
the attention of the pharmaceutical industry has been directed to the lower
plants, predominantly to fungi, as sources of antibiotics. There are no
reasons to believe that higher plants are entirely void of antibiotics since
they do survive in a world infested with bacteria and fungi. The search for
alkaloids with anticancer activity has revealed a number of compounds
which can retard the development of tumors. A surprise for many scientists
was the finding that a common ornamental plant, the periwinkle (Vinca
rosea), produces such alkaloidal compounds. Other plants such as Tylo-
phora crebiflora, Ochrosia elliptica, Acronychia baueri, and Camptotheca
acumingtg have yielded still other substances of this type. Moreover,
some s_é%id alkaloids are important to the pharmaceutical industry. While
the price for some synthetic steroids is prohibitive, certain plants accumu-
late compounds which after a simple chemical modification become steroid
hormones, just like those regulating metabolism in animal and human
bodies. With millions of women throughout the world taking ‘‘the pill,”” the
demand for steroid alkaloids is increasing. Our knowledge of the distribu-
tion of those alkaloids in the plant kingdom has increased considerably. The
best sources are in tropical flora, but some countries in temperate zones

“want to limit import of raw materials. Thus a search for indigenous plants
containing steroid alkaloids is going on continueously, and experiments
leading to the highest production of these compounds in plants are being
performed.

The Thallophyta were, for a long time, regarded as alkaloidless, but
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recently a number of compounds of alkaloid character have been isolated
from various lower plants. These new alkaloids may represent new alkaloid
families according to their structure, and it is hard at present to estimate
their significance both for plant metabolism and for chemotaxonomy. The
metabolism of lower plants is still mostly unknown; however, heterotrophic
organisms such as the fungi have been helpful in some areas of biological
research, e.g., Neurospora, Aspergillus, Claviceps, and Saccharomyces.
The concept of ‘‘lower plants’ is an artificial one since it refers to a
conglomerate of taxonomic units which can have common ancestors as far
back in time as the pre-Cambrian era. Extended research on the lower
plants would be likely to yield more new compounds that show some
alkaloid-like character. Indeed some such compounds have been isolated,
and in some instances they (the peptide-like compounds) are of value for
their bacteriostatic properties. A number of antibiotics have been shown to
be alkaloidal in nature.

. In the last 10-15 years the pathways leading to alkaloid biosynthesis
have been partly elucidated by the work of numerous laboratories. In spite
of the enormous number of alkaloids only a few. pathways leading to
alkaloid biosynthesis are known. Several pathways lead from essential
amino acids to alkaloxdﬁh ne from a vitamin, nicotinic acid, and/or its
coenzyme form NAD: e from isoprenoids and certain other small
molecules that are active intermediates. Usually it is eagief to isolafe an
alkaloid than an amino acid or a vitamin. The purity of the isolated
compound is also mu¢h higher. Knowing from recent research that a
certain alkaloid is a derivative of an amino acid, we can investigate the
biosynthesis of this amino acid, using the alkaloid as a model compound. It
is a less cumbersome approach, although less direct. Degradation proce-
dures that were elaborated when the structures of the alkaloids were
elucidated were helpful in demonstrating how the precursors were trans-
formed into the amino acid, which in turn served as the substrate for
alkaloid biosynthesis. This indirect study of amino acid metabolism is
applicable only to the few known amino acids which are intermediates in
alkaloid biosynthesis. These very important amino acids are lysine, trypto- .
phan, tyrosine, phenylalanine, and aspartic acid. They are essential for
humans and certain animals. We need more knowledge in the near future to
be able to manipulate plant metabolism in such a way that the plants will
produce more and higher quality proteins. The biosynthesis pathway for
nicotinic acid, which proved to be entirely different in plants and in
animals, was probably learned only with the help of alkaloid research;
specifically, the route of biosynthesis of ricinine and nicotine provided
proof of the pyridine nucleotide metabollc cycle in higher plants. It is
extremely difficult to examine the bmsynthesns of a cempound such as
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nicotinic acid in plants where the concentration is less than 1 mg/g of dry
weight. Yet, in several examples, an alkaloid can accumulate in concentra-
tions up to 10% of the dry weight of the substance. An isolation procedure
for a substance that occurs in low concentration is usunally cumbersome and
expensive; in contrast, the isolation of an alkaloid, once the proper proce-
dure is found, is relatively simple and quick.
Interdependence of individuals is a fundamental characteristic of soci-
- eties, be they plant, animal, microorganism, or human. Humans today
depend more on intellect for survival and an understanding of food prob-
lems is essential; some food habits and attitudes toward eating may become
quite strong. Some civilizations have died out while others have survived;
some alkaloid-containing plants may have been responsible. It is well-
known that certain animals have the capability to smell and/or taste the
plant which has a high alkaloid content. Thus if given a choice they will
avoid the high-alkaloid-containing plant and consume the low-alkaloid-
containing plant; but if they have no choice then they will consume the
high-alkaloid-containing plant, sometimes to the animals’ own demises.
We are living in a world where most plants produce secondary metabo-
lites that are.not without significance for our health. Properly used, they
can be medicines, but they can also be poisons. Because of progress in
processing food, mass poisoning by alkaloids accidentally introduced is
much less common today than it was in the past, e.g., with bread made
from flour contaminated with the sclerotia of Claviceps. Yet new dangers
arise. Increased application of synthetic fertilizers can upset the precarious
balance of metabolism in some cultivated plants with the result that the
plant can start to produce compounds of alkaloid character. Until recently
there were only a few known examples, the victims being herbivorous
domesticated animals. Edible varieties of cultivated plants bred under
certain conditions proved to be poisonous when grown under other condi-
tions. Our knowledge of the processes leading to changes in alkaloid
metabolism :is still limited, but some clues are already available. Some
alkaloids which at first glance seem to be harmless have, after further
.investigation, been recognized as mutagenic or tumorigenic, e.g., lysergic
acid diethylamide (LLSD) and some pyrrolizidines. Minute amounts of
alkaloids are taken daily by everybody in food. People may be fully
concious of their intake in the case of beverages like coffee, tea, and cocoa
(all of which contain caffeine), but they may ingest some unaware, since
increased alkaloids may be present as a result of the changes in the
environment of the plants.
With all the above-mentioned data in mind it is understandable that
research on alkaloids should and will proceed. In some plants they have
* acquired the name ‘‘a metabolic curiosity,”” important to study both on its
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own merit and because of its contribution to understanding of basic nutri-
tion processes. In this manner even alkaloids can be nutrition research
tools. Alkaloids in medicine remain important sources of drugs both for
physical illnesses and for increasing numbers of mental diseases. So, there
is need for research on alkaloids produced in plants that serve as food and
feed; for example, scientists breed a disease-resistant crop variety and then
a new destructive strain of the disease develops and the scientists have to
start over again. When the superior varieties bred in one country are grown
in other countries under new environmental conditions, studies on alka-
loids as well as on the nutritionally valuable components should be made.

As the world turns to alternative energy technologies the role of
agricultural output will become more important. Of particular interest are
those plants which will be able to provide the world with huge amounts of
energy (via photosynthesis and nitrogen fixation, the two energy processes
of plants and microorganisms) that humans will need during the next
century to maintain and/or improve economic growth and the standard of
living. We know very little about how the alkaloids and their production
interface with the increasing emphasis on energy. It will be vitally impor-
tant that the agriculture, biology, medicine and biochemistry of the alka-
loids be included in the study of all of the living plants during the next 100
years.

The future of research in alkaloids will be inextricably tied in with the
new scientific effort to boost the food output of the world. The biological
and chemical techniques involved in advances in farming may result in
producing new types of alkaloids. Scientists have recently succeeded in
imparting new qualities to a whole tobacco plant which was generated from
fused single cells of two tobacco species. Cells of more than a dozen plants
have already been fused in laboratories in several countries. We can expect
cell fusion and cell culture to become commercially useful after another
several decades of experimental work. This is the most promising way to
tap the unused biological potential of plants and animals. The effort is just
beginning. Scientists by the hundreds from university, government, and
- agricultural-industrial laboratories the world over are conducting imagina-
tive experiments to impreve the mechanisms of plant growth so that the
plants will yield more food. Other researchers are seeking to get more
offspring from farm animals and to propdgate animals of superior quality.
The production of ‘‘secondary metabolites’’ of these natural species may
be both desirable and undesirable; thus the future of alkaloid research will
be exceedingly exciting, difficult, and challenging. T
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1 Alkaloids in Chemotaxonomic
Relationships W pk

1.1. iIntroduction _
, F57 ‘ N
The idea of utilizing result\N)btained By chemical analyses for the revision
of plant systematics based on morphology is relatively new. James Petiver
in the 17th centur,ﬁf&qgey%:%tp rove that plants with simil orpholog-
ical aspects ‘‘of the same ma h ’oiclass” possess similar fg&?z}which he
described as ‘‘the like virtue.”” Subsequently, considerable evidence has
been accumulated, and at present chemotaxonomy is well established.
Some, of tgs,,, rst studies were made on seeds of ngu}@i:%gae, subfamily
;Papi‘ﬁ"dhéf 4e&; which contain much protein, and on cereal grains (wheat,
\}w’ﬁye, and corn), which are high in starch content. At the beginning of the
present century, Gohlke (1913), Mez and\ chlke (1913), and Mez and
Ziengenspek (1926) tried to apply serol?"gc% X8tions in an attempt to
establish a systematic relationship among these plants (Figure 1.1, Table
1.1). Although only rather primitive procedures were, avgilable, they
managed from their crude results to construct a phzlgém tree, the
content of which was partially in agreement with modern views on the
relationship between classes and families of plants. For example, Mez
and Gohlke obtained a precipitation reaction with anti-Lens rom
Lens esculenta, theocommon lentil) using the following dila%%&.gns
serum and Vicir .fgba proteins 1:25,600; Pisum 1:12,800; Phaseolus
and Trifolium 1:6400; while proteins from Astragalus, Lotus, Melilotus,
Laburnum, Lupinus, Acacia, and Mimosa gave the precipitation reaction
in a dilution of 1:3200. Proteins of nonleguminous plants showed no
reaction; however, some of the Rosaceae plants showed traces of p_gii—\b
tive reaction after a very long time. The idea of combining chemical and

morphological character was first developed into a systematic approach in
1
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Figure 1.1. The ‘‘Stammbaum’’ of Mez, a phylogenetic tree purportedly constructed, in part,
from serological data. The ending ‘‘aceae’” is omitted from many of the families. For the names
of taxa that correspond to the numbers indicated in the figure, see Table 1. Adapted from R. A.
Gortner, 1929, Outlines of Biochemistry, courtesy of John Wiley & Sons.



